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4.4.3-3(10)  EPMA No.4  
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4.4.3-3(12)  EPMA No.5  
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4.4.3-3(14)  EPMA No.6  
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4.4-75 

 

 

 
4.4.3-3(18)  EPMA No.8  
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4.4.3-3(19)  SEM No.9  
  



 

4.4-77 

 

 
 

4.4.3-3(20)  EPMA No.9  
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4.4.3-3(21)  SEM No.10  
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4.4.3-3(22)  EPMA No.10  
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4.4.3-3(23)  SEM No.11  
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4.4.3-3(24)  EPMA No.11  
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4.4.3-3(25)  SEM No.12  
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4.4.3-3(26)  EPMA No.12  
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4.4.3-3(27)  SEM No.13  
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4.4.3-3(28)  EPMA No.13  
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4.4.3-3(29)  SEM No.14  
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4.4.3-3(30)  EPMA No.14  
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91wppm 1 179wppm
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F+G=1
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4.4.5-6 F G H 4.4.4-5
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4.4.5.4 F G H  

F G H

CWB Y=1221( p+0.00006)0.070 0.738 0.262 0.805

SRB Y=987( p+0.00011)0.075 0.723 0.277 0.484
RXB Y=589( p+0.00007)0.102 0.767 0.233 0.179
SRQ2 Y=1017( p+0.00010)0.081 0.725 0.275 0.458
SRQ3 Y=1027( p+0.00005)0.077 0.722 0.278 0.488
SRQ4 Y=1019( p+0.00004)0.075 0.719 0.281 0.463

SRB*[22] Y=950( p+0.025)0.07 0.696 0.304 0.531
RXB*[22] Y=850( p+0.01)0.15 0.666 0.334 0.277

Le Saux [23] 
(Zircaloy-4) 

Y=1011( p+0.00002)0.065 0.580 0.420 0.410
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LOCA

Cr
 

 
4.5.1  

2011
ATF

Cr
(1)  

Plant Licensee Fuel Vendor Date Inserted 
Hatch Southern Nuclear GNF Spring 2018 
Byron Exelon Westinghouse Spring 2019 
Vogtle Southern Nuclear Framatome Spring 2019 
ANO Entergy Framatome Fall 2019 
 

(2-4) 2016 Gösgen
IMAGO 2018 ATR PWR
Cr M5 2019 Gösgen Cr M5

20 GOCHROM
52 Cr M5 2 Vogle ANO

Cr PVD Physical Vapor Deposition
IMAGO

Gösgen 3
ATR 15GWd/MTU Cr

Gösgen 20
1 4

Vogtle 2 Cr
 

(5-6) Cr Byron 2
LTR 2019 Cr

Opt-Zirlo 25 m
UO2 ADOPT Cr opt-ZIRLO 16

U3Si2 4
20 2020 11 1
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1 Cr
Cr

Cr
Cr

UO2 Cr 0.1%
ADOPT Cr

0.24 UO2 Cr
ADOPT

Cr

 
LTR Doel 2021

1  
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Cr LOCA
LOCA

 
 

(1) LOCA  
KIT(7-8) Cr

1300 DBA-LOCA

1350
Cr  

Kashkarova (9) 4.5-9.0 m Cr
900 1200 10 30 Cr

9 m Cr
1200 10

 
Steinbrück (10) Cr opt-ZIRLO 1100 1200
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1  
Tnag (11) Cr -4

Cr-Zr 1330

1100

-4  

1100

Cr-Zr 1330

 

Steinbrück (10) Cr
Zr

Zr Cr
 

 
(2)  

Guo (12) Cr
1/3

30 Cr-Zr

 
Wang (13) MELCOR PWR SBO Cr

1900 K
2700 K

 
Feng (14) MELCOR Cr

3600 7200
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Cr
Cr-Zr 1332

1200 R2
(15) Cr

 
 
   

(15) 29.6 exp . (kg2/m4-sec) 5797 (J/g) 
Cr (14) 0.233 exp (kg2/m4-sec) 2442 (J/g) 

 
4.5-1 Cr

3 4.5-2
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  3.88 m 

  548  
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50 m 1200 30 MW

5 m 10 300 MW
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4.6.1  

 
 
4.6.2 BWR OS-1  

OS-1 PCMI BWR
NSRR

BWR

RANNS NSRR BWR
PCMI

 
RANNS (1) 14 NSRR

PCMI Pellet-Cladding Mechanical 
Interaction

 
 
(1) FEMAXI-8/RANNS  

4.6.2-1 4.6.2-1
FEMAXI-8/RANNS

9 3
2 1

2
 

FEMAXI-8 RIA
RIA

RIA
RIA
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1 1

FEMAXI-8 00029wnZuhG(2)

 
 

(2)  

FEMAXI-8(3)

FP
RANNS 

RIA RANNS
RIA NSRR

PCMI
PCMI FP FEMAXI-

8/RANNS
RODBURN (4) FEMAXI SWAT (5) RANNS

 
PCMI RANNS 3

modelA Jernkvist
(6)

OS-1
modelB Fraptran1.5

(7) modelA  

PCMI
OS-1

 
modelC SR J

(1) 250 m OS-1
Jc SR
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J  

OS-1
caseNSRR 4.4 ms BWR

45 ms caseBWR
 

 
(3)  

caseNSRR caseBWR 4.6.2-2(a)
(b) caseBWR
caseNSRR 4.6.2-
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/ /

caseNSRR caseBWR
BWR RIA

/ OS-1
0.3%

150 K 100 K
caseNSRR caseBWR  

modelA modelB
RIA

caseNSRR caseBWR
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4.6.2-5(a) (e) (a)(b) 

modelA caseBWR
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(e) modelC caseBWR  
BWR
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caseBWR caseNSRR 20 J/g

300 K 100 K modelA
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4.6.2-1  

 

 
  

 
 No.  

GWd/t 

 
  

BWR OS-1 64 

UO2  
3  

10 10type 
Zry-2 with liner 
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4.6.2-4  

 
  OS-1 

 (MWd/tU) 64000 
   

  (cm) 375.0 
  (cm3) 8.96 
  (cm3) 0.0 

  (MPa) 0.8 
   He 

   
  ( ) 277 
  (MPa) 7.0 
  (m/s) 3.0 
  (cm2) 1.220 

   
  (day) 4191  

2020/3/24 2020/9/1  
 
 

4.6.2-5 RIA  
 

  OS-1 
   

  (cc) 3.80 
  (MPa) 0.1 

   He 
100% 

   
  ( ) 20 
  (MPa) 0.1 
  (m/s) 0.01 
  (cm2) 112.0 
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4.6.3 LOCA IFA-650.9  
 

FFRD PCT
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H31 FFRD
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LOCA PCT
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2 FFRD

LOCA FFRD PCT
IFA-650.9 TRACE 1

(9)
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TRACE
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TRACE
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720 2
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3.5% CaseB D 1050
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4.6.3-1 IFA-650.9 (11) 

(mm) 480 
(mm) 9.13 

(mm) 8 
 
 

(%) 95.2 
(wt%) 3.5 
(mm) 9.30 
(mm) 10.75 

Zry-4(duplex cladding) 
(MPa) 4 

Ar0.95+He0.5 
(GWd/t) 90 

4.6.3-2 TRACE IFA650.9 * 

25 8 
500 

20 62.5 
9.3 

95.0 
(mm) 10.026 
(mm) 10.75 

Zircaloy 
(MPa) 7.0( 280 )

Ar 1.0 
(GWd/t) 0 

TARCE 3
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CaseE  17% 
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Stan
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4.6.4-6 P124
Hi Middle Low 3 124-1 2 3

18197 9099 23656  
LOCA TRP249 941

951 LOCA t=0 TRP249 TRP941 951



 

4.6-37 
 

TJ721 751 761 771 t=3

 
 

FEMAXI/RANNS 
FEMAXI/RANNS 4 PWR

0.836cm 0.95cm 9
40.667cm 1 1.15cm 0.819cm

0 RELAP
 

FEMAXI/RANNS
4.6.4-2 NL_f_scl_FGR

NL_SF_clad_thermal_conductivity

FEMAXI RANNS

 
 

 
50 RELAP 3

18197 9099 23656
200 600 FEMAXI/RANNS

50952 =18197+9099+23656 50  

Stan
NUTS 8000 8000

4.6.4-7 n_Burst
8000

95% 8000
95%

95%  
 

  
4.6.4-8 data



 

4.6-38 
 

95 18767
n_Burst=18767 PDF_mean 8000

 
 
(6)  

RELAP FEMAXI/RANNS

LOCA FFRD

RELAP FEMAXI/RANNS
 

 
4.6.4-1  

   
RELAP  - 
FEMAXI/RANNS   

   
 

4.6.4-2 FEMAXI/RANNS
  

NL_f_scl_FGR( ) 0.8 1.2  
NL_SF_clad_thermal_conductivity  1 0.1  



 

4.6-39 
 

RELAP

2 31

FEMAXI/
RANNS

FEMAXI/
RANNS

FEMAXI/
RANNS

FEMAXI/
RANNS

 

4.6.4-1  
1 3  



 

4.6-40 
 

 

4.6.4-2  
data prev_q2.5-97.5 28.0 /s

95% 2.5 97.5
reg_q2.5 q50 q97.5 28.0 /s

1 2.5 50 97.5  



 

4.6-41 
 

 
4.6.4-3 RELAP  

 

 

4.6.4-4  RELAP  



 

4.6-42 
 

4.6.4-5 RELAP   



 

4.6-43 
 

4.6.4-6 RELAP



 

4.6-44 
 

4.6.4-7 PDF(0) PDF(7999)  

 

4.6.4-8



 
 

4.7-1 
 

4.7  
 

RIA
2.9m3 3.2m3 LOCA

2.3m3 2.6m3  
 
 
 



 
 

4.8-1 
 

4.8  
 

4 3 9
 

LOCA RIA 3

 
 
 



 
 

4.9-1 
 

4.9  
 

2 6 21 11 12  
 

 
 



 

5-1 
 

5  
 

3  
 
(1) 

LOCA LOCA

Fuel Fragmentation, Relocation and Dispersal FFRD
LOCA

PCT
LOCA

LOCA

FFRD LOCA  
3

LOCA
 

LOCA
1073 1173 K

UO2

FP
 

LOCA LOCA

LOCA
 

FFRD

FFRD
ECCS  

 
(2) RIA



 

5-2 
 

PCMI
10 PCMI 75 

GWd/t 30
75 GWd/t

PCMI
30 RIA RIA

PCMI

 
3 OS-1

RIA 358-7
527 J/g 126 cal/g

OS-1 LS-5
PCMI

OS-1

FP PCMI
RIA

FP
 

NSRR
1.51%UO2 RIA 224-2

5%
 

CN-1
CN-1

FP DNB
SEM



 

5-3 
 

FP
CN-1

FP
 

RIA
Zry-4 17 17 1

RIA

RIA  
 
(3) 

RIA FFRD LOCA IFA650.9
LOCA

 
• PCMI OS-1 BWR

RANNS NSRR BWR

PCMI
BWR

BWR 300 K 100 K
BWR NSRR

20 J/g
/

OS-1



 

5-4 
 

 300-400K
 

• LOCA
FFRD PCT

2 FFRD
LOCA IFA-650.9 TRACE  

520 
s

IFA-650.9 FFRD
RANNS / FFRD

TRACE/RANNS FFRD

FFRD
FFRD PCT

FFRD

LOCA
FFRD FFRD

 
• RELAP 4 PWR LOCA

FEMAXI/RANNS
LOCA

FFRD
 

 
(4) LOCA

Cr
Cr 1300

1200

Cr-Zr 1332



 

5-5 
 

 



 6-1 

( ) 
 

1  
(1) 20

21 11 . 
(2) 21

22 3 . 
(3) 22

23 9 . 
(4) 23

25 3 . 
(5) 24

26 3 . 
(6) 25

26 3 . 
(7) 26

27 3 . 
(8) 27

28 3 . 
(9) 28

28
30 1 . 

(10) 29
29

31 3 . 
(11) 30

30
31 3 . 

(12) 31
31

2 11 . 
 
2  
(1) P. Raynaud, “Fuel Fragmentation, Relocation, and Dispersal During the Loss-of-

Coolant Accident,” Washington (DC): The U.S. Nuclear Regulatory Commission, 
NUREG-2121 (2012). 



 6-2 

(2) “Report on fuel fragmentation, relocation, dispersal,” NEA/CSNI/R(2016)16, 
OECD/NEA (2016). 

(3) LJ. Siefken, “Axial fuel relocation in ballooning fuel rods,” Proc. 7th International 
Conference on Structure Mechanics in Reactor Technology (SMiRT-7). Aug. 22-26, 
1983, Chicago, US (1983). 

(4) C. Grandjean, G. Hache, C. Rongier, “High burnup UO2 fuel LOCA calculations to 
evaluate the possible impact of fuel relocation after burst,” Proc. Topical Meeting on 
LOCA Fuel Safety Criteria. Mar. 22-23, 2001, Aix-en-Provence. 
NEA/CSNI/R(2001)18, OECD/CSNI/NEA. 2001: 239-266 (2001). 

(5) PD. Parsons, ED. Hindle, CA. Mann, “PWR fuel behaviour in design basis accident 
conditions. The deformation, oxidation and embriitlement of PWR fuel cladding in a 
loss-of-coolant accident,” A State-of-the-Art Report by the Task Group on Fuel 
Behaviour of CSNI Principal Working Group No 2. Paris (France): Organisation for 
economic co-operation and development nuclear energy agency (Report no. CSNI 
Report 129) (1986). 

(6) R. Emrit, R. Riggs, W. Milstead, J. Pittman, and H. Vandermolen, “A Prioritization 
of Generic Safety Issues,” NUREG-0933, Section 3, Issue 92, “Fuel Crumbling 
during LOCA,” Revision 1, U.S. Nuclear Regulatory Commission, Washington, DC, 
October 2006 (2006). 

(7) A. Cabrera and N. Waeckel., “A strength based approach to define LOCA limits,” Proc. 
of TopFuel 2015, Zurich, Switzerland, September 13-17, 2015 (2015). 

(8) Policy Issue (Information). Evaluation of fuel fragmentation, relocation and 
dispersal under loss-of-coolant accident (LOCA) conditions relative to the draft final 
rule on emergency core cooling system performance during a LOCA (50.46c). SECY-
15-0148, No. 30, Nuclear Regulatory Commission (ADAMS Accession No. 
ML15238B193) (2015). 

(9) “The fukushima daiichi accident,” technical volume 1/5 description and context of 
the accident. Vienna (Austria): International Atomic Energy Agency (2015). 

(10) MC. Billone, “Assessment of current test methods for post-LOCA cladding behavior,” 
Washington (DC): The U.S. Nuclear Regulatory Commission. (Report no. 
NUREG/CR-7139, ANL-11/52) (2012). 

(11) M. Flanagan, “Mechanical behavior of ballooned and ruptured cladding,” 
Washington (DC): The U.S. Nuclear Regulatory Commission. (Report no. NUREG-
2119) (2012). 

(12) MC. Billone, Y. Yan, TA. Burtseva, RO. Meyer, “Cladding behavior during postulated 
loss-of-coolant accidents,” Washington (DC): The U.S. Nuclear Regulatory 



 6-3 

Commission. (Report no. NUREG/CR-7219, ANL-16/09) (2016). 
(13) M. Yamato, F. Nagase, M. Amaya, “Evaluation of fracture resistance of ruptured, 

oxidized, and quenched Zircaloy cladding by four-point-bend tests,” J. Nucl. Sci. 
Technol. 51:1125—1132 (2014). 

(14) T. Narukawa and M. Amaya, “Four-point-bend tests on high-burnup advanced fuel 
cladding tubes after exposure to simulated LOCA conditions,” J. Nucl. Sci. Technol., 
Vol. 57, No. 7, pp. 782-791 (2020). 

(15) F. Nagase and T. Fuketa, “Effect of Pre-Hydriding on Thermal Shock Resistance of 
Zircaloy-4 Cladding under Simulated Loss-of-Coolant Accident Conditions,” J. Nucl. 
Sci. Technol., Vol. 41, No. 7, pp. 723–730 (2004). 

(16) F. Nagase and T. Fuketa, “Behavior of Pre-hydrided Zircaloy-4 Cladding under 
Simulated LOCA Conditions,” J. Nucl. Sci. Technol., Vol. 42, No. 2, pp. 209–218 
(2005). 

(17) F. Nagase and T. Fuketa, “Fracture Behavior of Irradiated Zircaloy-4 Cladding under 
Simulated LOCA Conditions,” J. Nucl. Sci. Technol., Vol. 43, No. 9, pp. 1114–1119 
(2006). 

(18) F. Nagase, T. Chuto, and T. Fuketa, “Behavior of High Burn-up Fuel Cladding under 
LOCA Conditions,” J. Nucl. Sci. Technol., Vol. 46, No. 7, pp. 763–769 (2009). 

(19) T. Narukawa, M. Amaya, "Oxidation behavior of high-burnup advanced fuel cladding 
tubes in high-temperature steam," J. Nucl. Sci. Technol., Vol. 56, No. 7, pp. 650–660 
(2019). 

(20) T. Narukawa, M. Amaya, "Fracture limit of high-burnup advanced fuel cladding 
tubes under loss-of-coolant accident conditions," J. Nucl. Sci. Technol., Vol. 57, No. 
1, pp. 68–78 (2020). 

(21) VV. Rondinella, Thierry Wiss, “The high burn-up structure in nuclear fuel,” 
Materials Today, Vol. 13, Issue 12, pp. 24–32 (2010). 

(22) D. Baron, M. Kinoshita, P. Thevenin, L. Rodrigue, “Discussion about hbs 
transformation in high burn up fuels,” Nucl. Eng. Technol., Vol. 41, Issue 2, pp. 199-
214 (2009). 

 
4  
4.3 LOCA  
(1) 2

4 3 . 
(2) “Report on fuel fragmentation, relocation, dispersal,” NEA/CSNI/R(2016)16, 

OECD/NEA (2016). 



 6-4 

(3) S. Watanabe et al., “Performance of M-MDA™, Reliable Cladding Material for 
Advanced Fuel,” Proc. TopFuel 2015, Zurich, Switzerland, Sep. 13–17, 2015, paper 
no. TopFuel2015-A0214 (2015). 

(4) 28
29 3 . 

(5) FP JAERI-Tech 2004-
033 2004 . 

(6) ME. Nissley, C. Frepoli, and K. Ohkawa, “Realistic assessment of fuel rod behavior 
under large-break LOCA conditions,” Proc. of the Nuclear Fuels Sessions of the 2004 
Nuclear Safety Research Conference (NUREG/CP-0192). Proceedings; 2004 Oct 22–
27; Washington (DC): Marriott Hotel at Metro Center; 2005. 

(7) HM. Chung, “Fuel behavior under loss-of-coolant accident situations,” Nucl. Eng. 
Technol., Vol. 37, pp. 327–362 (2005). 

(8) VV. Rondinella, Thierry Wiss, “The high burn-up structure in nuclear fuel,” 
Materials Today, Vol. 13, Issue 12, pp. 24–32 (2010). 

(9) D. Baron and J. Spino, “Does Rim Microstructure Formation Degrade the Fuel Rod 
Performance?”, Proc. of IAEA Technical Committee Meeting on Technical and 
Economic Limits to Fuel Burnup Extension, San Carlos de Bariloche, Argentina, 15–
19 November 1999 (1999). 

(10) Vol. 4  pp. 
192–197 (1989). 

(11) K. H. Yueh, N. Snis, D. Mitchell, and C. Munoz-Reja, “Fuel Fragmentation Data 
Review and Separate Effects Testing,” Proc. WRFPM 2014, Sendai, Japan, 
September 14-17, 2014, paper no. 100117 (2014). 

(12) T. Narukawa et al., “Experimental and statistical study on fracture boundary of non-
irradiated Zircaloy-4 cladding tube under LOCA conditions,” Journal of Nuclear 
Materials, Vol. 499, pp. 528–538 (2018). 

(13) F. Nagase and T. Fuketa, “Behavior of Pre-hydrided Zircaloy-4 Cladding under 
Simulated LOCA Conditions,” Journal of Nuclear Science and Technology, Vol. 42, 
No. 2, pp. 209–218 (2005). 

(14) , , 56 7 
20 , 1981. 

(15) L. Baker and L. C. Just, “Studies of Metal-Water Reaction at High Temperatures; III. 
Experimental and Theoretical Studies of the Zirconium-Water Reaction,” ANL-6548, 
Argonne National Laboratory (1962). 

(16) F. Nagase and T. Fuketa, “Effect of Pre-Hydriding on Thermal Shock Resistance of 



 6-5 

Zircaloy-4 Cladding under Simulated Loss-of-Coolant Accident Conditions,” Journal 
of Nuclear Science and Technology, Vol. 41, No. 7, pp. 723–730 (2004). 

(17) Y. Udagawa et al., “Effect of Cooling History on Cladding Ductility under LOCA 
Conditions,” Journal of Nuclear Science and Technology, Vol. 43, No. 8, pp. 844–850 
(2006). 

(18) K. Honma et al., “Thermal shock behavior of PWR high-burnup fuel cladding under 
simulated LOCA conditions,” Proc. ANS Annual Meeting, Jun 17–21; Milwaukee 
(U.S.A.), 2001, pp. 253–255. 

(19) T. Murata et al., “LOCA simulation test of the cladding for high-burnup fuel,” Proc. 
ANS Annual Meeting, Jun 17–21; Milwaukee (U.S.A.) (2001) 252–253.  

(20) N. Yamato et al., “Evaluation of fracture resistance of ruptured, oxidized, and 
quenched Zircaloy cladding by four-point-bend tests,” Journal of Nuclear Science 
and Technology, Vol. 51, No. 9, pp. 1125–1132 (2014). 

(21) 
. 

 
4.4 RIA  
(1) Y. Udagawa, T. Sugiyama, M. Amaya, “Reevaluation of Fuel Enthalpy in NSRR Test 

for High Burnup Fuels”, Proceedings of WRFPM 2014, Sendai, Japan, Sep. 14-17, 
2014. 

(2) 2
2

4 3 . 
(3) Noguchi M, et al. “Correction Methods of -Ray Self-absorption in Bulk Sample. 

“Correction Methods of -Ray Self-absorption in Bulk Sample” 
(4) JENDL-4.0 

https://wwwndc.jaea.go.jp/jendl/j40/J40_J.html. 
(5) , “NSRR

JMTR ”, JAERI-Research 98-052 (1998). 
(6) R. E. Alcouffe, F. W. Brinkley, D. R. Marr, R. D. O’Dell,. “User’s Guide for TWODANT: 

A Code Package Two-Dimensional, Diffusion Accelerated, Neutral Particle 
Transport”, LA-10049-M, Los Alamos National Laboratory (1990). 

(7) 30
30

31 3 . 
(8) 31



 6-6 

31
2 11 . 

(9) A. L. Smith, J. Vlieland, M.-C. Pignié, M. Abbink, G. Mikaelian, P. Benignic, “New 
insights into the Cs-Mo-O system: Experimental studies of the Cs2MoO4-MoO3 
pseudo-binary system”, Thermochimica Acta, Volume 696, February 2021, 178825. 

(10) 22
23 9 . 

(11) 29
29  

31 3 . 
(12) 23

25 3 . 
(13) 24

26 3 . 
(14) 25 

26 3 . 
(15) 26

27 3 . 
(16) 27

28 3 . 
(17) 28

28 
30 1 . 

(18) 16
17 3 . 

(19) 17
18 3 . 

(20) R. Hill, S.S. Hecker, M.G. Stout. “An investigation of plastic flow and differential 
work hardening in orthotropic brass tubes under fluid pressure and axial load”, Int. 
J. Solids Structures, Vol. 31, No. 21, pp. 2999–3021, 1994. 

(21) R. Hill, “Atheory of the yielding and plastic flow of anisotropic metals”, Proc. Roy. 
Soc. London, 193:281–297, 1948. 

(22) Mihara T, Udagawa Y, Amaya M., “Deformation behavior of recrystallized and 
stress-relieved Zircaloy-4 fuel cladding under biaxial stress conditions”, J. Nucl. Sci. 
Technol., 2018; Vol. 55, No. 2:151–159. 

(23) Le Saux M, Besson J, Carassou S, et al. “A model to describe the anisotropic 



 6-7 

viscoplastic mechanical behavior of fresh and irradiated Zircaloy-4 fuel claddings 
under RIA loading conditions”, Journal of Nuclear Materials. 2008;378:60–69. 

 
4.5  
(1) NRC https://www.nrc.gov/reactors/atf/lead-test.html 

(2) V. REBEYROLLE et al., “PROtect Fuel: The Leading E-ATF Solution Delivered by 

Framatome” Top Fuel 2019, Seattle, WA, September 22-27, 2019. 

(3) L. DUQUESNE et al., “Framatome’s evolutionary ATF solution: Feedback from the irradiation 

programs on PROtect’s Cr-coated M5 Framatome cladding”, TopFuel 2021, Santander, Spain, 

24 – 28 October 2021. 

(4) N. VIOUJARD et al., “THE E-ATF SOLUTION BY FRAMATOME – RECENT 

CHIEVEMENTS AND NEXT STEPS”, TopFuel 2021, Santander, Spain, 24 – 28 October 

2021. 

(5) J.L. WALTERS et al., “POOLSIDE INSPECTION OF ENCORE® FUEL LEAD TEST RODS 

AT EXELON BYRON UNIT 2”, TopFuel 2021, Santander, Spain, 24 – 28 October 2021. 

(6) Z. E. KAROUTAS et al., “INVESTIGATION OF CRITICAL HEAT FLUX ON 

CHROMIUMCOATED ACCIDENT TOLERANT FUEL MATERIALS”, TopFuel 2021, 

Santander, Spain, 24 – 28 October 2021. 

(7) C. Tang et al., “DEVELOPMENT OF CR-C-AL BASED COATINGS FOR ENHANCED 

ACCIDENT TOLERANT FUEL (ATF) CLADDING” TopFuel 2021, Santander, Spain, 24 – 28 

October 2021. 

(8) M. K. Grosse et al.,” HIGH-TEMPERATURE BEHAVIOUR OF CHROMIUM COATED 

ZIRCONIUM BASED FUEL CLADDING MATERIALS”, TopFuel 2021, Santander, Spain, 24 

– 28 October 2021. 

(9) E.B. Kashkarov et al., “Oxidation kinetics of Cr-coated zirconium alloy: Effect of coating 

thickness and microstructure”, Corrosion Science 175 (2020) 108883. 

(10) M. Steinbrück et al.,” High-temperature oxidation and quenching of chromium-coated 

zirconium alloy ATF cladding tubes with and w/o pre-damage” Journal of Nuclear Materials 

559 (2022) 153470. 

(11) C. Tang et al., “OXIDATION AND QUENCH BEHAVIOR OF COLD SPRAYING Cr-

COATING ZIRCONIUMU FUEL CLADDING UNDER SEVERE ACCIDENT SCENARIOS” 

Top Fuel 2019, Seattle, WA, September 22-27, 2019. 

(12) Zehua Guo et al.,”Effect of ATF Cr-coated-Zircaloy on BWR In-vessel Accident Progression 

during a Station Blackout”, Nuclear Engineering and Design 372, 110979, 2021. 



 6-8 

(13) J. Wang et al., “Effectiveness of Cr-Coated Zr-Alloy Clad in Delaying Fuel Degradation for a 

PWR During a Station Blackout Event”, NUCLEAR TECHNOLOGY VOLUME 206 467–477 

MARCH 2020. 

(14) T. Feng et al., “Quantification of the effect of Cr-coated-Zircaloy cladding during a short term 

station black out”, Nuclear Engineering and Design 363 (2020) 110678. 

(15) 

 

 
4.6  
(1) , “ RANNS

”, JAEA-Data/Code 2014-025 (2015). 
(2)  “ FEMAXI-8

” JAEA-Data/Code 2021-007 (2021). 
(3) “ FEMAXI-8

”, JAEA-Data/Code 2018-016 (2019). 
(4) “ : RODBURN” JAERI-M 93-108

1993 . 
(5) “ SWAT ”, JAERI-

Data/Code 2000-027 (2000). 
(6) L.O. Jernkvist et al., “A Strain-based Clad Failure Criterion for Reactivity Initiated 

Accidents in Light Water Reactors”, SKI Report 2004:32, 2004. 
(7) K. J. Geelhood et al., “FRAPTRAN-1.5: A Computer Code for the Transient Analysis 

of Oxide Fuel Rod”, NUREG/CR-7023, Vol. 1, Rev. 1, U.S. Nuclear Regulatory 
Commission, 2014. 

(8) 
“

Phase-2 ”, RREP-2019-1002
31 3 . 

(9) F. Bole du chomont, “LOCA Testing at Halden, the Ninth Experiment IFA-650.9”, 
HWR-917, OECD HALDEN REACTOR PROJECT, (2009). 

(10) 2
2

4 3 . 
(11) " 27 LOCA  "

28 3 25 . 



 6-9 

(12) “Symbolic Nuclear Analysis Package (SNAP) User's Manual Version 2.6.3 
September 06 2018”, Applied Programming Technology, Inc, (2018). 

(13) “Raynaud P. “Fuel fragmentation, relocation, and dispersal during the loss-of-
coolant accident,” Washington (DC): The U.S. Nuclear Regulatory Commission; 2012. 
(Report no. NUREG-2121). 

(14) “Report on fuel fragmentation, relocation, dispersal,” NEA/CSNI/R(2016)16, 
OECD/NEA (2016). 

(15) “Interpretation of Research on Fuel Fragmentation, Relocation, and Dispersal at 
High Burnup,” RIL 2021-13, USNRC (2021). 

(16) “ , LOCA
,” LOCA

, , JAERI-M 7247 (1977). 
(17) “

”  JAEA-Review 2020-076 (2021). 
(18) The RELAP5 Development Team, RELAP5/MOD3 Code Manual User's Guide and 

Input Requirements, NUREG/CR-5535, 1995 Jun. 
(19) , , ,  FEMAXI-7 , 

JAEA-Data/Code 2010-035, 2011 Mar. 
(20) Stan Development Team, Stan Modeling Language User's Guide and Reference 

Manual, Version 2.14.0, 2016 Dec. 
(21) https://pystan.readthedocs.io/en/latest/# 
(22) M.D. Hoffman, A. Gelman, “The No-U-turn sampler: adaptively setting path lengths 

in Hamiltonian Monte Carlo,” J. Mach. Learn. Res. 15 (2014 Apr) 1593–1623. 



 

 7-1 

 

ECCS  Emergency Core Cooling System,  

 

 

 

 

 

E110 E635  
VVER E110 Zr-Nb2

E635 Zr-Sn-Nb-Fe 4  

NSRR Nuclear Safety Research Reactor,  
1975

RIA
 

FP Fission Product,  
FP

FP
 

FGR Fission Gas Release, FP  
Xe Kr FP



 

 7-2 

FP
FP FP

 
RIA

FP  

M5  
AREVA

M5 Q12  

M-MDA  
Zry-4

MDA PWR 2 55000 MWd/t
 

 

 

 

 
 

 

286
 

Yielding  



 

 7-3 

 

 

 
LOCA

ECCS

 

ZIRLOTM  
Zry-4

ZIRLOTM Opt-ZIRLOTM

 

J J-Alloy 
PWR PWR 5

Zr-1.8%Nb Zr-1.6%Nb-0.1%Cr
Zr-2.5%Nb 3 J1 J2 J3  

Zry Zircaloy  

Zircaloy (Zry)-1 -4
PWR Zry-4 BWR Zry-2

 

 

 

 

Instrumented Fuel 



 

 7-4 

Assembly: IFA  

 

 

 

BWR
PWR

 

 
PWR

 

 

 

 

 

 

 



 

 7-5 

 

DNB Departure from Nucleate Boiling  

 

 

90  

 

 

 

 

 

 
 

 
4 m

 

 
NSRR RIA

NSRR

 



 

 7-6 

 
Institutt 

for energiteknikk: IFE HBWR

240 3.3MPa  

PCMI Pellet-Clad Mechanical Interaction  
FP

PCMI
PCMI

PCMI  

 
MOX

 

Baker-Just  
1960

 

 

MIMAS MIcronized MASter  
MOX PuO2 UO2

PuO2 UO2

UO2 2
 

MOX Mixed OXide fuel,  



 

 7-7 

 

 

RIA Reactivity Initiated Accident,  
BWR

PWR
 

LOCA Loss Of Coolant Accident,  

1
 

 


