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fundamental mode

Assembly averaged cross section(AXS)

1st order 2nd order

f1(x)=x
f2(x)=3x  -1/4
f3(x)=x  -x/4
f4(x)=x  -3/10 x  +1/80

2

2

3

4

Single assembly calculation Nodal core calculation

nodal expansion function

heterogeneous flux
by single assembly calculation

homogenization (flux weighting)

x f1(x) x f2(x)

homo-
genization 

(1st order delta-AXS) (2nd order delta-AXS)

homo-
genization 

higher-order cross sections

(n=1,4)

0 1
(x)=  +  f1(x)+  f2(x)+  f3(x)+  f4(x)2 3 4

intra nodal flux

x* = + Sum
(n=1,4)

n

re-homogenization

(update modified AXS)

node

flux moment

Σ xΣ φ x,nδΣ

xΣ

x,2δΣx,1δΣ

φ het φ het

φ het

x,nδΣ

φ hom φ φ φ φ φ
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Neutron Energy

Thermal group Fast group

Fl
ux

 L
ev

el

Neutron Energy

Change buckling (leakage)

Nodal core calculationSingle assembly calculation

(collapsed energy group)

Thermal group Fast group (collapsed energy group)

fine energy group

fine energy group

(fast group)
∆Σ
Σ

D1(B2-B1)
Σa1 Σr+

2 2

B1 B2

energy collapsing

energy collapsing

Base calculation

Perturbation

estimate buckling(Bn) from the leakage

∆Σ
Σ

D1(Bn-B1)
Σa1 Σr+

2 2

(update modified AXS)

estimate : α

2

cross section

cross section

=  α

=  α
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Others' average
LANCER

K-inf of AESJ Benchmark UO2 Assembly 
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1.0E-05

1.0E-04

1.0E-03

1.0E-02

1.0E-01

1.0E+00

1.0E+01

0 20 40 60 80 100

Non-linear Iteration Count

Fl
ux

 C
on

ve
rg

en
ce

 E
rr

or

SOR point
SOR average
Krylov point
Krylov average

Physics Inner Number of Computing
Method Iteration Iterations1 Time2 (sec)
AETNA Krylov 33 4.62

SOR 97 9.81
NEM Krylov 26 9.30

SOR 69 22.60

AETNA error

Eigenvalue  0.003%

Assembly power 0.19%

LRA 3D BWR Static Benchmark
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SPERT III E-core RIA Test-81 (hot standby)

AETNA/TRACG05 coupled nuclear thermal 
hydraulics code for plant transient analysis

SPERT III E-core RIA Test-81 (hot standby)

0

50

100

150

200

250

300

350

400

0.00 0.05 0.10 0.15 0.20 0.25 0.30 0.35

 (sec)

 (M
W

)

0

5

10

15

20

25

30

35

40

 (M
J)

TRACG 

 

TRACG 

 

P
ow

er

E
n e

rg
y

Power
Measured Power

Energy

Measured Energy

Time



()�
�����
�

����
I
��&

� ��	����
����
&���
����
"
?��#’

5�������

��������	

����
5�
���
� �

��D��
�����
�

����
J
���+:35

� ����
.����
�����
���
+��D�D�����
���	�������
F

� �����
.����

�����
���
1����

� ()�
����
5��������
J
� 5*�
� 1�������
 ��
.����
�����
���
1����

� +�=��
�����	����
=���
5��	����
1�
���	�

1����



()�
�����
�

����
I
��&

� �����	�����

��
��&
5�������
5�
���
� ��
�$�
��
0A0
����
(
�

��D��

� �!���$�
��
	���$�
(�����
,-.)�@�

� �

��D��
1�4����
(�����
--.)�@�

� ()�
����
1���$�����

�
���


� ���
�������
��!��	��"
1���
������4
���
1���
:�����$�����
 ��
�$�

� ��&
5������

��!��	��
��������	
 ����

5�
���



()�
�����
�

����
I
��&

��������	�
���
���
�
�
��

� ��!��	����&
��������	

����


� �
������ ��� 
�� �� ������ ����	����	�
���
���
�
�
��

��

��D��
�����
�

����
���D������
.�������
1����$����

1 �

�(����
��=
���


5�	����

?�D����
(�
��
��
����?7*#'

�()�
����
5��������
���=
.����

��!��	��
�����

1�����
����
���	�������

�&����7�����
�4��
���
���

5��	����
:�
����
��
���D�����
1����



��
�

�
�
�

�

()�
�����
�

����
I
��&

5�>�!9A<,�!�>
�����
����

��
�

��D���

70A0
� '
���!��
70A0
=���
?��$�
)����
�������
70A0
)@�
���
�=��!�
.����

)����
�����	���

� ���
�� �

��
�
� � �

��
�
�� �

��

���
����
������!�
��������	�

��&
5�
���7.1E+

�#1#5K9#99*-

�����	��
�4����������
�����
�


6�������
��
=���
1����7�����
���	�������
��
'7�
.�������8

��

���
����
��
���D�����

�������
���4
��
���D�����



Tomari 1/2

Tsuruga 2

Sendai 1/2

Genkai 1/2/3/4

Ikata 1/2/3

Mihama 1/2/3
Takahama 1/2/3/4

Ohi 1/2/3/4
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Main Specifications (1/3)

4

3,411

193

3.37

3.66

17x17

17.9

9.5

53

4

4,451

257

3.89

3.66

17x17

17.6

9.5

69

3

2,652

157

3.04

3.66

17x17

17.1

9.5

48

3

2,432

157

3.04

3.66

15x15

20.3

10.7

48

2

1,650

121

2.46

3.66

14x14

20.4

10.7

29

No. of primary coolant loop
Thermal output(MWt)
No. of fuel assemblies
Core equivalent diameters(m)
Fuel length(m)
Fuel type
Ave. linear power density(kW/m)

Fuel rod diameter(mm)
No. of control rods

APWRConventional PWRParameters
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CAPACITY

C
O

S
T 

/ C
A

P
A

C
IT

Y

2 Loop
(121 F/As)

3 Loop
(157 F/As)

4 Loop
(193 F/As)

APWR
(4 Loop,
257 F/As)

Increase of Fuel
Assemblies

Increase of Loop
number
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Overview of fuel 
assembly and fuel rod 
(17x17-type)

9.5

8.2

3.66

17.1

17.9

10.7

9.3

3.66 

20.3

10.7

9.3

3.66 

20.4

Fuel rod 
diameter (mm)

Pellet diameter 
(mm)

Fuel length (m)

Ave. linear 
power density 
(kW/m)

17x1715x1514x14
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BURNUP LIMIT and CYCLE LENGTH

Mainly Gd 
(10wt%)

Mainly Gd 
(6wt%)

Cluster-type 
BP

Type of Burnable 
Absorber

13 months12 13 months9 12 monthsCycle Length

4.84.13.2 3.4Fuel Enrichment

55 GWd/t48 GWd/t39 GWd/tBurnup Limit of 
Fuel Assembly

20041990 20041990
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ADVANCED DESIGN FEATURES

(1) Fuel pellet density : 95%TD 97%TD
(2) Grid : Inconell Zircaloy
(3) Gadolinium content : 6wt% 10wt%
(4) Advanced fuel cladding
(5) Debris filter at bottom of fuel assembly
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Burnup limit of F/A
DNB Correlation

Thermal design method

39GWd/t      48GWd/t      55GWd/t

W-3            MIRC-1
ITDP             GSTM

DNB correlation 
uncertainties

ITDP : Improved 
Thermal Design 
Procedure

GSTM : Generalized 
Statistical Thermal 
Design Method

System uncertainties

DNB + System 
uncertainties

Statistical

Statistical

Improved 
correlation

ITDP

Original

GSTM

1.0 1.56 >1.71.4
Design Limit of DNBR 

Margin

Margin DNBR

Neutronic and T/H 
coupling Method
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(1) Large Core : consists of 257 fuel 
assemblies of an advanced 17x17-type

(2) Fuel : has lower gas plenum with the 
advanced design features as 
mentioned before

(3) N/R : has radial neutron reflector
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Core Barrel
Neutron Pad

Baffle former

Core Barrel
Neutron Reflector

Reactor Vessel
Control Rods

Fuel assemblyReactor Vessel

Control Rods

Fuel assembly

APWR Conventional 4-loop plant

Comparison of Cores
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(Average group constants 
 of fuel assembly) 

Group constants for cell 

1-D/2-D calculation 

Fuel cell 

Non-fuel cell 
(thimble, etc.) 

Calculated 
individually 

1-D calculation 2-D calculation 

Axial power 
distribution 

Horizontal power 
distribution 

(group constants for cell) 

3-D calculation 

Evaluation of neutron spectrum 
and neutron distribution in fuel 
assembly 

3-D calculation 

Group constants for fuel assembly 

reflect 

reflect 
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[Cross section library]
ENDF/B-V 42-group to ENDF/B-VI 70-group
(JENDL3.3 200-group is under development) 

[Lattice Code]
Response Matrix & SN to CCCP
(PARAGON(CCCP with DAF) is ready to use.)

[Core Calculation Code]
Nodal method to Semi-analytical Nodal method
Group theory to Fourier Transformation
Xe and Sm feedback to micro-depletion method
4-assembly model to single assembly with SPC
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Current Coupling Collision Probability with Discrete
Angular Flux equation 
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Spatially Dependent 
Dancoff Method(SDDM) 
was developed. (2002)

The method has been 
put in PARAGON 0
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Burnup distribution within
Fuel Rod(Average 74.5GWd/t)

Measurement: CRIEPI
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Core Calculation code for near future 
Micro-Depletion Correction Model
� Explicit Tracking of Number Density

� Based on Two-Group Flux and Micro XS
� Predictor-Corrector Method for Depletion

(except for Gadolinia chain)

� Correction to Macro XS
� Determine the Difference of Contribution to the 

Macro XS

� Applied to Absorption and Fission XS

∆ Σ ag i actua lag i
actua l

i refag i
ref

i
N N= −�

�
� �

�
�� ,, ,,σ σ
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Two-group constants were generated with PHOENIX-P
where 1.0 power and 500ppm boron were assumed. 
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Fuel Assembly

Baffle Plate

Core Barrel 
Thermal Shield

Water Reflector

Each assembly has
20x20 fine meshes
in the Red/Black
coloring scheme.

Fuel Assembly

Baffle Plate

Core Barrel 
Thermal Shield

Water Reflector

Each assembly has
20x20 fine meshes
in the Red/Black
coloring scheme.
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H G F E D C B A

8 0.3 0.1 -0.2 -0.6 -0.8 -0.4 0.2 0.7

9 -0.1 -0.3 -0.4 -0.5 -0.7 -0.3 0.0 0.7

10 -0.4 -0.5 0.0 -0.1 0.0 0.0 0.4

11 -1.0 -0.9 -0.3 0.1 0.0 0.3 0.6

12 -1.0 -0.9 -0.1 0.3 0.4 0.6

13 -0.6 -0.6 0.1 0.4 0.6

14 0.3 0.1 0.7 0.5

15 1.1 1.1  -- Error[%]
RMS=0.5%
MAX=1.1%

Error=(Meas.-SCOPE2)/SCOPE2 100(%)

Initial Core Reload Core
H G F E D C B A

8 0.2 0.6 0.0 -0.1 0.1 0.7 0.6 0.3

9 0.8 1.0 0.7 0.5 0.3 0.7 0.6 0.1

10 0.3 0.6 -0.6 -1.3 -1.6 0.2 0.6

11 0.9 1.0 -0.9 -1.5 -1.3 0.4 0.4

12 0.8 1.0 -1.5 -1.7 -1.6 -0.3

13 1.2 1.1 0.1 0.6 -0.1

14 0.1 0.1 -0.8 0.2

15 -0.6 -0.7  -- Error[%]
RMS= 0.9%
MAX=-1.7%
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� Cell Codes
SLAROM,
CASUP

� Core Calculation Codes
� CITATION
� TRITAC(XYZ)

DSA
JUPITER

� NSHEX
Nodal Transport in Hex.-z



� Detailed Core Calculation
BACH---MOC+Axial Leakage 3D (Hex-z)

� Sensitivity Codes
SAGEP---2D, 3D

---GPT(Generalized Perturbation Theory Based 
on Diffusion Theory)
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Calculate effective macro cross sectionCASUP

HEX-Z nodal transport code
Calculate axial leakage and power distribution

Make homogenized macro cross section

MOC code for hexagonal geometry
Calculate intersection between Pass line and geometry and length
of the segment

Calculate the angular flux along Pass line
Calculate the scalar flux

Correct the width of Pass line so that each area is kept 
constant
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Calculation Model

Material

&�������
�

��D��
���D���



* GMVP: Monte-Carlo code
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Calculation Model

15cm

15cmBlanket

Blanket

60cmFuelRegion A

Region B
5cm

5cm

15cm

15cmBlanket

Blanket

60cmFuel 60cmFuel

5cm

5cm

Peripheral Assembly

55

1

2

3

4

Central Assembly

Boundary:vacuum
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Np-237 Capture

Region A Region B

GMVP: 5000*10000 history
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- To improve the treatment of the resonance self-shielding in a 
heterogeneous cell

- To improve the treatment of the resonance self-shielding, and   interaction 
between different nuclides , regions, and temperatures

- To apply various fast reactor core analyses for the feasibility study in JNC

(Coolant/Fuel) Na/MOX, Pb-Bi/MN, Gas/MN reactor, etc.

Combination use of 
Slowing down equation in ultra fine (100,000) group structure   

for < 50keV
Pij calculation in 900-group structure

u=0.008 for > 50keV  (comparable to the ECCO 1,968-group library)
Reflect ultra fine calculation result for < 50keV

Developed new cell calculation code “SLAROM-UF”



Neutron spectrum by SLAROM-UF coincides with that by 
continuous energy Monte Carlo method.

JOYO sub-assembly
Infinite cell spectrum

Ratio to MVP

JFS : 70 group constant  
with f-table

900g-UF : new result



- Expanded processing for covariance of resonance parameters

Sensitivity coefficient of group constant to resonance parameter is calculated
numerically.

- Processing for and fission spectrum

Covariance data given
in nuclear data file

Group-averaged covariance
data for application

ERRORJ
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Uncertainty in criticality of BFS-62-1 core (1 )
340 pcm (JENDL-3.2)   800 pcm (ENDF/B-V)
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�ADJ2000R has been used in the feasibility study 
- Adjust JFS 70g constant based on Bayesian theory
- Use various experimental data of small to large Na-MOX core

including burn-up and temperature related reactivity
- Use covariance data consistent with JENDL-3.2

Apply the adjustment technique to uncertainty evaluation 
of BN-600 hybrid core analysis with BFS-62 experiment

Confirm effectiveness of the technique
(1) No-Information method (No experimental data is considered.)
(2) E/C Bias Method = “Bias factor method”
(3) Cross-Section Adjustment Method

Not considering  BFS-62 data = “ADJ2000R - BFS62”
Considering  BFS-62 data = “ADJ2000R + BFS62”
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Effect of BFS62 experiment 
(UO2 core with reflector)
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• Time-dependent neutron and photon transport problems
• External-source and fission-source (keff) problems

Fast computation algorism for vector and/or parallel computers
Arbitrary temperature calculation 
(Internal production of temperature dependent libraries)
Burn-up calculation
Statistical geometry model
for randomly distributed lots of particles
(analyses of HTGR, plutonium spots etc.) 
Accurate perturbation calculation
Noise analysis (Feynman-αααα)

Location and type of particles 
are sampled along a flight path 
of each neutron

Features
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• Production of effective microscopic and macroscopic group
cross sections

• Static cell and core calculations including burn-up analyses 

Features

Collision probability calculation (PIJ) 
applicable to 16 types of lattice geometries
PEACO option which solves a multi-region
cell problem by PIJ using hyper-fine 
lethargy mesh in resonance energy range
SN transport codes ANISN(1D), TWOTRAN(2D) and multi-
dimensional diffusion code CITATION are integrated into the 
system to enable many choices of calculation flow depending on 
problem

5���J��������	

	��	�������
	���

�
���
���

!�����

����

��
�������
���	���




1D-Plate
(JRR, JMTR)

1D-Cylinder
(any pin type fuel)

Sphere
(Pebble, HTGR)

Square unit pin cell
(PWR, BWR)

Hexagonal unit pin cell 
(FBR, VVER, HCLWR)

2D square assembly 
with pin rods (PWR)

2D square plate fuel 
assembly (KUCA)  

Hexagonal assembly with annular 
arrays of pin rods (HTTR, VHTRC)

Annular assembly with annular arrays of pin rods 
(CANDU, ATR, RBMK)

Periodic 2D X-Y array 
with different pin rods
(PROTEUS-LWHCR)

Hexagonal fuel assembly 
with pin rods  (FBR)

Hexagonal Assembly with different 
types of pin rods (VVER,HCLWR)

Reflective 2D X-Y array with 
different pin rods(PWR, BWR,etc.)
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*TCA [JAERI]: Tank type critical assembly
Pin type fuels (low enriched UO2/MOX),
H2O moderator

*FCA [JAERI]: Fast Critical Assembly 
Many kinds of plate type fuels 
and structural materials;
uranium, plutonium, sodium, 
stainless steel, polyethylene, etc.

*HTTR [JAERI]: High Temperature engineering Test Reactor
TRISO coated fuel particles (CFPs) with
UO2 kernel in hexagonal graphite block
fuel assembly

Experimental Analyses of Critical Assemblies (CA)
and Testing Reactors

TCA

FCA

HTTR

0.92mm φφφφ

about 1 billion CFPs 
in HTTR

Applications of MVP and SRAC in JapanApplications of MVP and SRAC in Japan



*JMTRC [JAERI] :CA for JAERI Material Testing Reactor
UAlx-Al plate type fuel,
H2O moderator

*STACY [JAERI]: CA of Nucl. Fuel Cycle Safety
Engineering Research Facility (NUCEF)  
10% enriched uranil nitrate solution fuel

*KUCA [Kyoto Univ.]
High enriched U-Al alloy plate type fuel, 
polyethylene moderator

*EOLE [Cadarash]: Programs by CEA(France) and NUPEC, JNES
MOX-LWR mockup experiments ; MISTRAL, BASALA and FUBILA

STACY

Core Management and Upgrading of Research Reactor

*JRR-2 [JAERI]: research reactor (decommissioned) 
45% enriched UAlx-Al cylindrical plate type fuel,
D2O moderator

*JRR-3M [JAERI]: research reactor
20% enriched UAlx-Al plate type fuel,
H2O moderator

JRR-3M



Integral Test of JENDL

*JRR-4 [JAERI]: research reactor
93% enriched U, U-Al alloy fuel, (~1996)
20% enriched U, U3Si2-Al dispersed alloy
fuel (~1998), H2O moderator

*JMTR [JAERI]: materials testing reactor
20% enriched U3Si2-Al dispersed alloy fuel,
H2O moderator

Analyses of Post Irradiation Experiments 

*Reduced-Moderation Water Reactors
*Space Power Reactor
*Rock-like oxide (ROX) fueled Reactor

*PWR (Mihama NPP/Unit-3, Takahama NPP/Unit-3) by JAERI
*BWR (Fukushima NPP/Unit-1/3) by NUPEC 
*REBUS program analyses by JNES

Conceptual Nuclear Design Study of Future Reactors

*Benchmark calculations for more than 1000 experiments is now in progress
for next JENDL

JMTR

JRR-4

ROX fuel pellets

Fuel lattice of RMWR
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� Boundary between Assembly and Core 
calculations will disappear.

Example
� CASMO-4 heterogeneous fuel-core transport 

calculation
� 2-D core calculation by PARAGON

� Micro Reactor Physics
� Osaka University (Doppler Reactivity Effect)
� PARAGON



� General
� Monte-Carlo transient
� Detailed Coupled system with Neutronic and 

Thermal-Hydraulic

� FR
� Multi-group pin-by-pin fuel core transport 
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A lot of R&D Activities are being carried out 
for the improvement for LWR and FR 
Applications.


