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Evaluation study on fuel failure impact on reactor core coolability

under accident conditions

KITANO Koji, YAMAUCHI Akihiro, and OZAWA Masaaki
Division of Research for Reactor System Safety

Regulatory Standard and Research Department,
Secretariat of Nuclear Regulation Authority(S/NRA/R)

Abstract

Fragmentation and pulverization of fuel pellets followed by their relocation to the cladding
burst location and release from the fuel rod (FFRD), were recently observed in the loss of coolant
accident (LOCA) simulated experiments conducted in international joint experimental projects. Also,
a fuel failure at an enthalpy lower than the current Japanese pellet cladding mechanical interaction
(PCMI) failure criteria, was observed in the reactivity initiated accident (RIA) simulated experiment
conducted in the research project of NRA on advanced fuel and cladding materials. These failure
behaviors are different from the conventional knowledge and expectation. Since the current
regulatory criteria was based on the conventional knowledge and expectation, it is necessary to
review the current regulatory criteria by considering the conditions and mechanisms of such new
fuel failure behaviors as observed in the LOCA and RIA simulated experiments. This safety research
project has been hence launched in order to obtain data of the new fuel failure behaviors of the high
burnup fuels under RIA and LOCA conditions.

The heating tests on high burnup fuel-pellet fragments simulating LOCA conditions have
thus far demonstrated correlations between fuel pulverization and temperature, and also between
fuel pulverization and fission gas release. Out-of-pile mechanical tests, analysis using a fuel
performance code, and post irradiation examinations on the advance fuel rod that resulted in failure
at an enthalpy lower than the criteria during the RIA test have suggested that radially-oriented
hydride precipitates in the cladding metallic layer contributed to the failure at the lower enthalpy.
The RIA-simulated test on a high burnup UO; fuel rod which had a similar irradiation history to the
advance fuel rod resulted in non-failure. This implies that the characteristics of doped fuel in the
advance fuel rod affected the orientation of hydride precipitates and decrease of enthalpy at failure.

LOCA tests using newly installed LOCA test devices to simulate integral FFRD behavior
and RIA tests to study the characteristics of doped fuels are planned to further elucidate the causes

of the change in failure behavior with extension of burnup.
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Fig. 2.1 Schematic diagram of a test fuel segment rod for LOCA test



FRAIE (SIIRRBEOT— ML)  tLBSR~
=

D_Ft)l’kﬁéﬁllﬁﬂ:/z%A

OHhHE
E)Fﬁﬁt’sﬁ\\ : _gg}{i T
A
EN PRI
HERPAKL S
TCs <

V=)
| 4=

ME—EREEE
5 #e4h Kh LE E% 18
(7—FK)
BREREE
hnEE
(FMRA A—THR)

BRIEFEER
(AERBE)

His)  ESZHFTERIFETAE N A AR IR JE B JEREMS . Rk 31 4R RE R BT R RE AR
W E R RS SO R R AR (VR B3 2 B B LA 5E) F3E
(PR 31 AREESY) 7, 2020. 1
2.2 LOCA Fift st aE (& ORI X
Fig. 2.2 Schematics of the apparatus for LOCA test
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Fig. 2.3 An example of fuel cladding temperature and load histories during LOCA tests
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Table 2.1 Pellet pieces used in the pellet heating test
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(PR 31 HEE57) 7. 2020. 15
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Fig. 2.4 Ceramographs of transverse cross sections of the reference fuel pellet
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2.5 JIMEGABRAETOBER~L >~ & A No. 1 © SEM Wi
Fig. 2.5 Scanning electron micrographs of the pellet piece No. 1 before the heating test
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Photo 1-4
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WEE T ORI SO RERTEE (BRI B3 2 Bl & B A gE) H2E
(PR 31 A EE53) 7, 2020. 19
2.5 INBEGERATOMEL~1 > N No. 1 @ SEM HE{ (i X)
Fig. 2.5 Scanning electron micrographs of the pellet piece No. 1 before the heating test
(Continued)
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2.6 JMEGABRE OV bR OSMEL S
(B EAR A 1 mm LT OH A ZITHAAE LI BBH~ Ly MR- O R ER AT O
BB Ly R ® 5 HEEIS)
Fig. 2.6 Appearances of the pellet pieces after the heating tests

(The numbers in this figure show the weight percentages of fuel pellet fragments with a size of less

than 1 mm to the fuel pellet pieces before the test)
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2.7 NEGBR THEA b L7281 > b A No. 6 O o
SRR (= F 2 T1R)
Fig. 2.7 LOM images of cross-section of the pellet piece no. 6 that was fragmented during the
heating test (as etched)
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X 2.8 INEAGER TR (L L7k~ 1 > |k J" No. 6 ® SEM i}
Fig. 2.8 SEM images of the pellet piece no. 6 that was fragmented
during the heating test
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(a) LOCA skt O g » (b) HEHpEEET L
(a) Cladding tube after LOCA test (b) FEM model of raptured cladding tube

i) K. Kitano and M. Ozawa, “Analysis of stress applied to a ruptured cladding tube under
horizontal vibration,” J. Nucl. Sci. Technol., Vol 57, Issue 9, pp.1051-1061, 2020. **
12,9 LOCA st B4 Ukt o SMEL & ik 8 S FEM £ 7 /L
Fig. 2.9 Appearances of a sample of raptured cladding tube and the FEM model
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(a) The first mode deformation (b) Stress distribution

M) K. Kitano and M. Ozawa, “Analysis of stress applied to a ruptured cladding tube under
horizontal vibration,” J. Nucl. Sci. Technol., Vol 57, Issue 9, pp.1051-1061, 2020. *
2,10 REF O —RE — FE &K 0O IS 551
Fig. 2.10 The first mode deformation during vibration and stress distribution around the
rapture opening
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Fig. 2.11 Appearance of the FEM model of a fuel assembly
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Table 2.2  Analysis results of stress generated around the rapture opening

ST BRI
R e s T
BokEEEEE S | (mm] j@? ﬂjf (7 181)
N 4
[MPa] [MPa]
[MPa]
0 61.5 18 27 206
7.5 60.5 17 25 190
15 60.5 16 24 180
35 60.8 15 22 166
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Fig. 2.12 Schematics diagrams of analysis results of fuel rod deformation during vibration
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Fig. 2.13 Appearance of apparatus for four-point-bend test
that can apply cyclic loading on fuel cladding tube
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Fig. 2.14 Load-displacement curve during four-point-bend test
(The sign of the vertical axis in the figure is positive for the load
when the working point is pushed downward in the vertical direction,

and negative for the load when it is pushed upward.)
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