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(SRG: Safety Review Guidelines for light water reactors, KINS/GE-N001, 2022)

(Further work)



(1) The fuel system is not damaged as a result of normal operation and AOOs
(2) Fuel system damage is never so severe as to prevent control rod insertion when it is required
(3) The number of fuel rod failures is not underestimated for postulated accidents
(4) Coolability is always maintained  

(SRG: Safety Review Guidelines for light water reactors, 2022)

Design
Bases

Stress & Strain

Fatigue

Fretting wear

Cladding oxidation, hydriding, crud

Rod bow & Irradiation growth

Rod internal pressure

Hydraulic lift loads

Control rod reactivity & insertability

Cladding collapse

Overheating of cladding

Overheating of fuel pellet

Excessive fuel enthalpy

Pellet/cladding interaction

- PCI or PCMI

Bursting

Mechanical fracture

Cladding embrittlement

Violent expulsion of fuel

Generalized cladding melting

Fuel rod ballooning

Conditions Normal operation Normal operation /  AOOs / PAs
PAs 

(Postulated accidents)

SRG 4.2 Fuel system design



- Not applicable to cladding : Control rod reactivity & insertability, violent expulsion of fuel

- Criteria not implemented by FRAPCON/FRAPTRAN : Fatigue, fretting wear, hydraulic lift loads, PCI and so on 

Design
Bases

Stress & Strain

Fatigue

Fretting wear

Cladding oxidation, hydriding, crud

Rod bow & Irradiation growth

Rod internal pressure

Hydraulic lift loads

Control rod reactivity & insertability

Cladding collapse

Overheating of cladding

Overheating of fuel pellet

Excessive fuel enthalpy

Pellet/cladding interaction

- PCI or PCMI

Bursting

Mechanical fracture

Cladding embrittlement

Violent expulsion of fuel

Generalized cladding melting

Fuel rod ballooning

Conditions Normal operation Normal operation /  AOOs / PAs PAs 

(SRG: Safety Review Guidelines for light water reactors, 2022)



Corrosion analysis Failure analysis

Thermal analysis Mechanical analysis
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Thermal analysis





Thermal expansion

Thermal conductivity

Oxide thermal conductivity

Meyer hardness
Emissivity

Fig. 1 Schematic of the fuel rod 
temperature distribution

(PNNL-19418, vol.1, rev.2)

Density Specific heat

Thermal conductivity



(Y.S. Yang et al., KINS/HR-1835, 2022)

Thermal expansionThermal conductivity

Fig.2 HANA thermal conductivity variation 
depending on temperature

Fig. 3 HANA thermal expansion variation depending on temperature

(Yong Jun Oh et al., KNS, 2005)



(PNNL-19417, rev.2) 

Oxide thermal conductivity

Meyer hardness(MH)

Emissivity

Fig. 4 Model-to data comparison for cladding oxide emissivity

(I.D. Peggs and D.P. Godin, Journal of 
nuclear materials 57, 1975)



Density

20 6,552

200 6,528

400 6,500

600 6,474

800 6,456

1,000 6,456

1,200 6,418

Table 1. HANA-6 cladding density 
variation depending on temperature

(Y.S. Yang et al., KINS/HR-1835, 2022)

Specific heat

Fig. 5 HANA cladding specific heat variation 
depending on temperature



Mechanical analysis





Stress-strain curve

Elastic modulus
Shear modulus

Creep rate

(PNNL-19418, vol.1, rev.2)

(PNNL-19400, vol.1, rev.2)

Axial growth

Creep rate



Fig. 6 Measurement of stress-strain curve of 
HANA-6 at 25 ℃ (unirradiated)

(Y.S. Yang et al., KINS/HR-1835, 2022)

Stress-strain curve

℃) shows 

a clearly different shape to Zircaloy-4

Elastic / Shear modulus

Fig. 7 HANA Young’s modulus variation 
depending on temperature

Table. 2 Comparison of Poisson’s ratio of 
HANA-6 with Zr-4

1 0.374 0.366

2 0.397 -

Average 0.386 0.366

(Yong Hwan Jeong et al., JNST, 2006)



Axial growth

Creep rate

(Y.S. Yang et al., KINS/HR-1835, 2022)

𝑎𝑥 = 𝐴 ∙ Φ𝐵

Fig. 8 Measurement of creep for HANA at 
350 ℃ and 120 MPa

Fig. 9 Measurement of creep for HANA at 
300 ℃ and 170 MPa

Fig. 10 Measurement of creep for HANA from Halden

(H.G. Kim et al., J. of the Korean 
Society for Heat treatment, 2005)



Corrosion analysis



Waterside corrosion

Hydrogen pickup

High-temperature corrosion

(PNNL-19418, vol.1, rev.2)



Waterside corrosion

(Y.S. Yang et al., KINS/HR-1835, 2022)

Hydrogen pickup

Fig. 11 Measurement of waterside corrosion of 
HANA



High-temperature corrosion

Fig. 12 Measurement of high-temperature corrosion 
of HANA-6

(Y.S. Yang et al., KINS/HR-1835, 2022)

(PNNL-19400, vol.1, rev.2)

(Hun Jang et al., KNS, 2016)



Failure analysis



Burst stress

Instability strain

(PNNL-19400, vol.1, rev.2)



Uniform plastic elongation



Burst stress

Uniform plastic elongation

Fig. 13 Measurement of burst stress of HANA-6 as a function of 
engineering hoop stress and temperature-ramp rate 

(Y.S. Yang et al., KINS/HR-1835, 2022)

Instability strain

(Hun Jang et al., spring KNS, 2017)



1 Density Sensitivity

2 Specific heat -

3 Thermal conductivity
Sensitivity

Data

4 Oxide thermal conductivity Sensitivity

5 Surface emissivity -

6 Thermal expansion
R-direction 
sensitivity

7 Elastic modulus/Shear modulus Data

8 Axial growth Data

9 Creep rate Data

10 Meyer Hardness
Further

verification

11 Stress-strain curve Data

12 Instability strain -

13 Waterside corrosion Data

14 Hydrogen pickup fraction Data

15
Uniform plastic elongation at 
failure

Data

16 Plastic strain at failure Data

17 Burst stress -

18 High-temperature corrosion Data






