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The CANDLE burnup strategy is a new reactor burnup concept, where the distributions of
fuel nuclide densities, neutron flux, and power density move with the same constant speed
from bottom to top (or from top to bottom) of the core and without any change in their
shapes. Therefore, any burnup control mechanisms are- not required, and reactor
characteristics do not change along burnup. The reactor is simple and safe. When this
burnup scheme is applied to some neutron rich fast reactors, either natural or depleted
uranium can be utilized as fresh fuel after second core and the burnup of discharged fuel is
about 40%. It means that the nuclear energy can be utilized for many hundreds years
without new mining, enrichment and reprocessing, and the amount of spent fuel can be
reduced considerably. However, in order to perform such a high fuel burnup some
innovative technologies should be developed. Though development of innovative fuel will
take a lot of time, intermediate re-cladding may be easy to be employed. Compared to fast
reactors, application of CANDLE burnup to prismatic fuel high-temperature gas codled
reactors is very easy. In this report the application of CANDLE burnup to both these types of
reactors are studied.

This research was performed by the JAERI’s Nuclear Research Promotion Program (JANP)
in 2001 to 2003.
Editor : Kazuhiko KUNITOMI
Department of Advanced Nuclear Heat Technology , Advanced High Temperature
Gas-cooled Reactor Development Group
* Tokyo Institute of Technology
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JAERI-Tech 2005-008

Rt e 102010 5 TN EOB N RSN, BEIIEBITKEVWT ENHES, THUIRTROBE
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w I afiE (B FEFOE, RIRPEEBIGD S 548cm) W B B BB EEORIFELZRT.
R8T 2 ET. KERADOKISENAD., ERKH T OEFEEROEIE/FRITERLNITE
STWBIENED, T, Fig. 436 N5 HIASNT, EHiRE) &K1 1 OREENHEML .
FTAIED FXe DEBEDRLAITEIML TNEZDTHD I ENES,

KIT, BRI A w 2 125 BIZBWT, FEIEE 300 HRICEESH LZEEITDWT, EDEG
REMNBEZERBEOREELE Fig. 437 1R, JOHED, MfiOHNEEOEHE &k,
HEEBEDBERNL Ay 2T 063%ERESELLEE., HRaICEAL, 800 HEETE
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Table 3.1 Basic Design Parameters of Fast Reactor Steady State Analysis

Table 3.2 Neutron Energy Group Structure

Table 3.3 Nuclide Composition of Fuel Material

Table. 3.4 Nuclide Composition of Cladding Material (HT-9)

Table. 3.5 Nuclide Composition of Coolant Material (Pb-Bi)

Table 3.6 Property of Fuel Material

Table 3.7 Property of Cladding (HT-9)

Table 3.8 Property of Coolant (Pb-Bi)

Table 3.9 Steady State Analysis Case

Table 3.10 Number of Sampling Point by pre-Analysis

Table 3.11 Higher Nuclide of Capture and Fission Reaction Rate

Table 3.12 Effects of the Burnup History for Table Interpolation

Table 3.13  The sampling point of using for table creation of Case 3.2-22 - Case 3.2-24
Table 3.14 Effects of Temperature and Burnup for the CANDLE Characteristics
Table 3.15 Basic Design Parameters for Simulation Analysis

Table 3.16 Simulation Analysis Case

Table 3.17 Restartable Period

Table 3.18 Reactivity of Case 3.3-15, 16,17, 18

Table 3.19 Reactivity of Case 3.3-21, 22, 23

Table 4.1 Basic Design Parameters of High Temperature Gas Cooled Reactor

Table 4.2  Neutron energy group structure (4-group)

Table 4.3 Basic Design Characteristics

Table 4.4 Effect of Different Natural Gadolinium Concentration

Table 4.5 Effects of Different Uranium Enrichments

Table 4.6  Effects of Different Fuel Cell Pitches

Table 4.7 Effects of Burnup Distribution

Table 4.8 Effects of Temperature Distribution

Table 4.9 Effects of Burnup and Temperature Distributions

Table 4.10 The CANDLE Core Steady State Characteristics of Both Analyses

Table 4.11 The Simulation of Transient Change from Steady State Power to Half Power and
Half Power Steady State Analysis

Table 4.12 Neodymium Isotopes and Effective Microscopic Capture Cross Sections

Fig. 1.1 CANDLE burnup (Moving direction can be chosen either way. The core height is
chosen extremely long to realize ideal CANDLE burnup, though actual core height is
usually chosen much shorter.)

Fig. 1.2 Change of Infinite Medium Neutron Multiplication Factor along Neutron Fluence
Fig. 1.3 Change of Infinite Medium Neutron Multiplication Factor along Axial Position
Fig. 1.4 CANDLE Burnup and Refueling Scheme

Fig. 2.1 Flowchart of CANDLE Burnup Analysis (Uniform Group Constant)

Fig. 3.1 Fuel Cell Model

Fig. 3.2 Flowchart of CANDLE Burnup Analysis with Detail Group Constant



Fig.
Fig.

Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.

Fig.

33
34
3.5
3.6
3.7
3.8
3.9
3.10
3.11
3.12

3.13

3.14

3.15

3.16

3.17

3.18

3.19

3.20

3.21

3.22

3.23

3.24

3.25

3.26

3.27

3.28

3.29

3.30

3.31

3.32

JAERI-Tech 2005-008

R-Z Core Model
Fuel Assembly of Tube in Shell Type
Effective Neutron Multiplication Factor for Different Number of Each Abscissa of the
Interpolation Table
Effect on the Fluence of Nuclides by Burnup History. *u)
Effect on the Fluence of Nuclides by Burnup History. (238U)
Effect on the Fluence of Nuclides by Burnup History. (> Pu)
Effect on the Fluence of Nuclides by Burnup History. (24°Pu)
Effect on the Fluence of Nuclides by Burnup History. (*“Rh)
Effect on the Fluence of Nuclides by Burnup History. (99Tc)
Power Density Distributions on the Reactor Core Axis (Nitride Fuel Case , Case
3.2-27,28)
U Nuclide Density Distributions on the Reactor Core Axis (Nitride Fuel Case , Case
3.2:27,28)
9Py Nuclide Density Distributions on the Reactor Core Axis (Nitride Fuel Case ,
Case 3.2-27, 28)
#0py Nuclide Density Distributions on the Reactor Core Axis (Nitride Fuel Case ,
Case 3.2-27, 28)
Fuel Temperature Distributions on the Reactor Core Axis (Nitride Fuel Case , Case
3.2-27,28)
Coolant Temperature Distributions on the Reactor Core Axis (Nitride Fuel Case , Case
3.227,28)
Fluence Distributions on the Reactor Core Axis (Nitride Fuel Case , Case 3.2-27, 28)
Flowchart of Simulation Analysis
Power Density Distribution on the Reactor Core Axis and Radius of Center Axis
Position (Metallic Fuel Case, Case 3.3-1)
Power Density Distribution on the Reactor Core Axis and Radius of Center Axis
Position (Nitride Fuel Case, Case 3.3-6)
Distributions of Neutron Flux and Nuclide Densities on the Reactor Core Axis for the
Steady State Simulation (Nitride Fuel Case, Case 3.3-6)
Distributions of Neutron Flux and Nuclide Densities on the Reactor Core Axis for the-
Thermal Power half-down Simulation (Nitride Fuel Case, Case 3.3-7)
Distributions of Neutron Flux and Nuclide Densities on the Reactor Core Axis for the
Shutdown Simulation (Nitride Fuel Case, Case 3.3-8)
Distributions of Neutron Flux and Nuclide Densities on the Reactor Core Axis for the
Restart from 200 days After Shutdown Simulation (Nitride Fuel Case, Case 3.3-9)
Distributions of Neutron Flux and Nuclide Densities on the Reactor Core Axis for the
Restart from 2000 days After Shutdown Simulation (Nitride Fuel Case, Case 3.3-10)
Effective Neutron Multiplication Factor for Each Simulation (Metallic Fuel Case,
Case 3.3-1~Case 3.3-5)
Effective Neutron Multiplication Factor for Each Simulation (Nitride Fuel Case, Case
3.3-6~Case 3.3-10)
Effective Neutron Multiplication Factor for the Startup Simulation (FP; Displaced by
Nb for Each Region, Case 3.3-11~Case 3.3-13)
Effective Neutron Multiplication Factor for the Startup Slmulanon (FP; Dlsplaced by
Burnable W (Case 3.3-14) and Unburnable (ideal) W)
Effective Neutron Multiplication Factor for Each Startup Simulations (Case
3.3-15~Case 3.3-18)
Effective Neutron Multiplication Factor for the Startup Simulation (Case 3.3-19)
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Effective Neutron Multiplication Factor for the Startup Simulation (Case 3.3-19, Case
3.3-20)

Effective Neutron Multiplication Factor for the Startup Simulation (Case 3.3-21~Case
3.3-23)

Fuel Cell Model
Infinite Neutron Multiplication Factor Distribution
Neutron Flux Distribution
Power Density Distribution
Distributions of Nuclide Densities and Neutron Flux on the Reactor Core Axis
Burnup Distribution on the Reactor Core Radius
Infinite Neutron Multiplication Factor Distributions for Different Gadolinium
Concentrations on the Reactor Core Axis
Neutron Flux Distributions for Different Gadolinium Concentrations on the Reactor
Core Axis
Infinite Neutron Multiplication Factor Distributions for Different Uranium
Enrichments on the Reactor Core Axis
Neutron Flux Distributions for Different Uranium Enrichments on the Reactor Core
Axis
Infinite Neutron Multiplication Factor Distributions for Different Fuel Cell Pitches on
the Reactor Core Axis
Neutron Flux Distributions for Different Fuel Cell Pitches on the Reactor Core Axis
Fuel Cell Calculation Mesh Point
The Heat Transfer Model of the Fuel Cell
Distributions of Nuclide Densities and Neutron Flux for the Burnup Effect on the
Reactor Core Axis
Distributions of temperatures of each cell regions with Temperature Distributions
Effects on the Reactor Core Axis
Neutron Flux Distributions of Each Effects on the Reactor Core Axis
Distributions of temperatures of each cell regions with Burnup and Temperature
Distributions Effects on the Reactor Core Axis v
Effective Neutron Multiplication Factor along Burnup for the Steady State Simulation
Nuclides Densities and Neutron Flux on the Reactor Core Axis for the Steady State
Simulation '
Nuclides Burnup Chain Model from B 10 P Xe
Effective Neutron Multiplication Factor and Maximum Power Density for the
Thermal Power Half-down Simulation (mesh=1hour)
U] Nuclide Density Distribution on the Reactor Core Axis for the Thermal Power
Half-down Simulation (mesh=1hour)
35%e Nuclide Density Distribution on the Reactor Core Axis for the Thermal Power
Half-down Simulation (mesh=1hour)
] and *Xe Nuclide Densities on Maximum Value Position (on the Reactor Core
Axis on 548cm from Spent Fuel Side) for the Thermal Power Half-down Simulation
(mesh=1hour)
Effective Neutron Multiplication Factor and Power Density for the Thermal Power
Half-down Simulation (mesh=1.25day)
Effective Neutron Multiplication Factor and Power Density for the Thermal Power
Return from Half-down Simulation (mesh=1hour)
%1 and Xe Nuclide Densities on Maximum Value Position (on the Reactor Core
Axis , 548cm from Spent Fuel Side) for the Thermal Power Return from Half-down
Simulation (mesh=1hour)
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Effective Neutron Multiplication Factor and Power Density for the Thermal Power

Half-down and Return Simulation (mesh=1.25 days)

Effective Neutron Multiplication Factor and Power Density for the Shutdown

Simulation (mesh=1 hours)

5] Nuclide Density Distribution on the Reactor Core Axis for the Shutdown
Simulation (mesh=1hour)

3%e Nuclide Density Distribution on the Reactor Core Axis for the Shutdown
Simulation (mesh=1hour)

1 and *Xe Nuclide Densities on Maximum Value Position (on the Reactor Core
Axis , 548cm from Spent Fuel Side) for the Shutdown Simulation (mesh=1hour)
Effective Neutron Multiplication Factor and Power Density for the Shutdown
Simulation (mesh=1.25 days)

Effective Neutron Multiplication Factor and Power Density for the Restart Simulation
(mesh=1 hours)

%1 and °Xe Nuclide Densities on Maximum Value Position (on the Reactor Core
Axis , 548cm from Spent Fuel Side) for the Restart Simulation (mesh=1hour)
Effective Neutron Multiplication Factor and Power Density for the Shutdown and
Restart (from critical condition) Simulation (mesh=1.25 days)

Effective Neutron Multiplication Factor and Power Density for the Shutdown and
Restart (from sub critical condition) Simulation (mesh=1.25 days)

Effective Neutron Multiplication Factor for the Startup Simulation (Investigation of
the reactivity which must be removed)

Neutron Flux on the Reactor Core Axis for the Startup Simulation (Investigation of
the reactivity which must be removed)

Effective Neutron Multiplication Factor for the Startup Simulation (FP; Displaced by
Boron or Erbium)

Nuclide Burnup Chain Model for Neodymium

Effective Neutron Multiplication Factor for the Startup Simulation (FP; Displaced by
Neodymium)

Effective Neutron Multiplication Factor for the Startup Simulation (HM and FP;
Displaced by Neodymium)

Distributions of Nuclide Densities and Neutron Flux for the Startup Simulation (HM
and FP; Displaced by Neodymium)

Effective Neutron Multiplication Factor for the Startup Simulation (HM; Displaced by
%Y same as Fission Cross Section of Steady State HM, FP; Displaced by
Neodymium)

Distributions of Nuclide Densities and Neutron Flux for the Initial Core (1: Steady
State, 2: HM; Displaced by *°U same as Fission Cross Section of Steady State HM,
FP; Displaced by Neodymium, 3: HM and FP; Displaced by Neodymium)
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Table 3.1 Basic Design Parameters of Fast Reactor Steady State Analysis

Core Height [cm] 800
Core Radius [cm] 200
Radial Reflector Thickness [cm] 50
Coolant Hole Diameter [cm] Metallic Fuel 0.808 / Nitride Fuel 0.668
Cladding Thickness [cm] 0.035
Coolant Pin Pitch [cm] 1.132

Metallic Fuel (U-Zr(10%), 75%TD)

Fuel Material Nitride Fuel (99% N, 81%TD)
Cladding Material HT-9
Coolant Material Pb-Bi (44.5%-55.5%)
Inlet Coolant Temperature [K] 600
Outlet Coolant Temperature [K] 770
Thermal Power [MWy ] 3000

Table 3.2 Neutron Energy Group Structure

Group Upper Energy Lower Energy

Index Boundary [eV] Boundary [eV]
1 0.10000E+08 - 0.60653E+07
2 0.60653E+07 0.36788E+07
3 0.36788E+07 0.22313E+07
4 0.22313E+07 0.13534E+07
5 0.13534E+07 0.82085E+06
6 0.82085E+06 0.38774E+06
7 0.38774E+06 0.18316E+06
8 0.18316E+06 0.86517E+05
9 0.86517E+05 0.40868E+05
10 0.40868E+05 0.19304E+05
11 0.19304E+05 0.91188E+04
12 0.91188E+04 0.43074E+04
13 0.43074E+04 0.20347E+04
14 0.20347E+04 0.96112E+03
15 0.96112E+03 0.45400E+03
16 0.45400E+03 0.21445E+03
17 0.21445E+03 0.10130E+03
18 0.10130E+03 0.23824E+01
19 0.23824E+01 0.41399E+00
20 0.41399E+00 0.64017E-01
21 0.64017E-01 0.10000E-04
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Table 3.3 Nuclide Composition of Fuel Material

Metallic Fuel Nitride Material
Nuclide Nuclide Density [cm™] Nuclide Nuclide Density [cm”]
>y 1.96e+20 >y 1.93e+20
=y 2.67e+22 =y 2.74e+22
Zr 7.50e+21 "N 2.76e+20
- - DN 2.73e+22

Table. 3.4 Nuclide Composition of Cladding Material (HT-9)

Nuclide Nuclide Density [cm™] Nuclide Nuclide Density [cm”]
>*Fe 4.12e+21 *Mo 1.33¢+20
>PFe 6.46e+22 Mo 1.39¢+20
>"Fe 1.49¢+21 ""Mo 7.97¢+19
>*Fe 1.99e+20 Mo 2.01e+20
Cr 4.35¢+20 Mo 8.03e+19
2Cr 8.39%+21 Ni (Natural ratio) 4.17e+20
>Cr 9.51e+20 =C 1.67e+20
*Cr 2.37e+20 >Mn 5.01e+20
SNb 2.50e+20 Si (Natural ratio) 2.50e+20
Mo 1.24e+20 >y 2.50e+20
“"Mo 7.72e+19

Nuclide Nuclide Density [cm”]
~Pb 1.325e+422
Bi 1.653e+22

Table. 3.5 Nuclide Composition of Coolant Material (Pb-Bi)
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Table 3.6  Property of Fuel Material

Metallic Fuel Nitride Fuel
U-19%Pu-10%Zr | (U-20%Pu)N

Theoretical Density: 0 [g/cm’] 14.32 15.9

Heavy Metal Density: [g/cm’] 13.52 14.2
Thermal Conductivity: 500 [*C] 18 15
k [W/m K] 1000 [°C] 31 18

Melting Point: [°C] 2780 1057

Expansion Coefficient: & [-10°/K] 10~14 15~23

Table 3.7 Property of Cladding (HT-9)

Phase
Density: p[g/cm’]
Thermal Conductivity: k [W/m K]
Expansion Coefficient: a [10°%/K]
Melting Point: [°C]
Young's Modulus: E [GPa]

Poisson's Modulus: v

martensitic BCC

7.82

25 up to 700°C
10 to 14 between 20 and 700°C

1420

180 at 20°C
0.3 at 20°C
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Table 3.8 Property of Coolant (Pb-Bi)

Thermal Prandtl
Temperature Density Viscosity Specific Heat
5 Conductivity Number
T[K] p [kg/m’] #[mPa s] Cplkl/kg K]
[WmK] Pr [-]
400 10574 3.38 0.1465 10.9 0.045
500 10453 2.33 0.1465 11.9 0.029
600 10331 1.83 0.1465 12.9 0.021
800 10087 1.33 0.1465 14.9 0.013
Boiling
Mass S,* Melting Point Chemical Reactivity
Point
Number [mb] X] (with oxygen and water)
[K]
~208 3.820 397 1943 Inert
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Table 3.9 Steady State Analysis Case
Sampling Point
Case Fuel Temperature [K] Coolant }‘Ieg}lperature Fluence [cm'z]
Case 3.2-1 | 724 450 2.1e+17
Case 3.2-2 | 450,2100 450 2.1e+17
Case 3.2-3 | 450,850,1500,2100 450 2.1e+17
Case 3.2-4 450,650,850,1050, 450 2.1e+17
1500,2100
450,550,650,750, 450 2.1e+17
Case 3.2-5 | 850,950,1050,1500,
2100
450,550,650,700, 450 2.1e+17
Case 3.2-6 | 750,800,850,900,
950,1050,1500,2100
Case 3.2-7 | 450 685 2.1e+17
Case 3.2-8 | 450 450,1900 2.1e+17
Case 3.2-9 | 450 450,650,850,1900 2.1e+17
450 450,550,650,750, 2.1e+17
Case 3.2-10 850.1900
4 | 450 450,550,650,700, 2.1e+17
Case 3.2-11 750,800,850,1900
Case 3.2-12 | 450 450 2.1e+17
Case 3.2-13 | 450 450 2.5e+18,3.3e+24
450 450 2.5e+18,1.3e+24,
Case 3.2-14 2364243 3c+24
450 450 2.1e+17,8.7e+23,
Case 3.2-15 1.7e+24,2.6e+24,
3.3e+24
450 450 2.6e+18,7.4e+23,
Case 3.2-16 1.5e+24,2.1e+24,
2.6e+24,3.3e+24
450 450 2.1e+17,6.4e+23,
1.1e+24,1.7e+24,
Case 3.2-17 2.40+24.2.9e+24,
3.3e+24
450 450 2.1e+17,6.4e+23,1.1e+24,
Case 3.2-18 1.7e+24,2.0e+24,2.4e+24,
' 2.9e+24,3.3e+24
450 450 2.1e+17,4.4e+23,8.7e+23,
Case 3.2-19 1.4e+24,1.7e+24,2.2e+24,
2.6e+24.2.9e+24,3.3e4+24
450 450 2.1e+17,4.4e+23,8.7e+23,
1.1e+24,1.4e+24,1.7e+24,
Case 3.2-20 2.264+24.2.4¢+24.2.8¢424,
3.1e424,3.3e+24
450 450 2.1e+17,3.0e+23,6.4e+23,
' 8.7e+23,1.1e+24,1.4e+24,
Case 3.2-21 1.7e+24,1.7e+24,2.0e+24,

2.2e+24,2.4e+24,2.8e+24,
2.9e+24,3.1e+24,3.3e+24
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Table 3.10 Number of Sampling Point by pre-Analysis

Metallic Fuel (Case 3.2-26)

Nitride Fuel (Case 3.2-28)

Fuel Coolant Fuel Coclant
Temperature Temperature | Fluence [cm™] | Temperature Temperature | Fluence [cm™]
[X] [K] [K] [K]
450 450 4.6e+23 450 450 2.1e+17
550 1900 1.2e+24 550 1900 6.4e+23
650 - 1.7e+24 650 - 1.1e+24
750 - 2.2e+24 750 - 1.7e+24
850 - 2.7e+24 850 - 2.0e+24
1900 - 3.2e+24 1900 - 2.4e+24
- - 3.8e+24 - - 2.9e+24
- - 4.2e+24 - - 3.3e+24
Table 3.11 Higher Nuclide of Capture and Fission Reaction Rate
Capture Reaction Fission Reaction
Nuclide Ratio o.f All Nuclides Nuclide Ratio of All Nuclides
Reaction Rate [%] Reaction Rate [%]
U 54.9 Py 73.9
“’Pu 8.8 =y 16.2
“py 3.0 “py 4.5
"“Rh 2.8 Py 3.0
T 2.2 U 1.2
Table 3.12  Effects of the Burnup History for Table Interpolation
Radial Mesh Point of Effective Neutron
Case Nuclide Densities Tabling Coverage Multiplication
Sampling Point Factor [-]
Case 3.2-22 1(Center Position) All Core (1~40) 1.00679
Case 3.2-23 21 All Core (1~40) 1.00683
TableI r=1 I 1~20
Case 3.2-24 Table I =21 I 21~40 1.00676

* Core Mesh is 5 cm, Number of Radial Core is 40.
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Table 3.13 The sampling point of using for table creation of Case 3.2-22 - Case 3.2-24

Sampling Point
Case Fuel Temperature | Coolant Temperature 2
Fluence [cm
[X] [K] [cm™]
724 685 2.1e+17
Case 3.2-22 - - 8.7e+23
~Case 3.2-24 - - 1.7e+24
' - - 2.6e+24
' - 3.3e+24

Table 3.14 Effects of Temperature and Burnup for the CANDLE Characteristics

Effective Burning Region Power
Case Multiplication Moving Speed Density Burnup
Factor Half Width [%]
[ [cm/year] [cm]
Case 3.2-25 | Metallic Constant 1.0015 4.67 89.5 39.8
Case 3.2-26 Fuel This Study 1.0026 4.63 89.8 40.1
Case 3.2-27 Nitride Constant 1.0035 3.17 62.6 423
Case 3.2-28 Fuel This Study 1.0082 3.10 63.1 43.2

Table 3.15 Basic Design Parameters for Simulation Analysis

Core Height [cm] 400
Core Inner Radius / Outer Thickness {cm] hﬁ{?ﬁﬁ?}i 1311186(? // 6702
Radial Reflector Thickness [cm] 50

Coolant Hole Inner Diameter / OQuter

Metallic Fuel 0.788 / 0.748

Diameter [cm] Nitride Fuel 0.688 / 0.668
Cladding Thickness [em] 0.035
Coolant Pin Pitch [cm] 1.132

Fuel Material

Metallic Fuel U-10%Zr, 75%TD
Nitride Fuel 99%"N, 81%TD

Cladding

HT-9

Coolant

Pb-Bi (44.5%-55.5%)

Core Inlet Temperature [K]

600

Core Outlet Temperature [K]

Metallic Fuel 770 / Nitride Fuel 800

Thermal Power [MWy ]

3000
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Table 3.16 Simulation Analysis Cass

Case Fuel Analysis Topics
Case 3.3-1 Steady State
Case 3.3-2 Thermal Power Half-down from Steady State
Case 3.3-3 Metallic Shutdown from Steady State
Case 3.3-4 Restart from 200 days afier Shutdown
Case 3.3-5 Restart from 2000 days after Shutdown
Case 3.3-6 Steady State
Case 3.3-7 Thermal Power Half-down from Steady State
Case 3.3-8 Nitride Shutdown from Steady State
Case 3.3-9 Restart from 200 days after Shutdown
Case 3.3-10 Restart from 2000 days after Shutdown
Table 3.17 Restartable Period
Metallic Fuel Nitride Fuel
Shutdown Reactivity [dk/k] 8.3xX10™ 2.3%X107°
Reactivity Decreased Rate [dk/k/day] 2.1X10°° 2.8%X107°
Restartable Period [day] 3.9X10° 8.1 X 10?
Table 3.18 Reactivity of Case 3.3-15, 16, 17, 18
Fresh Fuel Burning Region | Burning Region Spent Fuel
Region 1 2 Region %dk/k
(0~280 cm) (288~320 cm) | (328~400cm) | (408~800 cm)
Case 3.3-15 A B B A 0.13
Case 3.3-16 A C C A 0.13
Case 3.3-17 A D B A 0.09
Case 3.3-18 A D C A 0.10
A:Nb:W=1.0:0.0
B:Nb : W=1.0: 0.116
C:Nb: W=1.0: 0.27
D:Nb : W=0.0: 1.0
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Table 3.19 Reactivity of Case 3.3-21, 22, 23

Fresh Fuel Burning Burning Burning Spent Fuel
Region (0~ | Region 1 (281 | Region 2 (321 | Region 3 (401 | Region (481 | %dk/k
280 cm) ~320 cm) ~400 cm) ~480 cm) ~800 cm)
Case 3.3-21 A B B B A 0.46
Case 3.3-22 A B B A A 0.43
Case 3.3-23 A A B B A 0.37

A:Nb:W=10:0.0
B:Nb:W=.0:1.0
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Table 4.1 Basic Design Parameters of High Temperature Gas Cooled Reactor

Thermal power [MWy] 30
Fuel U0,
uranium enrichment [ %] 15.0
Type TRISO
kernel diameter [mm] 0.608
. particle diameter [mm] 0.940
Coated fuel particle coating material PyC/PyC/SiC/PyC
thickness [mm] 0.060/0.030/0.030/0.046
density [g/cm’] 1.143/1.878 /3.201 / 1.869
gadolinium concentration [%] 3.0
packing fraction [%] 30.0
Fuel compact inner diameter [cm] 1.00
outer diameter [cm] 2.60
inner diameter [cm 3.40
Coolant hole outer diameter %cm% 4.10
Fuel cell pitch [cm] ' 6.60
Core diameter [cm] 230
height* [cm] 800
Radial reflector thickness [cm] 100
pressure [MPa] 4.0
Coolant inlet temperature [K] ([degree C]) } 673 (400)
outlet temperature [K] ([degree C]) 1223 (950)

* This value is onlyfor the calculation to obtain ideal CANDLE shape. In the real design much smaller
values are employed.

Table 4.2  Neutron energy group structure (4-group)

Energy [eV] Lethergy [-]

Group number Upper Lower Upper Lower
1 Fast 1.0000E+07 1.1109E+05 0.000 4.500
2 Slowdown 1.1109E+05 2.9023E+01 4.500 12.750
3 Resonance 2.9023E+01 2.3824E+00 12.750 15.250
4 Thermal 2.3824E+00 1.0000E-05 15.250 27.631

Table 4.3 Basic Design Characteristics

Infinite Medium Neutron Multiplication Factor of Initial Fuel [-] 0.5780
Effective Neutron Multiplication Factor [-] 1.0074
Burning Region Moving Speed [cm/year] 29.2
Burnup of Center Position E{:{;{x}HM] 113 512
Average Burnup [%-HM] 10.7
[GWd/t-HM] 100.3
Max Power Density of Core[W/cm®] 4.76
Half Width of Axial Power Shape [cm] ’ 153.9
Tenth Width of Axial Power Shape [cm] 317.2
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Table 4.4 Effect of Different Natural Gadolinium Concentration

Natural Gadolinium Concentration [%] 2.0 3.0 4.0
%nﬁ‘nite Medium Neutron Multiplication Factor of 0.6478 0.5780 0.5310
nitial Fuel [-]
Effective Neutron Multiplication Factor [-] 1.0734 1.0074 0.9555
Burning Region Moving Speed [cm/year] 344 29.2 26.3
Burnup of Center Position [7%-HM] 10.3 12.1. 13.7
[GWd/t-HM] 96.9 115.2 129.0
Average Burnup [%-HM] 9.0 10.7 12.0
[GWd/t-HM] 84.2 100.3 112.4
Max Power Density of Core[W/cm’] 4.30 4.76 5.16
Half Width of Axial Power Shape [cm] 1715 153.9 141.5
Tenth Width of Axial Power Shape [cm] 351.7 317.2 292.7
Table 4.5 Effects of Different Uranium Enrichments
Uranium Enrichment [%] 10 15 20
infipite Medium Neutron Multiplication Factor of 0.4212 0.5780 0.7089
nitial Fuel [-]
Effective Neutron Multiplication Factor [-] 0.9223 1.0074 1.0678
Burning Region Moving Speed [cm/year] 343 29.2 26.3
Burnup of Center Position [%-HM] 12.1. 12.1. 13.4
[GWd/t-HM] 1152 115.2 125.8
Average Burmup [%-HM] 10.7 10.7 11.8
[GWd/t-HM] 100.3 100.3 111.3
Max Power Density of Core[W/cm’] 5.20 4.76 4.43
Half Width of Axial Power Shape [cm] 144.6 153.9 162.6
Tenth Width of Axial Power Shape [cm] 297.2 317.2 340.3
Table 4.6  Effects of Different Fuel Cell Pitches
Fuel Cell Pitch [cm] 6.2 6.6 7.0
Infipite Medium Neutron Multiplication Factor of 0.6058 0.5780 0.5522
Initial Fuel [-]
Effective Neutron Multiplication Factor [-] 0.9798 1.0074 1.0306
Burning Region Moving Speed [cm/year] 26.1 29.2 32.8
Burnup of Center Position [%-FIM] 12.1. 12.1. 124
[GWd/t-HM] 115.2 115.2 116.8
Average Burnup [%-HM] 10.7 10.7 10.7
[GWd/t-HM] 100.3 100.3 100.4
Max Power Density of Core[W/cm’] 4.53 4.76 4.93
Half Width of Axial Power Shape [cm] 159.0 153.9 150.2
Tenth Width of Axial Power Shape [cm] 332.2 317.2 310.1
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Table 4.7 Effects of Burnup Distribution

Resulis Rerative Error [%]

Intfl.rllte Medium Neutron Multiplication Factor of 0.5777 0.06
Initial Fuel [-]
Effective Neutron Multiplication Factor [-] 1.0490 +3.92(dk/kk)
Burning Region Moving Speed [cm/year] 25.0 -16.6
Burnup of Center Position %?\‘{’Ic?//ﬂHM} 11:22’,;.79 :1895
Average Burnup [%o-HM] 12.4 +14.2

[GWd/t-HM] 116.2 +13.7
Max Power Density of Core[W/cm’] 5.53 +13.9
Half Width of Axial Power Shape [cm] 124.9 -2.1.3
Tenth Width of Axial Power Shape [cm] 265.2 -19.6

Table 4.8 Effects of Temperature Distribution

Coolant Flow Direction

Counter Flow for Burnup direction

. . Fuel Graphite  Coolant  Graphite
*

Temperature change fuel cell region All region Compact Sleeve He Block
Infinite Medium Neutron Multiplication o 570 gs670 05780 05780 05780
Factor of Initial Fuel [-]
I[Ejfectwe Neutron Multiplication Factor 0.9980 0.9984 10074 1.0074 1.0074

(Error [%dk/kk’]) -0.94 -0.89 0.00 0.00 0.00
Burning Region Moving Speed [cm/year] 29.2 29.3 29.2 29.2 29.2
Burnup of [%-HM] 12.1. 12.2 12.1. 12.1. 12.1.
Center Position [GWd/t-HM] 114.5 114.0 114.5 114.5 114.5
Average [%-HM] 10.7 10.6 10.7 10.7 10.7
Burnup [GWd/t-HM] 99.7 99.3 99.7 99.7 99.7
Max Power Density of Core[W/cm’] 4.67 4.64 4.76 4.76 4.76
Half Width of Axial Power Shape [cm] 157.2 158.4 153.9 153.9 153.9
Tenth Width of Axial Power Shape [cm] 3244 327.2 317.1 317.1 317.1
Coolant Flow Direction Parallel Flow for Burnup direction

. . Fuel Graphite Coolant  Graphite

Temperature change fuel cell region * All region Compact Sleeve He Block
Infinite Medium Neutron Multiplication 5916 (5913 05780 05780 05780
Factor of Initial Fuel [-]
]{Eéffectlve Neutron Multiplication Factor 0.9947 0.9942 1.0074 1.0074 1.0074

(Error [%dk/kk’]) -1.27 -1.31 0.00 0.00 0.00
Burning Region Moving Speed [cm/year] 28.3 28.2 29.2 29.2 29.2
Burnup of [%-HM] 12.6 12.7 12.1. 12.1. 12.1.
Center Position [GWd/i-HM] 1179 118.5 114.5 114.5 114.5
Average [%-HM)] 11.0 11.1 10.7 10.7 10.7
Burnup [GWd/t-HM] 102.8 103.4 99.7 99.7 99.7
Max Power Density of Core[W/cm’] 4.57 4.60 4.76 4.76 4.76
Half Width of Axial Power Shape [cm] 160.6 159.5 153.9 153.9 153.9
Tenth Width of Axial Power Shape [cm] 328.7 3294 317.1 317.1 317.1
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Table 4.9 Effects of Burnup and Temperature Distributions

Coolant Flow Direction, Counter Flow Parallel Flow
Infinite Medium Neutron Multiplication Factor
of Initial Fuel [-] 0.5667 0.5915
Effective Neutron Multiplication Factor [-] 1.0346 1.0307
(Brror [%dk/kk’]) (2.59) (2.24)
Burning Region Moving Speed [cm/year] 25.5 24.1
Burnup of [%-HM] 13.5 14.2
Center Position [GWd/t-HM] 125.7 132.7
Average Burnup [%-HM] 122 12.9
[GWd/t-HM] 114.3 120.9
Max Power Density of Core[W/cm’] 5.40 5.11
Half Width of Axial Power Shape [cm] 127.5 134.8
Tenth Width of Axial Power Shape [cm] 279.0 293.5

Table 4.10 The CANDLE Core Steady State Characteristics of Both Analyses

Steady State Simulation Analysis
Analysis (Average of 12 years)
Effective neutron multiplication factor 1.00742 1.00730
Burning region moving speed [cm/year] 29.2 29.1
Maximum power density [W/cm"] 4.76 4.76
Power density distribution half width [cm] 153.9 153.7

Table 4.11 The Simulation of Transient Change from Steady State Power to Half Power and
Half Power Steady State Analysis

Steady State Analysis  Simwulation Analysis

Effective neutron multiplication factor 1.00846 1.00839
Burning region moving speed [cm/year] 14.91 14.95
Maximum power density [W/cm’] 2.43 2.43
Power density distribution half width [cm] 151.4 151.3
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Table 4.12 Neodymium Isotopes and Effective Microscopic Capture Cross Sections

Ratio Effective Microscopic Capture Cross Sections [burn]
[7] Fast Slowdown Resonance Thermal
Nd-142 27.13 0.05019681 0.1379997 1.058306 4.437769
Nd-143 12.18 0.09612019 6.466879 4.904306 0.6661649 FP
Nd-144 23.80 0.03573591 0.3340198 0.2024953 0.8545792
Nd-145 8.30 0.1307113 9.713526 39.61998 10.51386 FP
Nd-146 17.19 0.05184379 0.2673891  0.07490379 0.3309781
Nd-147 0 0.1906829 26.74742 125.9142 86.57644 FP
Nd-148 5.76 0.04422846 1.583945 0.1521972 0.5940216 FP
Nd-150 5.64 0.03976795 1.750033  0.03749551 0.2661393
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fresh fuel | fresh fuel

Fig. 1.1 CANDLE burnup (Moving direction can be chosen either way. The core height is
chosen extremely long to realize ideal CANDLE burnup, though actual core height is
usually chosen much shorter.)
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Fig. 1.2 Change of Infinite Medium Neutron Multiplication Factor along Neutron Fluence
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Fig. 1.3 Change of Infinite Medium Neutron Multiplication Factor along Axial Position
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Fig. 1.4 CANDLE Burnup and Refueling Scheme
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Fig. 2.1 Flowchart of CANDLE Burnup Analysis (Uniform Group Constant)
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Fuel

Fig. 3.1 Fuel Cell Model
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Fig. 3.2 Flowchart of CANDLE Burnup Analysis with Detail Group Constant
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