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DisclaimerDisclaimer

The NRC staff views expressed herein are preliminary and do not 
constitute a final judgment or determination of the matters addressed 
or of the acceptability of any licensing action that may be under 
consideration at the NRC.
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Cladding Integrity with Water

DOE (2002)
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Introduction

E l t t ti l i t f i l t d i th t• Evaluate potential impacts of incomplete drying process that can 
affect long-term integrity of spent nuclear fuel (SNF) storage in 
extended periods

• Assess the uncertainties associated with this potential impact to 
be considered in preparing regulatory bases for an extended dry 
storage g

• Methodology for evaluation involves residual water amount, 
environmental factors (temperature and relative humidity), water 

di l i ki ti h i l ti ki ti d h dradiolysis kinetics, chemical reaction kinetics, and hydrogen-
induced mechanical failure criteria.  

• Present staff’s preliminary conclusions and expectations from the
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Present staff s preliminary conclusions and expectations from the  
impact studies of the incomplete drying process



Adequacy of Current Assessment of Drying 
Process in Long-Term Storageg g

• In the long-term storage, SNF temperature and radiation level 
will substantially decrease with time compared to current short-will substantially decrease with time compared to current short
term storage

• Residual water will be decomposed by radiolysis process and 
consumed by chemical reactions with cladding, SNF and other 
internal components, while remaining water initially vapor will 
condense as the temperature decreases.

• It is required to know how the changes of those environmental 
factors and reaction kinetics can affect the long-term 
performance of the canister system containing SNF.  p y g
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Scope of Evaluation

• Amount of residual water (H. Jung presentation): 

− Scoping and assumption by literature studies to be ranged from− Scoping and assumption by literature studies to be ranged from 
1 mole to (55) mole (1 liter)

• The canister is air-tight without any leakage and is dried withThe canister is air tight without any leakage and is dried with 
helium gas backfilling. 

• Breached SNF rod rate: 0.01 to 1.0 %, including older SNF, g
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Scope of Evaluation (continued)

• Temperature (T)• Temperature (T)

• Referenced canister and cask
− Derived from CASTOR V21  Derived from CASTOR V21
−  Choice of cask: VSC-17

• SNF  selection
− Derived based on experimental observations of Westinghouse 

15×15 PWR Fuel (21 assemblies)

• Time 
− Up to 300 years
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Temperature Contours and Relative Humidity (RH)
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• Divided in five zones on isothermal temperature contour along radial and longitudinal 
directions, and decreased with time in each spatial zone;  derived from FLUENT analysis 
using reference canister, cask and SNF selection
C t b d S f t A t R t
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• Cases are not based on any Safety Assessment Report.
• RH is estimated in each zone with time.



Criticality Safety Margin

• NUREG/CR-6835
(Elam, et al., 2003)

• Example Scenario: 
− Individual fuel rod collapse 

resulting in rods being
−  Fresh fuels and SNF

−  Scenarios designed to be
bounding for those expected

resulting in rods being
absent from the assembly 
lattice

bounding for those expected
under licensing conditions,
including the scenarios 
that could be feasible from

• Example Scenario:
− Collapse of fuel rods to

form zones of 
that could be feasible from
incomplete drying

optimum-moderate
fuel pellets
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• With the assumption of full water flooding, the variations of the neutron 
multiplication factor were not significant for the changed cladding configuration.



RadiolysisRadiolysis

• The radiolysis of residual 
water

• Based on literature information:

− will produce hydrogen
and oxidants (e.g., oxygen 

− GH2O  = 7.4 particles/100 eV
− Dose rate:

1 18×104 to 1 69×105 rad/hr( g yg
and hydrogen peroxide). 

− will directly affect
degradation of cladding

1.18×104 to 1.69×105 rad/hr
(2.04×1014 to 2.93×1015

in units of eV/g/second)
Rate of water decompositiong g

and the SNF matrix.  
− may affect pressurization,

flammability limit, and

− Rate of water decomposition
= dose rate ×mass of 

water × G value/100
Two times selected for watery ,

degradation (corrosion) of
internal components,

− Two times selected for water 
depletion: 4.8 and 71.6 years
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• The water mass left after radiolysis decreases: (i) exponentially, 
or (ii) linearly with time considering recombination of species produced.



Relative Humidity Window for
Materials Degradationg

• SNF matrix:

(i) RH > 40%

For aqueous corrosion:

(i) RH  >  40%,  
− U3O8  or

UO3 · xH2O
(hydration x = 0 5 to 2)

• Aluminum, minimum 
RH = 20% at 150 °C 

(302 °F)
(hydration, x = 0.5 to 2)
depending on T

(ii) RH  <  40%

• RH = 20 % for zirconium

• RH = 60 % for iron
− UO2.4 or U3O8

(dry oxidation)
depending on T
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Relative Humidity (RH)

A d if b l t• Assumed a uniform absolute 
humidity and saturation humidity 
at each zone temperature for 
relative humidity calculation 

• Affected by radiolysis of water 
molecules into hydrogen and 
oxidant molecules

• Decay Constants are thermal 
values.

• Most RH conditions in this study 
are less than 5%, except upper 
bounds such as high amount of 
residual water (e.g., 55 mole), low 
temperature and slow radiolysis p y
kinetics.
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RH Effects on Materials Degradation

• Due to low RH, cladding and the SNF matrix degrade mainly by dry , g g y y y
oxidation with oxygen.  The surface area for oxidation is large.

• Other internal components degrade insignificantly either by 
aqueous corrosion due to low RH or by slow dry oxidation of 

ll d t l t tsmaller exposed area at low temperature.  
• There are exceptions of upper bounds (i.e., limiting conditions) of 

residual water content (e.g., 55 mol), low temperature, and slow 
radiolysis kinetics where aqueous corrosion may occur in internalradiolysis kinetics, where aqueous corrosion may occur in internal 
components, cladding and SNF.

• Aqueous corrosion modes include:
− General corrosion   General corrosion
−   Localized corrosion
−   Shadow corrosion effects on SNF rods
− Galvanic corrosion   Galvanic corrosion
−   Stress corrosion cracking
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Cladding Oxidation

(1)  Chemical reaction with unlimited supply of oxygen or water

• Zr + O2 = ZrO2 for dry air

• Zr + 2H2O = ZrO2 + 2H2 for water or humid air 2 2 2

(e.g., steam)

(2)  If the radiolysis is slower, the radiolysis kinetics are used.
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Cladding Oxidation (continued)

• Nine models are evaluated, with 
unlimited oxygen and varying 
temperature with time (in the 4.0

4.5
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Model 2

range of Slide 9).

• The increase of oxide thickness 
is insignificant for all 9 models.

2 0

2.5

3.0

3.5

e 
Th

ic
kn

es
s 

(μ
m

) Model 3

Model 4

Model 5

Model 6

Model 7

Model 8

• The growth of oxide thickness 
almost stops at ~ 10 years as 
temperature decreases with 
time.0.5

1.0

1.5

2.0

O
xi

de Model 9

• If the oxygen supply is limited 
by radiolysis, the oxide 
thickness becomes further 

ll

0.0

0.5

0 10 20 30 40 50

Time (year)

smaller.
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SNF Oxidation and Hydration

• UO2 →  U4O9 →  U3O8 • Kinetics are parabolic and of 
Arrhenius relation; Hydration (slide 
12) kinetics are of  the same type.

• If the radiolysis is slower,  the 
radiolysis kinetics are used.

• Grain model (i.e., simultaneous    
oxidation of all grains) is theoxidation of all grains) is the    
base case, and the fragment  
model is for uncertainty  and 
sensitivity analyses.

• The amount of U3O8 determines   
the gross rupture of SNF rod  (H. 
Jung presentation).

Grain boundary oxidation to U4O9 with time
(Einziger, et al., 1992); Grain boundaries 
are partially open with U4O9 and grain
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are partially open with U4O9, and grain 
boundary diffusion of oxygen is very fast.



Integrated Quantitative Analysis:
Calculation Sequenceq

• Divide storage time into 
several time steps

− Estimate the number of
affected SNF pellets p

• Initially in each zone of 
temperature and RH:

to the canister environment
due to breached SNF rod

− Estimate the number of SNF 
rods and cladding surface 

− Estimate the surface area 
exposed: the grain model has
a higher surface area,

areas

− Estimate the number of 
breached rods for each zone

compared with the fragment
model.

breached rods for each zone
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Integrated Quantitative Analysis:
Calculation Sequence (continued)q ( )

• In each time step: −  Estimate RH

−  Estimate T −  Estimate the extent of 
the SNF matrix oxidation with 

−  Estimate the amounts of
oxygen and water consumed 
and remained using radiolysis

breached SNF rods

−  Estimate the extent of 
and degradation kinetics of 
cladding and SNF

the cladding oxidation
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Integrated Quantitative Analysis:
Number of Breached Rods in All Zones

The calculated number of breached rods in each zone and corresponding 
number of exposed SNF pellets directly underneath a 3.5 cm-long crack with  the 
extended crack length in axial direction; Zone 1 is at the highest temperature (in the 
range of Slide 9).
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g )

• Only a few breached SNF rods are in each zone.
• The number of pellets underneath crack are subject to oxidation. 



Integrated Quantitative Analysis:
SNF Oxidation

The extent of oxidation values for the directly exposed SNF pellets and 
the adjacent SNF pellets are separated by a comma.

• Table shows that the extent of U3O8 formation varies depending on two 
temperature regimes selected. 

Th t ti l i f t f l ddi ith 100% id ti
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• There are potential issues of gross rupture of cladding with 100% oxidation 
to U3O8 underneath a cladding crack.



Integrated Quantitative Analysis:
Hydrogen Flammabilityy g y
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Example Case: moles of hydrogen and oxygen produced

• The amount of hydrogen and oxygen produced needs to be limited. There is
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y g yg p
potential issue of hydrogen flammability, with large water content  such as 55
mol.



Hydrogen Absorption

• Radiolysis is main source of hydrogen produced.

• In a gaseous environment, radiolysis produces molecular form 
of hydrogen. The molecular hydrogen is difficult to be absorbed 
by large size, compared with atomic hydrogen.  The hydrogen 
solubility is low or the total amount of hydrogen to be absorbedsolubility is low or the total amount of hydrogen to be absorbed 
is limited in most cases.

• Hydrogen-induced mechanical degradation of internal metallic y g g
components is minimal.

• Hydrogen absorption in cladding during storage is limited.
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Preliminary Conclusions

• Consequence of cladding oxidation is insignificant• Consequence of cladding oxidation is insignificant.
• Molecular hydrogen is not significantly absorbed by internal 

components.
I t l t d d i i ifi tl ith b• Internal components degrade insignificantly either by aqueous 
corrosion due to low RH or by slow dry oxidation of smaller 
exposed area at low temperature, except upper bounds (i.e., 
limiting conditions) of residual water content (e g 55 mol) lowlimiting conditions) of residual water content (e.g., 55 mol), low 
temperature, and slow radiolysis kinetics

• The potential issues of gross rupture of cladding or reaching 
hydrogen flammability in upper bounds (i e limiting conditions)hydrogen flammability, in upper bounds (i.e., limiting conditions)

• Oxygen and hydrogen generated do not lead to significant 
pressurization in the assumed range of the amount of initial 
resid al ater
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residual water.



Preliminary Conclusions (continued)

Th diti lti f i l t d i t t d• The conditions resulting from incomplete drying are not expected 
to cause significant degradation and therefore, a significant 
impact on criticality safety is not anticipated.

• Overall effects of incomplete drying may not impact the life 
extension of the cask, except upper bounds (i.e., limiting 
conditions) of residual water content, fraction of initially breached 
SNF rods, and/or radiolysis kinetics.

• The significance of uncertainties is not completely assessed.  
The deficiencies of the current assessment of drying process will y g p
be continuously studied. 

25


