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9. Partial draindown

The partial drain down scenario may extend the critical decay time well beyond 5 years.  
Current calculations indicate that decay times in excess of 20 years may be needed to preclude 
fuel damage from a partial drain down. i - , 

10. Hydrogen generation from partial draindown.  

Steam oxidation will release hydrogen. The hydrogen concentrations or the consequences of 
any subsequent hydrogen burn or explosion have not been calculated. k'1•, A ,-, r 

11. Energy of reaction for air oxidation.  

The draft report is correct. The author of the comment has made a fundamental error. There 
are 92 grams of Zirconium in a mole. The authors calculation is based on 92 kg in a mole.  

13. Zirconium-hydrides 

Fuel cladding can contain high concentrations of zirconium hydride at the oxide-cladding 
interface in high burnup fuel. The effect of zirconium hydride on cladding oxidation rates is 
unknown at this time. If the oxide layer stays intact the reaction rates should be similar to 
cladding oxidation rates without zirconium hydride since the rate is dLeLermined by the diffusion 
of oxygen through the zirconium oxide layer. The effect of the @drogen action product on 
the oxide film and oxidation rate is unknown. It is possible that cla-dihgrupture at a 
temperature near 700 0C may lead to autoignition of the cladding due to the reaction of oxygen 
with zirconium hydride. Air oxidation experiments with high burnup cladding are needed to 
resolve the reaction rate and autoignition issues.  

14. Breakaway oxidation.  

Breakaway oxidation can have a significant impact. Breakaway oxidation has been observed to 
occur in experiments Ref [6,7] measuring oxidation rates of zirconium and zircaloy-4 in air.  
Breakaway oxidation has not been observed in pure oxygen. The lower temperature limit for 
breakaway oxidation in zircaloy-2, zircaloy-4 or any advanced zircoinium alloy is unknown. An 
experimental program would be required to quantify the effect of this potentially important 
physical phenomenon. The experiments should examine the effect of fuel burnup on this 
phenomenon. The limited data available indicates that the lower temperature limit for 
breakaway oxidation in zircaloy-4 is lower than the lower limit observed in pure zirconium but 
the lower limit has not been determined. The mechanisms that induce breakaway oxidation are 
unknown at the present time. Therefore data should be taken under conditions that are as 
prototypical as can be achieved.  

15. Nitrogen reaction.  

It has been shown that th resence of nitrogen increases the rate of oxidation of zirconium.  
The oxidation rate is dW ncreasing function of nitrogen fraction over a wide range of 
relative nitrogen fractions. [Ref 6] The reaction rate of nitrogen with zirconium is approximately 
20 times lower than the oxidation rate. The energy of reaction of zirconium with nitrogen is also 
less than the energy of reaction with oxygen. Therefore, the heat input from the nitrogen 
reaction should be a small perturbation to the oxidation heat input except for very low oxygen



Status of ACRS and Other Issues

O We do not yet have adeqate information from 
RES/Argonne to address the Zirconium Hydride issue 

6,,•f yet. The reaction energy for Zirconum-Hydride with 
jk» 2i2• air is less than the Zirconium Air reaction energy. We 

do not yet have rate or distribution information as a 
function of temperature. This information may not be 
available, 2 J- C /fhr- ' </ .'

0 There is very little data available to address the 
breakaway oxidation issue. It may be possible t, 

bntpemoiccao.  bound the phenomenon in calculations.
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The exothermic reaction between molten aluminum 
and stainless steel had not been considered for the 
TWG report. The easiest resolution would be to lower 
the acceptance temperature to less than the melting 
temperature of alumrinum. This will extend the critical 
decaytime. P-

GA no clad rupture success criteria (as suggested in 
the ACRS letter) would lower the acceptance 
temperature significantly below the melting point of 
aluminum. Need RES input on U02 fines release.-, 

5" 4L ,r ? 7_e rJ e.  

0 Partial draindown situations are currently being 
analyzed by PNNL. L-' +- ,fr 

© It should be possible to show that the nitrogen 
reaction is not important in the analyses.  
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Draft response to ACRS letter

The ACRS has identified several phenomena that were not considered in the spent fuel pool 
heatup analyses. Specifically the staff did not evaluate the impact of zirconium hydride 
oxidation, breakaway oxidation, zirconium nitride formation, and intermetalic reactions between 
molten aluminum and either stainless steel or zirconium. These phenomena have the potential 
to affect both the heatup time to a fission product release and the number of years that the 
plant is vulnerable to a zirconium fire.  

Significant amounts of zirconium hydride can be present in zirconium cladding at high fuel 
burnups. The zirconium hydride nodules are formed when hydrogen precipitates out of the 
metal. The nodules migrate to the coldest region of the cladding which concentrates them just 
inside the oxide layer. The oxidation of zirconium hydride releases 223 kcal/mol of zirconium 
compared to 260 kcal/mol of zirconium for the oxidation of zirconium metal. The reaction rate 
of oxygen with zirconium hydride should occur at a rate similar to the reaction of oxygen with 
zirconium metal since both reactions will be limited by the diffusion rate of oxygen through the 
oxide layer unless cladding rupture occurs and exposes unoxidized cladding. Additionally the 
hydrogen totally dissolves into the metal at temperatures greater than 700 C. Therefore the 
staff believes that the presence of zirconium hydride will not have a major impact on the spent 
fuel cladding heatup.  

Breakaway oxidation occurs when the outer layer of zirconium oxide cracks and/or breaks off.  
This enhances the transport of oxygen through the oxide layer and therefore increases the 
reaction rate of oxygen with zirconium. The mechanisms of breakaway oxidation are not entirely 
understood. Even though the outer layer cracks or breaks away an intact uncracked layer of 
zirconium oxide of 2-20 mm remains that will prevent air from making direct contact with the 
zirconium or zirconium hydride. The reaction rate will be limited by the diffusion of oxygen 
through the intact oxide layer. The staff will perform heatup calulations with under the 
assumption that the oxide layer remains at a constant thickness of 2-20 mm to evaluate the 
impact that runaway oxidation will have on heatup rates and critical decay times.  

When oxygen is present at concentrations consistent with air it reacts with zirconium at a rate 
that is approximately 20 times that of the reaction of nitrogen with zirconium. The energy of 
reaction of nitrogen with zirconium is only one third of the oxygen reaction. Therefore it does 
not have a significant impact on the heatup calculations. The staff recognizes that the reaction 
can be significant in oxygen depleted conditions but there are no analyses that depend on the 
depletion of oxygen for success.  

The ACRS is correct in stating that the staff did not consider intermetalic reactions between 
molten aluminum and either stainless steel or zirconium. The staff will evaluate the impact of 
these intermetalic reactions. The reaction with stainless steel should be the most important of 
the two since the aluminum cladding of the boral sheets is in direct physical contact with the 
stailess steel.  

The phenomena discussed above have the potential to alter the 10 hour heatup time at 1 year 
and the 5 year critical decay time. The staff will perform analyses the determine the impact on 
these times. In addition the staff is also assessing the impact of partial draindown scenarios on 
the 5 year critical decay time.



SCENARIOS TO BE EVALUATED BY PNNL 
SFP DECOMMISSIONING RISK ASSESSMENT 

1. Water level is-,'i-hes bottom of fuel.  

2. Water level is 4 inches above bottom of fuel.  

3. Water level is half way up the fuel.  

4. Water level is three-quarters way up the fuel.  

(A) For each scenario calculate time to the cladding reaching 800 °C at one year, two years, 
five years after final shutdown.  

(B) Calculate boiloff rate (inches per hour) including radiation heat transfer, conduction, and 
convection.  

(C) At lowest water level where cladding will reach 800 'C after one year, calculate how long 
the fuel would need to be shutdown for the cladding to take 10 hours to reach 800 °C.  

(D) At lowest water level where cladding will reach 800 °C after one year, calculate the time 
after shutdown at which cladding would (i) never reach 800 0C , and (ii) would take more than 
72 hours to reach 800 °C.  
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Assumptions in the Analysis 

Rack Spacing / Pool Power density / Flow Resistance 

All bundle types have not been analyzed 

Building Ventilation Flow fixed 

Ratio of building ventilation flow to power is constant for all plants. We should probably define 
a building flow to power ratio to more accurately characterize the problem.  

Intact Fuel Geometry / No Debris 

Fuel Burnup level 

No breakaway oxidation or rapid excursion from hydrides 

No analysis of hydrogen generation.  

Ventilation system inlet and outlet locations fixed, effect not know (FLUENT).  

Recovery from high temperature non-runaway situations before the fuel rods lose structural 
integrity.



SFP Boxes

DRAFT FINAL REPORT SAID 
(Conclusion are based only on decay of spent fuel) 

SLOW DRAINDOWNS 
Personnel have sufficient time (>100 hours) to take action to recover 
Ventilation has two complete volume changes per hour 
Additionally > 10 hours after complete draindown to take action to evacuate public 

FAST DRAINDOWNS (Seismic or cask drop) 

1 YEAR - Zirconium fire: 
Ventilation has two complete volume changes per hour 
> 10 hours after complete draindown for taking action to evacuate public 

5 YEARS - No zirconium fire 
Ventilation has two complete volume changes per hour 

NEW INFORMATION BASED ON COMMENTS FROM ACRS SAYS 
(Conclusions are based on decay heat of spent fuel, heat from breakaway oxidation, 
and other heat sources (hydrides, nitrogen interactions) 

SLOW DRAINDOWNS 1, "/,, -,' 

Personnel have sufficient time to take action to recover .  
Ventilation has two complete volume changes per hour 
May have <10 hou~rs after.complete draindown-to take action to evacuate public 

FAST DRAINDOWNS (Seismic or cask drop) 

1 YEAR - Zirconium fire: 
Ventilation has two complete volume changes per hour 
May have < 10 hours after complete draindown for taking action to evacuate public 

5 YEARS - Zirconium fire 
> Ventilation has two complete volume changes per hour 

Do we have >10 hours after complete draindown for taking action to evacuate? 
Do you still have fire. with complete draindown or do we only have fire with partial 
drairidown? I 

Does the new information say we just increase our early fatalities? 

Can we live with increased early fatalities? 

Wouldn't we also be saying that the probabilities are low for a fire > than 5 years but if it 
happened we would still have same number of early fatalities or would the early fatalities and 
even latent fatalities be less due to decreased radioactive inventories?



VARIATIONS TO SCENARIOS IN CURRENT ANALYSIS

Scenario Variations Comments or effect 1 year 5 years 

Fast full drain down High ventilation Analyzed case 10 hours fire not possible 

Low ventilation Increased heat up rate less than 10 hours fire possible 

Deformed geometry Intact geometry questionable ? ? 
assumption for 3X SSE seismic event 

Breakaway oxidation Exposes new (local) areas for less than 10 hours fire possible 
oxidation 

Effect depends on size of flakes and 
thickness of oxide layer 2 (faster) to 
20 (slower) microns 

Hydriding Oxidation layer breakaway leaving less than 10 hours fire possible 
(local) areas of exposed for Zr 
hydride-air reaction (Rx faster than 
with oxide layer) 

Fuel Fines Could lower maximum temperature; less than 10 hours fire possible 
(and Ru) release could occur with clad burst 

Creep Failure Could lower maximum temperature less than 10 hours fire possible 

Fast partial drain down Lower heat removal rate; Hydrogen less than 10 hours fire possible 
buildup
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The engineering analyses performed to address spent,,fuel pool performance during various 
accidents have, in the past, used a temperature crite ion to evaluate the potential for significant 
fuel damage. This temperature was intended as an, acceptance criterion beyond which one 
would expect the onset of significant, global, fuel damage and substantial release of fission 
products (e.g., 50-100% of inventory of volatilesl• ssociated with such damage. Further, the 
temperature criterion cited (generally about 0. has been selected on the basis that it 
represented a threshold for self sustained oxidation (Ref. 1) of cladding in air and on that basis 
it has been argued that if cooling of the spent fuel could limit fuel temperatures in equilibrium 
below this threshold then large releases of fission products need not be considered. Self 
sustaining reaction in this sense means the reaction rate and thus heat generation rate is 
sufficient, to roughly balance heat losses for given cooling mechanisms, resulting in an 
isothermal condition. Once the fuel temperature exceeds this threshold temperature 
(alternatively identified as an ignition or autoignition temperature) it was presumed that 
subsequent heat up and further increases in reaction rates would be esca-ting and rapid, and 
that serious fuel damage would ensue. The temperature escalation associated with oxidation in 
this regime would not be balanced by any reasonable cooling afforded by natural circulatio of 
air. While it was not expected that fission product releases associated with core melt accdents 
would immediately emerge at this temperature (based on reactor research• ' various steamnd 
hydrogen environments) it was recognized that the time window for sus ent fuel heating 
would be relatively small once oxidation escalated. This also did not preclude gap type 
releases associated with fuel failures below the threshold temperatue but these generally were 
not considered to be significant compared to the releases associated with higher fuel 
temperatures and significant fuel damage.

In the report, "Draft Final Technical Study of Sr 
Decommissioning Nuclear Power Plants", Febr 
8000C, was used in two ways. First, it was usi 
corresponding time at which heat generation ar 
draining of the pool would lead to heating of tT 
would allow for the implementation of effective 
of regulatory requirements associated wth 0 
criterion was also used toevaluate the dc h 
heat generation and lossfor a fully 
temperature of 800ýC his cr 
that basis it was reasonthat since ser 
fission product release assoiatedkwthc' cr

The NRC has receiv 
and has reassessed 
outset RES acknowl 
temperature for !inir 
which in turn isdepe 
oxidation is produce 
examining an eppro 
core degradation tes 
accidents ma volv 
oxidation, heatup, a 
the world (e.g., PBF-

uary 2000, the tmperature criterion selected, 
ad to determine the decy heat level and V C 

idsses for complete ad instantaneous 
Sfuel (to 80 0'C) after 10 hours. This time period 
emergenicy~ responsewithout the full compliment 
rating reactrs. Scondly, the temperature 
eat level and time ("critical decay time") at which 
uel pool would result in an equilibrium 

time has been on the order of 5 years) On 
ferheating of the fuel had not occurred, the 
)It need not be considered.

eanc ents r~eiated to the use of this temperature criterion 
the appropriatens ouch a value for both its intended purposes. At the 

edges that an i mperature, or more precisely in this case a 
)ient temperature slation is dependent on heat generation and losses 
ndent on system geometry and configuration. In fact much of the data on 
d in isothermaIlfests up to near the melting temperature of zirconium. In 
)riate criteri•n• it is useful to consider the range of available data including 
•tig in steam environments since it is likely that many spent fuel pool 
esoe initial period during which steam kinetics controls the initial 
d release of fission products. In various experimental programs around 

-SFD, ACRR, CORA, NSRR, PHEBUS and QUENCH) repeatable
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phenomena have been observed for the early phase of core degradation (in steam) which 
proceeds initially at rates associated with decay heat (at levels characteristic of reactor 
accidents) until cladding oxidation becomes dominant and temperature escalation occurs. The 
point at which the escalation occurs, which does vary between tests, has been attributed to heat 
losses (Reference 2) characteristic of the facility and to the monoclinic to tetragonal phase 
change of ZrO 2 over a temperature range. The threshold at which temperature escalation 
occurred has been reported to vary from approximately 11000C to 16000C. In a CORA test 
performed with a lower initial heat up rate (to simulate reduced decay heat during shutdown 
conditions) it was reported that uncontrolled temperature escalation did not occur, raising the 
prospect that heating rate may be a factor. In more recent QUENCH tests (Quench 04 and 05) 
the effect of preoxidation was evaluated for its effect on hydrogen generation and temperature 
escalation. In Quench 04 temperature escalation was reported to occur at 1300'C; Qnunch 
05 with approximately 200prn preoxidation temperature escalation was reported to be delayed 
until the fuel rod temperature reached 1620'C.

Because of interest in air ingression phenomena for reactor accidern 
research has also examined oxidation in air environments. Publicati 
DRESSMAN and CODEX test programs (Reference 3) has providec 
on fuel rod and rod bundle behavior for air kinetics as well as data 0 
volatility. Early studies of zirconium oxidation in air (References 4ar 
compare isothermal oxidation and scaling of fresh samples to deterr 
different atmospheres and materials as well as to examine potential 
general observation is that, at least at higher temperatures(>iQOO0t 
hjiher in air than in steam. Another observation of the early studies 
conditions, oxidation in an air environment produced an oideiayeri 
that for steam owing to the possible instability of a nitride layer ben 
leading to scale cracking and a breakaway in the oxidation rate. Th 
the oxidation rate occurred at about 800°C after a time periodof 10 
performed by Evans et al(Ref. 4). As breakaw ayoidationoccurs tl 
observed no longer reflects a parabolic rate pndence but takes c 
Also, at lower temperatures the kinetics of re•otion indicate near cu 
the representation of the oxidation bela. t both high and lw ten 
rate dependence may ntroduce unnesr simplification and an u 
temperature behavior. Breakaway scali i isothermal test may 
behavior under transient heatup conditio ere initial oxidation oc 
and may involve steam oxidation. The prese ofhydrides in the c 
the potential for exfoliation a breakawa oxidation; the eff 
been seen more clearlv in rieti ducted with steam and high hv

recent 
of resu •ts from the& 

the transient c 
ation and 

ferformed to 
iflience of 
zards. The 
latidn irate i 
ýýr the same

or scale less protective than 
•tfPte outer oxide layer 

e onset iof this breakaway in 
hours in the studies 
eoxidation behavior 
na linear rate dependence.  

)ic rate dependence thus 
nperatures with a parabolic 
inderstatement of the low 
not translate to similar 

curs at lower temperatures 
;ladding may also increase 
ect of this has, however, 
'drogen concentrations.

Autoignition is known to occur in zirconim aloys and zirconium hydride, especially when clean 
metal at high te•perature (8000C) is u~i•enly exposed to air (Reference 8). The temperature 
of ignition is alsohighly dependent on the surface area to volume ratio. Generally, the 
mechanism ofabrupt exposure of hot zircalloy metal to an air environment is not applicable to 
spent fuel pool acidents where fuel rods are covered with a relatively thick oxide layer.  
However, if there iscad failure•by ballooning and burst (over a temperature range of 700
8500C) there"is potential for hot oxide-free metal to be abruptly exposed to air. In this instance 
though, the suf eaa volume ratio will be small and it is considered that the likelihood for 
any localized ignition to propagate is small.

V
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In the CODEX tests annular cladded fuel (in a 9 rod bundle) were heated with an inner tungsten 
heater rod to examine fuel degradation, with preoxidized cladding, in an air environment.  
Oxidation kinetics were evaluated as well as the oxidation of the fuel. In the CODEX AIT -1 test 
the early phase of the test involved creating a preoxidation using an argon-oxygen mixture.  
The intent was to achieve a controlled preoxidation at a temperature of 900-950°C, but it was 
reported (Ref. 3) that preoxidation was started at a slightly higher temperature than planned.  
What subsequently occurred was an uncontrollable temperature escalation up to approximately 
22000C before it was cooled with cold argon flow. After restabilization of the rods at 9000C air 
injection was started, electrical heatup commenced, and a second temperature escalation 
occurred. In the CODEX AIT-2 test, designed to proceed to a more damaged state, the 
preoxidation phase was conducted in an argon/steam mixture at 8200C and 950oC. ( a 
malfunction occurred during the preoxidation phase resulting in the admission of asmall air flow 
as well). No temperature escalation was seen during the preoxidation phase. Follwig the 
restabilization of the fuel rods, a linear power increase was started and atmperature excursion 
subsequently occurred.

In addition to examining relevant test data RES also looked at deter 
threshold for temperature escalation in an air environment by deterr 
generation from steam transient tests. In this exercise we posited tU 
generation rates, i.e., accommodating different reaction rates and d 
air and steam we should be able to predict the corresponding temr.  
based on temperature escalations seen in severe fuel damage tests 
Using this approach, the heat generation rate was estimated, a 
and the following equation for a rate constant in air: 

kP = 52.67 exp (-17597/T)

It was predicted that based on an escalation 
many of the steam tests) the equivalent heat 
temperature escalation at approximately 925 
identified in Reference 3 as the best fit for 
agreement to the temperature transient in th 
equation used in MEOwas selecef 
prediction of an escala mperatur 
with the observed behavior in the transient 
relative effect of oxidation aiw spe 
parabolic kinetics is routine in oxidationcalcu 
match with a wide spectru fepenta 
deviations from thatformulation h e 
reaction rate in air high, regardless ow 
point and distinguishing between the rate of

In assessiný 
temperature 
evaluate the 
leads to rea 
the fuel hea

iperature 
ation it is

ing

conduct 
ming pare

mperatu rbased 
valent heat • 
alent heat 
ts of reaction for 
,saation in air 
in steam.  

Dli• kintics, and

temperature of12000 C in steam (observed in 
generation rate in air would produce a 
' The above equatio. for air kinetics was 
eCODEX AIT testdata, i.e., it provided the best 
e peak position. For steam kinetics, the rate 
alculatintg~heheat generation rate. The 

ing this approach seems to conform quite well 
O tests and lends further credence to the 

temerature escalation. The assumption of 
lations and has been shown to provide a good 
data even though, over select temperature ranges, 
bserved. At temperatures above 900°C•, the 
.ther parabolic or linear kinetics is assumed at that 
escalation is unimportant for our purposes.

criterio for escalation of the oxidation process and subsequent 
necesary to reconsider the intended uses of the criterion: 1) to 
er which the fuel heatup, in the case of complete fuel uncovery, 
ierature at 10 hours and 2) to evaluate the decay time after which 
of complete uncovery will never exceed the temperature criterion.
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On balance it appears that a reasonable criteria for the threshold of temperature escalation in 
an air environment is a value of approximately 9000C. This value is supported by both limited 
experimental data as well as by inference from the more abundant steam testing data. While 
certain weight gain data indicate the onset of a break away in the oxidation rate at lower 
temperatures after a period of 10 hours this additional time period then exceeds the time 
interval for which the first use of the criterion is intended. With regard to the second use of the 
criterion, determination of the point at which severe fuel heatup is precluded, the onset of 
breakaway indicated in certain tests indicates that the temperature criterion should be lowered 
to 8000C. It is important to stress that, in both instances, the temperature criteria should be 
used together with a thermal-hydraulic analysis that considers heat generation (i.e., decay heat 
and zircalloy reactions) and heat losses. For the second use of the criterion, i.e., establishingrc 
threshold for precluding escalation, the analysis must demonstrate that heat lossesthrough 
convection, conduction and radiation, are sufficient to stabilize the temperature atthe value 
selected.

In the case of slow, complete draining of the pool or partial draining, 
to consider use of a higher temperature criterion for escalation, perh 
12000C. This would be appropriate if the primary oxidation reaction 
temperature criterion is relevant for the first intended use of the crite 
at which the temperature is not exceeded for 10 hours, however it iE 
a long term equilibrium temperature since over long intervals at sux* 
might reasonably expect significant fission product releases.

In addition to comments on the selection of an ignition tE 

related to the effect of intermetallic reactions and eutecti 
intermetallic reactions, the melting temperature of alumli 
poison plates in some types of spend fuel storage racks, 
aluminum can dissolve stainless steal and zirconium in a 
intermetallic compounds. In the spent fuel poolcronfigur 
with an oxide layer and unless, significant fresh metal sL 
there will be no opportunity to interract netallic zircalloy 
oxidized). Aluminum and steel will form an itermetallic 
(Ref. 5) which is above pera n sele

nIum, 
is ap 

n exo

n3

ith

the
ý as 1100 to 
steam. Such a.  
mining the point 
Dpnate for use as 
Derature one

taff re( comments
ions. vvan respeci to 
hichis a constituent in BORAL 
oxi•ntelyM 60C. Molten 
ermic reaction forming 
zircalloy cladding will be covered 
s exposed through exfoliation 
i.frum (which similarly will be 

und at a temperature of 11500C, 
iel damage.

Besides intermetallic coi 
reactor materials, e.g., A 
(16270C), steel-B4C (11 
important from the stan( 
storage racks and main 
reaction temperatires,i 
any additional terperati

utec

.6

taining a cc 
iowever it ( 
ure limit on

reations may take place between pairs of various 
Zrt'e •(937°C), Zr-Ag-In-Cd (12000C), Zr-B4C 
). Consideration of eutectics and intermetallics is 
on aswell as assuring the structural integrity of the 
onfiguration. Noting the eutectic and intermetallic 
appear that formation of these compounds imposes 
radation of cladding in an air environment.

Since the temperature criterion i ao surrogate of sorts for the subsequent release of fission 
products it is useful to consider the temperature threshold versus temperatures at which 
cladding may failand fission p'roducts be released. Cladding is likely to fail by ballooning and 
burst in the tem rature rang bof 700-8500C, resulting in the release of fission products and fuel 
fines. At burst, clean ZIrcalloy metal will also be exposed, leading to an increase in oxidation 
although the total amount of metal involved will be limited. Creep failure of the cladding at or
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above 6000C is also a possibility. This temperature limit is roughly associated with the 10 hour 
creep rupture time (565°C) which has been used as a regulatory limit. While failure of the 
cladding at these lower temperatures will lead to fission product release, such release is 
considerably smaller than that assumed for the cases where the temperature criterion is 
exceeded and significant fuel heatup and damage occurs. . Low temperature cladding failures 
might be expected to produce releases similar to those associated with dry cask accident 
conditions as represented in Interim Staff Guidance (ISG)-5. This NRC guidance document 
prescribes release fractions for failed fuel (2x10"4 for cesium, ruthenium and 3xl 0' for fuel 
fines). Use of these release fractions would reduce the offsite consequences dramatically from 
the fuel melt cases, early fatalities would be eliminated and latent cancer fatalities would be -• 

reduced by a factor of 100. As the temperature limit * increases from 6000C to 90 0 9C thereis 
some reason to believe that ruthenium releases would be increased based on ORNL testdata 
from unclad pellets. Canadian data indicate though, that in the case of clad fuel the ruthenium 
release did not commence until virtually all of the cladding had oxidized, this point it might be 
surmised that the fuel configuration would be more closely resembling.a debris bed thn intact 
fuel rods. Selection of a temperature criterion for fuel pool damage also depends on the 
intended use, i.e., whether it is intended as the criterion for the 10 hour delaybefore the onset 
of fission product release or whether it is being used as a threshold f•r•l... term fission prodct 
release. If the criteria is being used to judge when 10 hours are available for evacuation then it 
may be argued that a higher temperature could be adopted, one associated with the significant 
release of fission products,1200°C, since the release of fission produc.tsat lower temperatures 
will likely be small. However, in air it may be that the oxidation rate above 900'C is sufficient to 
reduce the additional time gained to reach 12000C to a relativelsmallamoun. Select•on of a 
temperature criterion for long term fuel pool integrity needsto consider that ruthenium release 
rates, in air, become significant at approximately 800';C based on the data of Parker et al.  
(Ref. 7). 1 1'

Selection of an acceptance criterion for preclu 
years, should also consider that ruthenium wit 
and that at 5 years cesium (and perhaps fuel1 
calculation. For these reasons RES believ 
completely drained condition (air environmn 
years pool degradattioshuld be ass 
an analysis needs tob pformed to ns 
condition can be established. While this 
substantial time available a 
recently loaded fuel. If short tie per 
equilibrium temperature criterion thet 
reconsideration of this value. ,

jr4 significant offsite release, after roughly 5 
a1,tyear half life will be substantially decayed 

is sucl'as plutonium) will dominate the dose 
tat the Ilng term viability of the pool, in a 
if it concerns time periods of approximately 5 
a temperature of approximately 800'C. Again, 
'te that at that temperature an equilibrium 
Iresult in an offsite release there would be 
oafter a 5 year decay time for the most 
)ds are proposed for achieving the long term 
ct of ruthenium releases would dictate

In summary, we conclude that for asseifig the onset of fission product release under transient 
conditions (toeblish the critical decay time for determining availability of 10 hours to 
evacuate) it is acceptable to usea temperature of 9000C if fuel and cladding oxidation occurs in 
air. If steam kinetics dominate the transient heatup case, as it would in many boildown and 
drain down sce nriosthena suitable temperature criterion would be around 12000C. For 
establishing long terequ4ilibrium conditions for fuel pool integrity during spent fuel pool 
accidents which preclude significant fission product release it is necessary to limit temperatures 
to values of 6000C to 8000C. If the critical decay time is sufficiently long (>5 yrs) that
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ruthenium inventories have substantially decayed then it would be appropriate to consider the 
use of a higher temperature, 800°C, otherwise fission product releases should be assumed to 
commence at 6000C. These cases are marked by substantial time for corrective action to 
restore cooling and prevent smaller gap type releases associated with early cladding failures.  

The degradation of fuel during spent fuel pool accidents is an area of uncertainty since most 
research on severe fuel degradation has focused on reactor accidents in steam environments.  
Because of this uncertainty we have tended to rely on the selection of conservative criterion for 
predicting the global behavior of the spent fuel pool. It is our recommendation that the 
modeling of spent fuel pool accidents be performed with codes capable of calculating the heat 
generation and losses associated with the range of accidents including phenomena associated 
with both water boiloff and air circulation. Further, the calculation of critical decay times for 
establishing both the validity of ad hoc evacuation and precluding fission productrelease must 
also include consideration of the exothermic energy of reactions (i.e., reactions with air and 
steam) with cladding or alternatively demonstrate that such energy contribution is negligibleien 
comparison to decay heat at that point. Severe accident codes, such as MELCOR, developed 
for modeling the degradation of reactor cores, would seem to be a reasonable approach fr 
analysis of integral behavior and would possess the general capabilitie for modeling liquid 
levels and vapor generation, air circulation, cladding oxidation and fission product release. Use 
of a severe accident code also facilitates the use of self consistent rmodlig nd assumptions 
for the analysis. The proper calculation of fission product releasesepnds in e part on 
the prediction of thermal hydraulic conditions. More detailed CFD modelin wve the 
calculation of boundary conditions for air circulation and could be used in conjunction with 
integral codes to better evaluate convective cooling. The kinti!csof ladding reactions should 
be confirmed with experiments designed to simulate the range of conditions of interest under 
steady state and transient heating. The experimentaldatabase on ruthenium releases under 
conditions applicable to spent fuel pool accidents isin•adequate and we are currently 
extrapolating data from conditions which tend tc maximize such releases.  

While there is uncertainty in the analysis of sent fuel degradation, especially for the conditions 
of air ingression, it is also true that elements o the analysis contain conservatism. The 
assumption of 75-100% release of ruthlen initiated at lower emperatures is based in large 
part on tests with bare fuel pellets, tesLtif cladded fuel indicates that the cladding acts as a 
getter of oxygen limiing release of ruthenium u h til virtually all of the cladding has oxidized.  
Further, before signif ickantrthenium rele occurs (in its more volatile oxide form) the 
surrounding fuel matrix mustbe urizd trransient heatup of a spent fuel pool with 
temperature escalation one wd expect the ruthenium release to follow the oxidation of the 
cladding at which point t re likely resemble a debris bed (the seismic event may 
also contribute in tht regard) limitig e o ase fraction. The competition between formation 
of hype rstoichiorpetric U0 2 and U30,my4 so limit the release fraction below that seen in the 
data. The use of a temperature criteonof 6000C to preclude significant fission product 
releases is conservative in that it is based on large part on data that discounts the effect of 
cladding to limitreleases. The cladding failures at low temperatures will still allow substantial 
retention of fuel fines and the presence of unoxidized zircalloy will prevent formation of volatile 
forms of ruthenium. More prototypic experimental data on releases under these kinds of 
conditions mrr re that t• e onset of significant releases, especially ruthenium, would not 
occur under spent fuel pool accident conditions until fuel rod temperatures reached much 
higher temperatures associated with complete oxidation of the cladding.
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Use of the hottest fuel assemblies to predict global release of fission products from the entire 
spent fuel inventory is a significant conservatism as well. Transient fuel damage testing 
indicates that at temperature escalation not all of the rod bundle undergoes rapid heating, 
cooler regions can avoid the oxidation transient. Prediction of the propagation of the 
temperature escalation to the cooler regions of the pool needs to be carefully examined to see 
if significant benefit can be gained, at a minimum it will lengthen the period of fission product 
release reducing the concentration of activity in the plume of fission products for offsite 
consequence analysis.
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