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        This paper identifies a method for assessing 
potential consequences from residual water following 
incomplete drying of spent nuclear fuel (SNF), cladding 
and internal components in a dry storage cask.   The 
assessment uses a time-dependent integrated model that 
accounts for residual water, temperature, relative 
humidity, and radiolysis kinetics to decompose water into 
oxygen and hydrogen.  Various abstracted models are 
presented based on literature information for cladding 
oxidation, SNF oxidation/hydration, cladding splitting 
due to SNF swelling, relative humidity threshold for 
aqueous corrosion, and radiolysis kinetics.  Each discrete 
time interval of the integrated model addresses 
degradation of cladding, SNF and other cask internal 
components.  Possible changes to flammability conditions 
and criticality margin are also addressed.  Uncertainties 
associated with data and model abstractions are 
addressed in the integrated model. This paper presents 
interim progress for model abstraction, model 
integration, and uncertainty assessments.  Quantitative 
results will be presented in the future.   
 

 
I. INTRODUCTION 

Transfer of spent nuclear fuel (SNF) from wet to 
dry storage requires removal of water from the dry 
storage canister or cask, using common industry vacuum 
drying methods.  Dry storage containers are backfilled 
with inert gas, and very little water is presumed to remain.  
Excessive residual moisture following incomplete drying 
may affect the behavior of SNF and other internals in dry 
storage.  This paper identifies a method for assessing the 
potential ramifications of incomplete vacuum drying that 
results in a conservative amount of water remaining in the 
closed system.  The method includes potential effects on 
cladding, SNF, and canister internal components, as well 
as possible changes to flammability conditions.  The 
assessment considers the effects of the canister internal 
environmental conditions:  (i) amount of residual water 

after drying, (ii) spatial and temporal distribution of SNF 
assembly temperature, and (iii) radiation field strength.  
The paper presents a time-dependent integration model.  
The residual water will undergo radiolysis, producing 
oxygen and hydrogen in various chemical forms. The 
radiolysis products will react with the cladding, SNF, and 
other cask internal components, especially during early 
periods of elevated temperatures.  The reactions are 
dependent on temperature, time, relative humidity (RH) 
and radiolysis kinetics.  For each time step in the 
integration model, the cladding oxide thickness, extent of 
SNF oxidation, amounts of hydrogen, oxygen, and water 
are calculated.  The extent of internal component 
corrosion and hydrogen flammability are also assessed.  
The integration model is benchmarked against available 
limited literature data. This paper presents interim 
progress made for the process of model abstraction, 
model integration, and uncertainty assessments.  
Quantitative results will be presented in the future.  

 
II. QUANTITY OF WATER REMAINING AFTER 
DRYING 
 

There are no specific NRC regulations that 
prescribe accepted canister drying procedures.  NRC’s 
NUREG–1536 is a guidance document indicating that 
vacuum drying methods similar to those recommended in 
PNL–63651 can be used.2  Cask vendors have developed 
loading, draining, drying, and helium backfilling 
procedures specific to their canister to meet the specified 
maximum temperature of 400 °C [673 °K, 752 °F] for the 
cladding under normal conditions3 and the specified 
internal canister pressure of 4.0 × 10−4 MPa [5.8 × 10−2 
psi] after drying (NRC,2 Section 9.5.1).  However, as 
indicated in ASTM C15534 and NUREG–1536 (NRC,2 
Section 9.5.1), vendor recommended drying procedures, 
as implemented, might not completely remove all water 
from the canister.  Water can remain within the canisters 
as unbound residual liquid water, unbound water vapor, 
and water chemically bound to hydroxide and hydrate 



species.  A literature review was done on these potential 
sources of residual water, considering the uncertainties 
associated with the water amount from the incomplete 
drying.  A properly executed vacuum drying procedure 
results in 1 to 5 moles (0.02 to 0.1 L [0.7 to 3.5 oz]) of 
residual water remaining within the cask.  An amount of 
residual water an order of magnitude greater, up to 55 
moles (~ 1 L [35 oz]), will be conservatively assumed to 
be present in the study. 

 
III.  TEMPERATURE 
 

Spatial distributions of temperature in the 
canister and their rate of decrease over time control the 
phase and spatial distribution of water amount, the 
reaction rates of oxidation processes, and the degradation 
of metallic components.  Decay heat transfer in the 
storage canister and resulting temperature distributions 
are complicated by geometry, variations in the material 
properties of the canister and its contents, and the multiple 
modes of heat transfer involved.  Two primary dry storage 
cask designs are used to store SNF.  In the first 
configuration, SNF assemblies are placed in a basket that 
is directly loaded into a metal cask.   No gap exists 
between the cask’s inner surface and the basket assembly, 
and the cask is closed and sealed using a bolted lid.  In 
this design, the principal mode of heat transfer is through 
convection at the outermost surface of the cask.  In the 
second configuration, the SNF assemblies are placed in a 
basket within a canister that is sealed using a welded lid.  
The SNF canister is subsequently inserted into an 
overpack, leaving an annular gap between the outer wall 
of the canister and inner wall of the overpack for air 
circulation.  In this configuration, the primary mechanism 
of heat transfer from the canister is through natural 
convection of air through the gap.  Cooler air enters the 
passage near the bottom of the gap, flows upwards from 
increased buoyancy as it warms, and the hot air exhausts 
near the top of the cask.  Fig. 1 below is from model 
calculation results.  It shows five temperature zones in the 
SNF basket assembly and temporal temperature profile. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

                        
 
 
 

 
 
Fig. 1. Temperature distribution in the SNF basket 
assembly (upper).  The scales for temperature are in K.  
(°F = 1.8 × K – 459.4); SNF and cladding in the five 
zones calculated using mean values of low-end SNF and 
cladding initial temperatures with decay constants (lower) 
 
 
 
 
 
 
 
 
 
 



IV.  RADIOLYSIS 
 

It is assumed that the water decomposes to 
produce oxygen and hydrogen according to the following 
chemical equation: 

 
 

                                             (1)  
                                         

        

 
This is based on a global approximation for the formation 
of hydrogen and hydrogen peroxide.  Hydrogen peroxide 
is in turn assumed to instantaneously decompose into 
hydrogen and oxygen.  The decomposition is 
spontaneous, and it was used in drying procedures.1  
Details of the radiolysis include many intermediate 
species.5 

The decomposition rate for water  in unit of molecules 
per second was calculated using the following equation 
(after Van Konynenburg5). 
 
 

                           (2)                   

 
where  is the rate of energy deposition in units of 
eV/g/second,  is the mass of water in grams, 

is the G-value in units of molecules of H2O 
decomposed per 100 eV. Following the law of mass 
action,  can be expressed as 
 

(3) 

 
where t is time (year),  is the initial amount of the 
residual water,  is the molar mass of water, and  is 
Avogadro’s number.  The recombination kinetics was 
separately assessed.  The collision of oxygen (or 
hydrogen peroxide) and hydrogen molecules is considered 
as an additional step needed to reform water compared to 
the decomposition.   
 
V.  RELATIVE HUMIDITY (RH) 
 

At relatively high temperatures, the residual 
water will remain in the vapor state.  As temperature 
starts to decrease, RH within the canister starts to 
increase.  If the temperature of any surface within the 
container drops below the saturation temperature, the 
local RH will be at 100 percent and water will condense 
into the liquid phase. RH is calculated using Eq. (4) 
   

               

(4) 

 

where  is the partial pressure of water vapor 
at the temperature T, and  is the saturation 
vapor pressure of water vapor at the temperature T.   The 
partial pressure of water vapor is further decreased by 
water radiolysis.  The radiolysis removes water molecules 
by dissociating them into oxygen and hydrogen with 
many intermediate species.  If the RH and temperature are 
sufficiently high (200 to 400 °C [392 to 752 °F]), 
cladding, SNF and other internal components react with 
water, decreasing the partial pressure of water vapor.  
However, this situation is unlikely because RH is low at 
higher temperature. 
 
VI. OXIDATION AND HYDRATION OF SNF 
 

If cladding is breached, the irradiated UO2 SNF 
can react with oxidants formed by the radiolysis of 
residual water present inside the canister.  The UO2 could 
be oxidized to form U4O9, U3O7, and U3O8 in dry air (less 
than 40 percent RH) or form hydrated uranium oxides, 
such as schoepite (UO3•xH2O, x = 0.5 to 2), in humid air 
(greater than 40 percent RH) or in an aqueous 
environment.6-13 

Temperature strongly affects the SNF oxidation 
rate.  Above 230 °C [446 °F], as observed by Einziger and 
Cook9 a higher oxidation phase of U3O8 could be a 
primary oxide phase.  The formation of U3O8 has been 
shown to follow a nucleation-and-growth mechanism and 
displays a sigmoidal trend for reaction kinetics11 showing 
that the oxidation is completed rapidly. 

Below 230 °C [446 °F] in a dry air environment, 
U4O9 (or non-stoichiometric UO2.4) is generally observed 
in LWR SNF because the kinetics of U3O8 formation is 
believed to be too slow to be detected on a reasonable 
laboratory time scale.11,14  The kinetics of UO2 into UO2.4 
has been shown to have Arrhenius-type dependence with 
temperature. 

Assuming oxygen diffusion through a layer of 
U4O9 from the individual grain surface to inside the grain 
to be the rate-controlling step (Fig. 2), the growth kinetics 
of the oxidized width follows a parabolic-type kinetics 
with time.7  The rate constant of the kinetics is an 
Arrhenius equation.7 The kinetics and the associated rate 
constant were developed using the weight gain data of 
the LWR SNF to reach an O/M (oxygen and uranium 
metal) ratio of near 2.4 when individual grains oxidized 
close to 100 percent to U4O9.  The hydration would occur 
when RH is greater than 40% and its kinetics will be 
linear with time as the SNF matrix dissolution rate. 

The extent of SNF oxidation and hydration is 
controlled by the reaction kinetics of SNF oxidation and 
the amount of available oxidants (oxygen and water 
vapor) present in the canister.  For example, if reaction 
rates are slow and oxidants are abundant, chemical 
kinetics above will control overall reaction progress.  
However, for fast chemical reaction kinetics and limited 



amounts of oxidants (by radiolysis), overall reaction 
progress will be controlled by the net production rate of 
the oxidant (i.e., radiolysis kinetics).  
 
 

 
 

Fig. 2.  Grain boundary oxidation of AM-105 spent 
nuclear SNF to U4O9. Optical ceramographs, as 
polished: (a) 95 hrs, Bulk O/M = 2.05; (b) 420 hrs, bulk 
O/M=2.17; (c) 775.5 hrs, bulk O/M = 2.24; and (d) 
1,677 hrs, bulk O/M = 2.31 (Einziger, et al.7) 

 
 
VII. CLADDING OXIDATION 
 

Cladding oxidation could occur due to residual 
water in the canister during extended storage.  Moisture 
and water radiolysis products (i.e., oxygen and highly 
oxidizing species such as OH• or H2O2) present in the 
canister can react with zirconium cladding to form 
zirconium oxide on the exposed cladding surfaces.  A 
thicker zirconium oxide layer tends to be more porous and 
less protective in the outer oxide layer compared to the 
thinner and compact one in the inner oxide layer.  Thus, 
oxide growth can reduce cladding wall thickness with 
more porous oxide formation that can be more susceptible 
to mechanical breakage as a result of a thinner metallic 
wall.   

Zirconium cladding can be oxidized in the 
canister environment according to the following 
chemical reactions:  Zr + O2 = ZrO2 for dry air and Zr + 
2H2O = ZrO2 + 2H2 for water or humid air (e.g., steam). 

The oxidation rate of cladding materials has a 
strong positive dependence on temperature.  Corrosion of 
zirconium and its alloys—in particular, Zircaloy-2 and 
Zircaloy-4 of main focus in this paper—has been 
extensively studied in water and steam.  A large database 
exists as a result of the broad experience with LWRs15-18 
and in dry air.19 Note that the oxidation rates of Zircaloy 
were independent of the type of oxidants.  The rates were 
almost identical when exposed to different oxidants 
(e.g., oxygen, water, and vapor).15,17 

Hillner, et al.18 conducted detailed analysis of 
weight measurement data from long-term autoclave tests 
of Zircaloy-2 and Zircaloy-4.  The tests were conducted in 

degassed pure water for 10,507 days at temperatures 
ranging between 250 and 360 °C [482 and 680 °F].  
Twenty-two different tests were analyzed, and specimens 
with different heat treatment and preoxidized surface 
conditions were included.  Based on their data, Hillner,et 
al.18 proposed the reaction kinetics linear with time and an 
Arrhenius rate constant.  A number of other investigators 
also conducted similar oxidation tests in autoclaves and 
established their own values of the Arrhenius rate 
constant.  Based on limited literature data base, other 
environmental factors, such as RH, irradiation, and 
oxygen pressure, are factored in the integrated model 
exercises. 

Similar to SNF oxidation, the extent of cladding 
oxidation is controlled by the chemical reaction kinetics 
of SNF oxidation discussed above or the amount of 
available oxidants (oxygen and water vapor) present in 
the canister.  With a limited amount of oxidants from 
radiolysis, overall reaction progress will be controlled by 
the net production rate of the oxidant (i.e., radiolysis 
kinetics).  Otherwise, it will follow the above mentioned 
chemical oxidation kinetics. 

 
VIII. CLADDING SPLITTING: STRAIN 
ESTIMATE DUE TO SNF SWELLING 
 

Oxidation of UO2 to U3O8 can generate stress on 
cladding as U3O8 swells (36 percent when there is 100 
percent conversion to U3O8).  This can split the cladding 
and propagate the crack once the strain reaches a 
threshold value of 6.5 percent of strain with 100 percent 
conversion to U3O8 at the defected area on the LWR SNF 
rod.9  In Einziger and Cook,9 a volume expansion of 
5.1 percent was correlated with ~25 percent conversion of 
UO2 to U3O8.  A strain of 2 percent was also correlated to 
a 50 percent conversion.  These relations were used to 
assess the extent of cladding splitting under temporal 
conditions given a fraction of initially failed cladding. 

 
IV. FLAMMABILITY 
 

The cladding will not absorb radiolysis-
generated hydrogen because the hydrogen will be 
in molecular form that cannot diffuse through the oxide 
layer on the cladding surface at the temperatures expected 
in the canister.  Radiolysis-generated hydrogen will, 
therefore, exist as gas in the canister void and may pose a 
flammability risk.  The flammability criterion in 
NUREG–160920 requires the volume fraction of any 
flammable gas to be less than 5 percent.  This paper also 
considered the presence of oxygen as an oxidizer. 

Oxygen gas is necessary for hydrogen to become 
flammable; however, no criterion exists that specifies the 
ratio of oxygen to hydrogen needed for the flammability 
of hydrogen with helium as an inert gas.  Zlochower and 
Green21 conducted experiments to determine oxygen 



concentration limits for the flammability of hydrogen in 
the presence of nitrogen as an inert gas.  The limiting 
oxygen concentration is defined as the minimum amount 
of oxygen that can support flame propagation.  In the 
integration model exercises, the temporal amounts of 
hydrogen and oxygen are estimated. Flammability 
conditions considering criterion in NUREG-160920 and 
oxygen concentration limit in Zlochower and Green21 are 
assessed. 

 
X. HYDROGEN-ABSORPTION-INDUCED 
DAMAGE 
 
X.A. Cladding 
 

The hydrogen generated by the radiolytic 
decomposition of water would be in molecular form.  The 
absorption of the molecular hydrogen through zirconium 
oxide into zirconium is expected to be limited at 
temperatures below 400 °C [752 °F] as governed by 
Sievert’s law.  Further, hydrogen solubility in zirconium 
oxide is very low (10−5 to 10−4 moles H per mole oxide).22  
Consequently, the presence of the oxide film on the 
cladding significantly impedes hydrogen absorption.23  
Therefore, the molecular hydrogen generated by the 
radiolysis is not expected to be absorbed by the cladding. 
If the oxide is damaged, zirconium will be instantly 
repassivated due to oxide formation.  With maximum 
possible hydrogen from 55 moles of water, the increase in 
hydrogen concentration in cladding is estimated in 
comparison with the in-pile.  
  Hydrogen could also be absorbed by the 
cladding through the process of water directly reacting 
with cladding.  This would occur if water contacting the 
cladding material is either in the liquid phase or the 
relative humidity is above 20 percent.  The hydrogen 
concentration increase in the cladding is estimated. 
  
X.B. Canister Internals 
 

In an extended storage environment, most of the 
hydrogen is generated by radiolysis of water.  The 
subsequent absorption of hydrogen into the metal matrix 
can affect and may degrade the mechanical properties of 
the stainless steel basket and canister when the 
concentration exceeds a critical hydrogen concentration in 
the metal matrix.  Okada24 reported that the critical 
hydrogen concentration dissolved in the iron matrix needs 
to be 10 ppm to cause appreciable mechanical degradation 
by blistering and cracking.  The hydrogen concentration 
in alpha iron was estimated to be 0.9 ppb at room 
temperature in contact with 0.1 MPa H2 atmospheres 
according to Sievert’s law.  With increasing temperature, 
the concentration will increase following an Arrhenius 
relationship.  Oriani25 estimated that the maximum 
hydrogen concentration in iron was less than 1 ppm at 300 

°C [572 °F] at 8 MPa [1160.3 lb/in2] of H2 pressure.  
Based on this information the significance of hydrogen 
absorption in any ferrous-based alloy is assessed. 

  
XI.  AQUEOUS CORROSION 
 

Aqueous corrosion could occur in vapor when 
RH is greater than a threshold value.  For internal 
structural components, the threshold value is greater than 
20% which is used in cladding.  Below is an assessment 
made assuming RH is sufficiently high enough for vapor 
corrosion or vapor condensation.  In the early period of 
storage, RH is mostly below 20%.   

General corrosion of the canister’s internal 
structural components is unlikely to cause any structural 
damage to those components.  Localized corrosion either 
in the form of pitting or crevice corrosion of the structural 
components is unlikely to occur.  Galvanic corrosion 
would commence only when residual water condenses 
inside the canister.  The significance of these corrosion 
processes is assessed in terms of penetration depth.   

SCC of the canister’s internal structural 
components could occur during extended storage, 
especially those composed of carbon and stainless 
steel,  SCC-induced cracks could become through wall 
even in the presence of sufficient amount of oxidants 
which could be present even in 1 mole of liquid-phase 
water in the canister environment. Liquid-phase water 
could exist in the canister when the canister 
humidity reaches saturation or sufficient amount of 
residual oxygen combine with hydrogen to produce water.  
Considering the RH and temperature of the canister 
environment, SCC of steel components will be 
conservatively assessed with 55 moles of residual water.    

Shadow corrosion (a form of galvanic corrosion) 
between cladding and spacer-grid material could occur 
when residual water condenses in the canister.  The 
significance of shadow corrosion is assessed bases on 
SNF rod observation results in literature. 
  
XII. INTEGRATION AND BENCHMARKING 
 

 At time equals zero, canister volume, cladding 
surface area and SNF heat loading are given.  The 
residual water volume is selected to range between 5.5 to 
55 moles.  Given these values,, temperature is calculated 
at each time interval with heat decay for 5 spatial zones.  
Simultaneously in each time interval, the radiolysis 
kinetics is calculated.  With temperature and radiolysis 
results, RH is determined.  At this point, knowing the 
number of initially failed cladding, the exposed SNF 
pellet number is calculated.  Based on these results, the 
extent of cladding and SNF oxidation is determined.  
Simultaneously, various reaction products are determined, 
including the amount of oxygen and hydrogen, amount of 
water, additionally failed cladding from SNF oxidation, 



volume of oxidized SNF, and cladding oxide thickness.  
Based on the amount of oxygen and hydrogen, 
flammability is assessed.  The above outlined analysis 
completes the simulation for one time interval.  Further 
time intervals are exercised in the same manner. The 
extent of vapor corrosion and hydrogen embrittlement of 
internal components can be assessed in the time interval 
by considering a threshold RH for obtaining aqueous 
corrosion conditions.  Alternatively, it is separately 
assessed outside the time interval.  The latter case is 
chosen because more data on corrosion and hydrogen 
embrittlement in water are available compared to vapor 
corrosion data.  The data in water are conservative.  
Lastly, criticality margin is assessed based on a 
conservative literature26 model. Currently, uncertainty 
analyses continue for various models and parameter 
values.  Data will be collected on hydrogen generated 
from long-term demonstration of dry storage in the 
international community, as part of benchmarking. 

 
XIII. SUMMARY 
 

This paper outlined a method for evaluating the 
potential ramifications of incomplete vacuum drying in 
dry storage.  The method uses a time-dependent 
integrated model for temperature, relative humidity, and 
radiolysis kinetics to decompose water into oxygen and 
hydrogen.  Various abstracted models are presented based 
on literature information for: (i) Arrhenius-type kinetics 
of cladding oxidation and SNF oxidation/hydration; (ii) 
cladding splitting due to stress induced by SNF swelling; 
(iii) radiolysis kinetics, and (iv) RH threshold for aqueous 
corrosion/hydration given the amount of residual water, 
temperature and radiolysis kinetics.  For  each discrete 
time interval of the integrated model, the penetration 
depth of cladding, SNF and other cask internal 
components is assessed.  Possible changes to flammability 
conditions and criticality margin are also discussed. 

  
DISCLAIMER 

 
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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