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CONSIDERATIONS RELEVANT TO THE DRY STORAGE

OF LWR FUEL RODS CONTAINING WATER

R. E. Woodley

ABSTRACT

The performance under dry storage conditions of LWR fuel
rods containing water was analyzed to determine if
radionuclide containment by the fuel rod cladding would
be aaversely aftected. Fuel rod and storage canister
pressurization, as well as cladding and fuel oxidation,
were examined using " worst-case" conditions. The results
of this study are presented.
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CONSIDERATIONS RELEVANT TO THE DRY STORAGE

OF LWR FUEL RODS CONTAINING WATER

I. SUMMARY

The performance under dry storage conditions of LWR fuel rods containing
water was analyzed.to determine if radionuclide containment by the fuel rod
cladding would be adversely affected. Generally, " worst-case" conditions
were assumed in the analysis.

If the cladding defect of a fuel rod containing water reseals, the stress-
rupture lifetime of the cladding at storage temperatures up to ca. 350'C is
not appreciably shortened by pressurization of the rod when the contained
water vaporizes. Increased cladding hydriding and the potential for hydride
reorientation to a radial direction are not expected to be a problem, but
additional information is needed. Pressurization of the storage canister by
water introduced with breached fuel rods should be inconsequential. With
regard to chemical effects, Zircaloy* oxidation resulting from its thermal
or radiolytic reaction with the introduced water should be of minor conse-
quence, as would the thermally-activated oxidation of the urania fuel by

oxidation by a radiolytic process (ge experience suggests that fuel
water. Extensive water-basin stora

temperature insensitive) involving liquid
water would also be negligible; the extent of the radiolytic oxidation of
urania by water vapor cannot presently be quantified.

-Thus, analyses of the relevant data and experience offer reassurance that
fuel and cladding inteority will be maintained in the event that fuel con-
taining water is.placed in dry storage. Additional information on cladding
hydriding and radiolytic fuel oxidation by water vapor is required, however.

i

*Zircaloy is a registered trademark of Westinghouse Electric Corp.,
Specialty Metals Division, Blairsville, PA.
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II. INTRODUCTION

The dry storage of spent LWR fuel is being considered for the interim period
between its storage in reactor pools and its eventual disposal, either in
geologic repositories or by reprocessing. When a fuel rod is intact, the

,

fuel pellets, which contain the majority of the fission products, and the
fuel rod cladding serve as primary barriers to the release of actinide and
fission-product elements or compounds. Unless they are identified and
excluded, a small fraction of the fuel rods entering dry storage will have
experienced cladding failure during their reactor residence. In 1970, the
percentage of failed rods amounted to about 1%, but this rate of failure is
presen{] reduced to about 0.01% to 0.02% because of various design improve-ments. Although most cladding breaches are quite small, some of the
defected rods may contain water. When placed in dry storage, breached rods
which contain water could potentially be degraded, thereby allowing the
release of radionuclides into the storage canister.

The present study was undertaken to examine the performance under dry storage
conditions of LWR fuel rods containing water and to determine if their
presence would be a consideration in radionuclide containment by the fuel
rod cladding. This report presents the results of the study.

w
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Ill. POSSIBLE FUEL R0D DEGRADATION SCENARIOS

Although cladding defects are often microscopic in size, a range of sizes for
cladding penetrations can be expected. Consequently, some defects may admit
water into the fuel rod while others may not. Defect size will determine the
ease with which contained water or steam can be released when the fuel rod is
placed in dry storage and its temperature increases. Small defects will
hinder relief of the increasing internal pretsure and potentially allow
greater pressure buildup. Indeed, a small defect could conceivably become
totally blocked or " resealed." Mechanisms by which defect blockage 'ght
occur include cladding corrosion, in which the corrosion products totally
close the defect, thermal expansion of the urania fuel into the defect, and
fuel oxidation. If the latter process leads to the formation of U 0g or UO ,3 3
expansion of the fuel into the defect could close it off. On the other hand,
it is also possible that expansion of the oxidized fuel will enlarge the
defect rather than reseal it,W thereby allowing greater access of radio-
nuclides to the storage canister.

The presence of fuel rods containing water in dry storage, whether resealed
or not, could lead to certain physical and/or chemical actions resulting in
further fuel rod degradation. As a means of bounding possible situations,
" worst-case" assumptions regarding the water present and defect resealing are
made in these analyses. Thus, when degradation mechanisms involving pres-
surization are considered, it is assumed that resealing occurs and that suf-
ficient water is present to maintain the maximum internal pressure for any
temperature considered. For situations involving chemical interactions,
worst cases, both with and without resealing, are possible. The results of
all these considerations are thus intended to be conservative. The various
situations examined are summarized in Table 1. As amplified in Appendix A, a
temperature of 175 C was used as a possible maximum fuel storage temperature
in air and 400*C in inert gas. Also, an approximate maximum heating rate of
fuel in dry storage was calculated and is given in Appendix 8.

,
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TABLE 1
|

i CONDITIONS UTILIZED IN B0UNDING POSSIBLE DEGRADATION
DURING DRY STORAGE OF LWR FUEL RODS CONTAINING WATER{

Primary Concern Degradation Mechanism Conditions

Pressurization Stress Rupture of Maximum pressure at each tempera-
Fuel Rod Cladding ture; 350*C1T5400 C; f uel rod

dimensions to give maximum hoop
stress.

Canister ' Temperatures: 175 C in air; 377 C
Pressurization in inert gas. Free volume of up

to about 1% of fuel rods totally

water-filled. Various canister
volume conditions.

Chemical Thermal Zr/Urania/ Temperatures: 175 C1T5400*C.
Interactions Steam Reactions Oxidation of internal cladding

surface and UO2 in a water-filled
fuel rod.

Radiolytic Zr/Urania/ Essentially temperature-
Steam Reactions independent. Oxidation of internal

cladding surface and U02 in a
water-filled fuel rod.

,
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IV. WORST-CASE FUEL R00 DEGRADATION

A. CLADDING STRESS RUPTURE

During dry storage, the pressure within fuel rods containing water will
depend upon the conditions under which the breached rods reseal. Two
different conditions of possible resealing will be considered:

1) Resealing during reactor operation, with a coolant temperature of about
600*F (315.6*C) and system pressures of about 2200 psi and 1100 psi for
PWR's and BWR's respectively.

2) Resealing during pool storage at a temperature of about 110*F (43.3*C)
and under an approximate 30-ft head of water (P = 12.9 psi).

Calculations of the internal pressures of resealed fuel rods yielded the
results presented in Figures 1 and 2 for PWR and BWR rods, respectively. In
all cases, it was assumed that sufficient water entered +he rods to maintain
the equilibrium water vapor pressure at all temperatures up to the critical
temperature, 374.15 C. The total pressure in a fuel rod is then the sum of
the equilibrium water vapor pressure and the pressure of the residual helium
plus fission gases. Furthermore, the inert gases are assumed to behave
ideally over the temperature range of interest, as is the water vapor above
its critical temperature. Included in Figures 1 and 2 for comparison are the
pressure-temperature relationships for intact fuel rods. In the PWR case,

GWd/MTutg)is based on end-of-life pressures of fuel rods with a burnup of 30the cury

with a burnup of 12 GWd/MTul4) case, end-of-life pressures in fuel rods
whereas in the BWR

were employed. Not included in Figure 2 is
the case of the BWR fuel rod which reseals during reactor operation. The
curve in this instance is almost identical to the curve for the rod which
reseals during pool storage, the only difference resulting from the minor
amounts of helium present. The pressures in both cases are dominated by the
water vapor partial pressure. .

To satisfy the condition of sufficient water within the fuel rod to maintain
the equilibrium vapor ressure up to the critical temperature, a PWR rod

3 3
would require s1.6 cm ofwaterwithgnatotalvoidvolumeofabout22cm,
A BWR fue 5ewuarequire~5.6cm of water within a total void voiume of
about 75 cm . In either case, if less water were available, then the

depicted curves would be followed only up to the point where all of the water
is vaporized, after which ideal gas behavior would prevail._ Finally, it
should be noted that the internal pressure of a resealed fuel rod, as
depicted by the curves of Figures 1 and 2, is determined pricarily by the
reactor or storage system pressure at the time the breached rod reseals and
is independent of the internal pressure of the fuel rod when it breaches.

f

Knowing the variation with temperature of the internal pressure of resealed
LWR fuel rods containing water, it is possible to estimate whether the

' Zircaloy-cladding stress-rupture lifetime will be significantly shortened at
- temperatures and times within the range of interest. This is accomplished

5
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- for non-isothermal c'onditions by determining the damage fraction as a func-
tion of lifetime for a variety of starting rod temperatures and the tempera-
ture decay given in Appendix A.

The damage fraction (D) is given by the equation

t f
D=~ftdt(T ())

o d

is the cladding lifetime, t(T) is the time at a particular tem-where tfperature and t (T) is the isothermal lifetime. When D = 1, the claddingdwill have accumulated sufficient damage to breach. The isothermal lifetime
(t )'can'be related to the cladding hoop stress by the use of the Larson-d
Mil'c' parameter (P g). Thus,

t

P = T(20 + log t ) (2)g d

and

log og = a + bx + cx2 + dx3 (3)

d is e-l W W e in W , c,9where_T is the temperature in Rankine, t
is the hoop stress in psi, and x = PLM x 10-4

Blackburn et al.,(gifetimes are directly comparable to those calculated byIn order that the
the coefficients (a = 7.1914, b = -3.39085, c = 1.65427l

and d = -0.284513) for unirradiated cold-worked Zircaloy were used in Eq. 3.
It should be noted, though, that radiation hardening, oxidation, and hydrid-
ing, all of which might occur in the cladding, can affect these coefficients.
Their effects will be discussed in subsequent paragraphs.

The hoop stress, og, on the cladding is given by

2 2
r r
U

2 (Pj-P)-P (4)og =- 2 g g
T ~F

o i.

where:

r = fuel rod outer radiuso
rj = fuel rod inner radius

-Pj = fuei rod internal pressure
Po = external pressure = canister pressure

8
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stresswereusedand,againfollowingBlackburn's(gatyieldthemaximumhoop
For the present calculations, cladding dimensions

lead, a conservatism
f actor of 1.5 was included in the hoop stress. Equation (4) then reduces to

H = 1.5[8.327(Pj-P)-P] (5)g g

Using the maximum internal pressures at any given temperature from Figures 1
and 2 and assuming the canister pressure, Po:. is always 1 atm., hoop stresses
were calculated using Eq. (5) and then used in Eqs. (1), (2) and (3) to
determine the lifetime as a function of starting storage temperature. These
rupture times are plotted against the storage (cladding) temperature in
Figure 3.

Even though these calculations employ properties for unirradiated cladding,
they nevertheless provide useful estimates of the storage behavior of
resealed LWR fuel rods containing water, especially when compared to life-
time estimates for unbreached rods. They suggest that, for initial storage
temperatures less than ca. 350*C, fuel rods containing water are not expected
to breach by stress rupture.

Reactor service results in radiation hardening and reduced ductility of
Zircaloy cladding. However, Blackburn et al.(5) suggest that, in spite of
the reduced ductility, failure times may not be markedly affec , because

radiation hardening can lower the creep rate.' Einziger et al. indicate
that the use of stress-rupture properties for unirradiated Zircaloy is prob-
ably satisfactory if storage temperatures exceed ca. 370 C, where radiation
hardening is rapidly annealed. By testing intact, irradiated PWR fuel rods
at temperatures from 482 C to 571 C, the latter investigators also deter-
mined that calculated failure times were substantially exceeded because of
the reduced stress caused by cladding creep. In the case of resealed fuel
rods containing sufficient water, the internal pressure, and hence the
stress, would be maintained in spite of cladding creep. If the amount of
water were insufficient to maintain its equilibrium vapor pressure, then
cladding creep would, of course, reduce the stress.

to hydriding of the Zircaloy.t }gy-clad fuel rods has resulted in failures due
The presence of water in Zircp

/ Although t oxide film on the cladding
inner surface is normally impermeable to H , the film may not always2
be continuous and may be defected during thermal expansion or when cladding
creep occurs. Breaks in the oxide film may be repaired by oxidation but
breaches perhaps could also act as Hg sinks. In any event, the potential
exists for significant H2 concatrations in the Zircaloy cladding.

Zircaloy cladding is normally manufactured with a texture which promotes
circumferential precipitation of dissolved hydrogen during cooling, as when
Zircaloy-clad fuel rods are cooled to 50 to 80 C upon removal from a reactor
to pool storage. Fuel rod cladding typically contains from 40 to 100 ppm
H. When the fuel is then transferred from pool storage to a dry storage2
canister, its temperature may approach 380 C, depending upon its age,
packing density, and the heat rejection capability of the canister. In the
unlikely event that a fuel rod containing water reseals and remains sealed

9
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as its temperature rises, precipitated hydrides will redissolve and the
cladding will undergo a hoop stress resulting from the internal steam
pressure (Figures 1 and 2). With the subsequent reduction in decay heat,
the fuel rod temperature will again decrease and the dissolved H2
reprecipitate. Now, however, precipitation will occur wnile the cladding is
under stress, a far different situation than cooldown in-reactor, where the
internal pressure of the fuel rod is balanced by the coolant pressure and
little stress is exerted on the cladding.

The direction of hydride orientation will depend upon the magnitude of the
hoop stress and texture of the cladding. While a stress threshold for
hydride reorientation has not been defined, stresses in thg range of
10,000 psi to 30,000 psi generally initiate reorientation, W although
other factors including the fabrication history, hydrogen concentration, and
the temperature and its rate of fall may influence the reorientation stress
level. Resealed fuel rods containing water could exhibit hoop stresses in
the range where hydride reorientation commences. If the hy rides arei

circumferentially oriented, they will exert little influem on the
mechanical properties of the cladding, possibly even impre-ing them
somewhat. However, if hydrides in excess of 40 ppm reoriest to a radial
direction, perpendicular to the circumferential hoop stres.1, degradation of
the cladding mechanical properties could follow, and thus .awer life
expectancy. Unfortunately, with our limited knowledge of the stress
required for hydride reorientation under dry storage conditicos, it is not
possible to determine if this effect will occur. In any event, less than
0.01% of the fuel rods placed in storage are expected to be breached, and
only a negligible fraction of these rods are expected to contain water, be
resealed, and remain resealed during dry storage heat-up. Hydriding is not
expected to have a significant effect on fuel rods in which the cladding
defect remains open and offers internal pressure relief, the most probable
condition of defected fuel rods.

B. CANISTER PRESSURIZATION

Apart from any othw effects of cladding rupture on LWR fuel rods containing
water, in the event of rupture, there will always be the release of water and
possibly H2 resulting from the Zircaloy-water reaction into the canister
volume. For this reason, it is of interest to determine the magnitude of
the maximum or bounding canister pressurization, which depends on several
factors, including the canister design, the fuel, the number of fuel rods

was that described by Eggers,'gster design selected for this calculation
containing water, etc. The cq

the REA 2023 PWR and BWR dry storage
casks. The canisters will contain either 24 PWR fuel assemblies or 52 BWR
fuel assemblies and their dimensions are consequently somewhat different.
In the absence of any fu l assemblies, the free volume of the PWR canister

6 35 cm , whereas that for the BWR canister is 8.49 x 10 cm ,amounts to 9.35 x 10

11
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Nothing is said in Reference 8 regarding the presence of dividers in the
canisters to maintain the positions of the fuel assemblies. Thus, for the
present calculations of canister pressurization, four different canister
volume conditions were employed: 1) a canister with no dividers; 2) a
canister with dividers which take up half of the available space between the
fuel assemblies; 3) a canister with dividers which take up all of the avail-
able space between the fuel assemblies; and 4) a canister as in 3) but witn
an added stabilizer with 10% void volume. Different numoers of fuel rods in
the canisters were assumed to contain water. The free volume of those fuel
rods containing water was assumed to be totally filled with water, such that
a PWR rod contains sl.25 mol of H O and a BWR rod s4.25 mol of H 0.2 2
Two temperatures, which were assumed constant throughout the canister volume,
were used: 1) a temperature of 175*C for the case of an air-containing
Cdnister; and 2) a temperature of 377 C, which assures that all of the water
released into the canister will exist as vapor. If H2 is present, it will
exert the same pressure at 377*C as the water it replaces. At 175*C,
vaporization of all of the water is possible in all but two cases, and the
presence of H2 will increase the pressure slightly in those instances.
The two cases involve the maximum number of fuel rods releasing their water
into the minimum available free volume. In the PWR case, the calculated
pressure only slightly exceeds (0.6 psi) the equilibrium water vapor
pressure at 175 C. In the BWR case, the equilibrium water vapor pressure is
exceeded by about 69 psi. Here, an equivalent quantity of H2 would make
up the pressure difference, giving a canister pressure of about 198 psi. In
any event, as may be seen in Tables 2 and 3, not even in the,most improbable
cases, where sl% of the fuel rods contained in the canister are
water-filled and release their water into the canister, does the canister
pressure approach 300 psi.

The hoop stress on the canister resulting from this internal pressurization
can be calculatqq by employing Eq. (4) and the dimensions of the REA 2023
storage casks.\ / For this calculation, only the canister proper was
considered. The surrounding neutron shield was ignored. The hoop stresses
corresponding to the highest pressures given in Table 2 amount to 874 psi
for the PWR canister and 1322 psi for the BWR canister. Neither of these
stresses would be expected to have an adverse effect on the storage canister.

C. THERMAL Zr/UO7/H90 REACTIONS

The presence of water and/or steam in a resealed fuel rod, or in the storage
canister after the rod breaches, can lead to its reaction with the Zircaloy
cladding, the fuel, or the canister material. Potential reactions with the
fuel rod components are of particular interest here, and reactions with the
canister will not be considered.

The relative affinities of urania and Zircaloy for the oxygen atom in the
water molecule are determined by their oxygen potentials or the free energy
of formation of their oxides relative to water, as depicted in Figure 4.
Zirconium oxide (Zr0 ) is much more stable with respect to reduction than2
water, and hence Zirraloy is readily oxidized by steam, yielding free
hydrogen as a by-product, viz.

12
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TABLE 2

CANISTER PRESSURIZATION AT 377 C

Canister Volume Conditions: PWR BWR
_

l. Canister with no dividers 7.28 x 106 cm3 6.80 x 106 cm3

2. Dividers use half available
space 4.93 x 106 3 4.90 x 106 3cm cm

3. Dividers use all available
space 2.59 x 106 3cm 2.90 x 106 3cm

4. Same as 3 plus stabilizer
with 10% voids 2.59 x 105 3cm 2.90 x 105 3cm

Number of Fuel Rods Canister Pressure (psi)
Containing Water 1 2 3 4

1 PWR Rod 0.135 0.199 0.378 3.78
5 PWR Rods 0.673 0.994 1.89 18.9

50 PWR Rods 6.73 9.94 18.9 189

1 BWR Rod 0.490 0.680 1.15 11.5

3 BWR Rods 1.47 2.04 3.45 34.5
25 BWR Rods 12.25 17.0 28.7 287

TABLE 3

CANISTER PRESSURIZATION AT 175 C
(Canister Volume Conditions: See Table 2)

Number of Fuel Rods Canister Pressure (psi)
Containing Water 1 2 3 4

1 PWR Rod 0.093 0.137 0.261 2.61

5 PWR Rods 0.464 0.685 1.30 13.0

50 PWR Rods 4.64 6.85 13.0 129.4

1 BWR Rod 0.338 0.469 0.792 7.92

3 BWR Rods 1.01 1.41 2.38 23.8

25 BWR Rods 8.44 11.7 19.8 129.4
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Zr + 2H O = Zr02 + 2H22

Urania (UO ), on the other hand, exhibits a very limited affinity for the2
oxygen in water and any oxidation that might occur would be insignificant, as
indicated in Figure 4. Consequently, steam will react almost selectively
with the Zircaloy at a rate determined by the temperature and the available
surface area.

The oxidation of Zircaloy by steam results initially in the formation of a
tightly adherent oxide film and proceeds by an approximately cubic rate law.
After the oxide film has attained a thickness of
' oxidation is expected to follow linear kinetics.(gom 2 um to 3 um, furtherAt the completion of a
normal reactor residence, the oxide film on Zircaloy cladding will always be
in the post-transiti range and subsequent oxidation is expected to follod
the linear rate law.D0y

Hillnercompiledavailableratedataandarrvydat the following equation giving the post-transition weight gain rate: 9
2Rate (mg/dm / day) = 1.12 x 108 exp (-12,529/T) (6)

For a PWR fuel rod, with its 42.5 cm3 void volume totally filled with
water, there would be about 1.25 mol H O available to oxidize the clad-2
ding. Assuming total reaction over the internal surface of the rod, the
average. depth of reaction would be about 3 mil and H2 equivalent to 5100 ppm
would be generated. Approximately 10% of the hydrogen may find its way into
the cladding. If the water had access to the canister interior and hence to
the other fuel rods, the average reaction depth would be even more micro-
scopic. The approximate rates at whicn oxidation woulo occur at various
temperatures were calculated using Eq. (6) and are given in Table 4. Also
included in Table 4 are the times required for complete reaction of the

-1.25 mol H 0 at constant temperature. Considering that the oxidation2
depth is only 3 mil, or about 12% of the cladding thickness, when only the
interior surface of a single fuel rod is oxidized by the maximum amount of
water that could be present in a single rod, it would appear that cladding
oxidation by steam is of minor consequence, particularly when one realizes
that the oxidation rate will continually decrease with the rapidly falling
temperatures. Under the circumstances, it is extremely unlikely that the
reaction would attain completion, i.e., that 1.25 mol H O would totally2
react, at least by means of the thermally-activated oxidation reaction under
consideration.

D.. RADIOLYTIC Zr/UO /H70 REACTIONS2

In the presence of the intense radiation field (s105 rad /hr) existing within
the canister volume, water vapor will u go a radiolytic reaction, the pri-

mary products of which are H2 and H 0 . As indicated in Figure 4, H 02222
is unstable with respect to both Zircaloy and urania and either material
could therefore be oxidized by H 0 . These reactions apparently have not22
been studied, but would yield ZrDa and a higher oxide of uranium, respec-
tively. The. rate of either reaction would depend on the temperature, the

.-
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TABLE 4

OXIDATION OF ZIRCALOY BY STEAM

Temperature Weight Gain Rate * Time to Completion **
(*C) (mg/hr) (year)

175 3.85 x 10-5 5.93 x 104

300 1.71 x 10-2 134

350 9.90 x 10-2 23.1

380 2.49 x 10-I 9.2

400 4.41 x 10-I 5.2

*For a Zircaloy surface area = 1.15 x 103 cm2,
**At constant temperature. Total weight gain = 20 g.

surf ace area available, and the concentration of H 0 , the latter quantity22depending upon the dose rate within the canister volume and the amount of
steam present. Although the rates of the reactions of Zircaloy and U02 with
H0g 2 cannot be quantified, the reactions will probably occur and water pres-
ent in the storage canister may eventually react either by the thermal or a
radiolytic process.

Other mechanisms for the radiolytic oxidation of Zircaloy and urania by water
dre possible. Atoms and free radicals produced by the radiolysis of water
could react directly with the fuel . rod components without forming the H202
intermediate. A process of this nature would be essentially independent of

,

temperature. While a radiolytic reaction between UO2 and H O vapor is known2
to occur,(12) its mechanism and its rate under dry storage conditions are
unknown.

-Extensive experience with water-basin storage of spent fuel has not revealed
a problem with fuel oxidation and defect enlargement by liquid water at radi-
ation intensities not greatly different than those expected for dry storage.
Apparently, under these conditions, the oxidation of U02 by liquid water by
a radiolytic process is of little consequence.

As. indicated previously, the internal surface of a PWR 1ael rod could be
oxidized to a depth of about 3 mil by 1.25 mol H 0, whether the process !2

Iwere thermal or radiolytic. If this same quantity of water were able to
react with UO2 by means of a process involving the radiolytic formation of
H 0 , the amount of U0 affected would depend upon the reaction product.2j 9
IT U 0 were formed, about 506 g or 20% of the U0, in the fuel rod would3g
be oxidized, increasing the volume of the affecteb fuel by about 36%. If

the reaction product were UO , then about 338 g or 13% of the UO2 in the3
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fuel rod would be oxidized, increasing its volume by about 59%. A clad-
ding defect would be significantly enlarged by the expansion occurring in
either of these processes. Until additional information on the UO -H 0222,

reaction becomes available, its effect on fuel rods containing water must
'

remain unknown. However, it is highly improbable that the quantity of water
present will even approach 1.25 mol, and it thus seems likely that fuel
oxidation, should it occur, will not cause severe defect enlargement.

It should also be noted that both the thermal and radiolytic reactions of
water with fuel rod components yield H .which, as was discussed in Sec-2
tion IV.A, can affect the mechanical properties of the Zircaloy cladding in
an adverse manne., leading to embrittlement and possible handling problems. ;
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V. CONCLUSIONS

The extent to which LWR fuel rods containing water could pressurize if defect
resealing occurs depends upon several factors. The following conclusions
regarding pressurization of LWR fuel rods were reached using conservative,
" worst-case" assumptions.

1) Calculations indicate that the cladding of resealed fuel rods contain-
ing water will not fail in 100 years from internal pressurization at
temperatures below 350 C. For intact fuel rods, the corresponding tem-

perature f(qr) stress rupture failure by internal pressurization given byBlackburn s is 380*C.

2) More information is needed on possible hydriding during storage of the
cladding on a resealed fuel rod containing water. Hydrogen formed by
chemical or radiolytic reactions, absorbed by the cladding, and then
precipitated possibly in a radial orientation could adversely affect
the mechanical properties of the Zircaloy cladding.

3) Only minor pressurization of the storage canister by water introduced
from breached fuel rods appears possible and should not pose a problem.
However, canister designs and loadings can vary and each situation
should be analyzed separately.

Whether fuel rods containing water reseal or not, the presence of water in
the storage canister could lead to chemical reactions with the Zircaloy
cladding and/or the urania fuel. Consideration of possible chemical effects
has led to the following conclusions.

1) Because storage temperatures diminish with time, the thermal oxidation
of Zircaloy cladding by steam occurs at a rapidly decreasing rate. The
radiolytic reaction may proceed more rapidly, but in either case, the
depth of reaction is of minor consequence for any quantity of water
reasonably assumed to be present in the storage canister because of the
substantial Zircaloy surface area available to the oxidant.

2) . Theoretically, water entering a fuel rod could react with UO2 by a
radiolytic process to produce a lower density oxide, such as U 0 '38
resulting in cladding deformation and defect enlargement. Based on
extensive experience with water-basin storage of spent fuel, it is
unlikely that fuel oxidation by a purely radiolytic (temperature-
insensitive) reaction involving liquid water will create significant
problems. While the radiolytic oxidation of UO2 by water vapor is
known to occur, its rate cannot presently be quantified, but, for
quantities of water likely to be present, the reaction would not cause
severe defect enlargement.

Thus, analyses of the relevant data and experience offer reassurance that
fuel and cladding integrity will be maintained should fuel containing water
be placed in dry storage. Additional information is needed on cladding
hydriding and the radiolytic oxidation o' urania by water vapor.

18
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APPENulx n

DRY STORAGE TEMPERATURE CONSIDERATIONS

Based o }ress-ruptureconsiderationsforPWRfuelassemblies,Blackburn
et al., recommended a maximum cladding temperature of 380 C for spent
fuel storage in an inert atmosphere, with the qualification that the maximum
temperature could be reduced if stress corrosion crackin wqre operative.
Subsequent experimental measurements by Einziger et al., 2/ using well-
characterized PWR fuel rods, indicated that significant creep strain of the
Zircaloy cladding reduced the internal pressure of the fuel rods. Conse-
quently, a conservative maximum storage temperature of 400 C, again based on
stress-rupture considerations, was indicated for a 1000-year cladding life-
time. It should be noted, huwever, that, in the presence of sufficient
internal water, a fixed internal pressure would be maintained at a given
temperature, even though the fuel rod dimensions were enlarged by creep.
Nevertheless, for the purposes of this report, a maximum storage temperature
of 400*C was assumed for spent fuel stored in an inert atmosphere. For
storage in canisters containinggq air atmosphere, the maximum allowable
temperature assumed was 175 C.l Both temperatures were employed in the'

analysis of canister pressurization.

Because the decay heat of the spent fuel continually decreases with time,
once the immediate storage facility temperatures rise to essentially that of
the fuel, the cladding temperature will decrease. If it is assumed that the

. temperature difference between jgg) cladding and the surrounding heat sink isproportional to the decay heat, then the variation in the cladding
temperature over the first 50 years of dry storage, commencing with an
assumed' maximum of 400 C for a five-year-old typical LWR fuel, would occur
approximately as pictured in Figure A.1.
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APPENDIX B

FUEL HEATING RATES IN DRY STORAGE

A very conservative estimate of the heating rate can be obtained by dividing
the decay heat of a fuel assembly by its heat capacity. For example, for a
PWR 15 x 15 fuel assembiv five years after discharge, the decay heat is esti-
mated to be about 750 watts. The fuel assembly contains 518.4 kg of UO2
and 133.3 kg of metallic components, about 82.5% Zircaloy-4.(B-1) Making the
conservative assumption that all the metallic components ah2'galoy andZ

using specific heats for UO2 and Zircaloy from Figure B.1, the
heating rate at 200 C is

d_I , 750 x 860.42
= 14.7 C/ hourdt 3

(518.4 x 0.0660 + 133.3 x 0.0732)10

Implicit in this calculation is the assumption that the system is adiabatic,
i.e., that all of the decay heat is absorbed by the fuel assembly itself and
none is lost to the surroundings. This is obviously a " worst case" condition
because some of the heat will be lost to the surroundings, particularly the
massive canister enclosing the fuel assemblies. Consequently, the heating
rates will actually be appreciably less than the values estimated in this
manner. The calculation was repeated for fuel of different ages and at
various temperatures within.the range of interest. A range of temperatures
was employed because the specific heats of urania and Zircaloy increase, and
consequently, the heating rates decrease, with increasing temperature. The
results of these calculations may be foiand in Table B.l. In spite of the
very conservative assumptions employed, it is apparent that the heating rates
are insufficient to cause a rapid pressure buildup.

TABLE B.1

CALCULATED HEATING RATES FOR A 15 x 15
PWR FUEL ASSEMBLY WITH 28,400 mwd /MT BURNUP

Estimated
Decay Time Decay Heat Heating Rate (*C/hr)

(years) (kW) T = 25*C T = 200*C T = 400 C

2.5 2.00 44.9 39.1 36.6

5 0.75 16.8 14.7 13.7

10 0.50 11.2 9.8 9.2

50 0.20 4.5 3.9 3.7
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If. one makes some reasonable assumptions about the nature of the storage
canister and includes the canister in the _ adiabatic system, the heating rate

. calculated above,14.7'C/ hour, is reduced .to only 4*C to 5*C/ hour. Thus,
the fuel rod temperature will increase slowly to the allowed maximum value,
and the subsequent behavior of a resealed fuel, rod will depend only on how

- well its cladding, and particularly the original defect, endure the internal-

pressures corresponding to the thermal history and to the maximum tempera-
tures experienced during dry storage.
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