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1.0 INTRODUCTION 

The calculations in this document address the design basis accidents (DBAs) and beyond 
DBAs to support the analyses in the final safety analysis report for the Canister Stbrage Building 
(CSB). The objective is to determine the maximum quantity of radioactive particulate available at 
the CSB and to use that quantity to determine the amount of radioactive material that could be 
released during accidents. The radioactive material released is used to determine dose 
consequences to specific receptors. The dose consequences are compared with the appropriate 
evaluation guidelines and release limits to ascertain the need for preventive and mitigative 
controls. 

1.1 DESIGN BASIS ACCIDENT SELECTION 

The hazardous conditions identified by HNF-SD-SNF-HIE-00 1, Canister Storage Building 
Hazard Analysis Report, have been used to select candidate accidents for more detailed analysis. 
The general selection criteria used were consistent with the guidance provided in 
DOE-STD-3009-94, Preparation Guide for US. Department OfEnergy Nonreacior Nuclear 
F a d @  Sufety Analysis Reports: "The range of accident scenarios analyzed in a SAR should be 
such that a complete set of bounding conditions to define the envelope of accident conditions to 
which the operation could be subjected are evaluated and documented. " 

The selection of candidate accidents was based on characterizing risk from, and developing 
controls for, a representative set of hazardous conditions. A hazardous condition is generally 
considered to be representative of other hazardous conditions if it has similar release 
characteristics and involves similar initiators. Hazardous conditions that represent the most 
severe consequences and the highest risk (a combination of frequency and consequences) within 
each set of representative hazards have been selected as candidate accidents for further analysis. 
The representative hazardous conditions bound conditions with lesser but similar potential 
consequences; represent the highest risk; or, while not necessarily bounding, present some unique 
but important phenomenological challenge to system safety. The accident selection process 
comprises five steps. 

1, Initial screening. Hazardous conditions with unmitigated offsite consequences or 
onsite, collocated worker consequences are considered for representative accident 
selection through a ranking of relative, overall (frequency and consequences) risk, 

Assignment of release attributes. Each hazardous condition is described with certain 
release attributes (event initiatives and release forms) related to uncontrolled release of 
the material at risk. At least one candidate accident is selected to represent each 
unique set of release conditions. 

Creation of hazardous material release bins. M e r  assigning release attributes, the 
hazardous conditions are collected to form release categories, or "bins." All hazardous 

2. 

3. 
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conditions with common initiators and release forms are grouped and ranked by 
estimated consequence and frequency. Representative and bounding accidents are 
chosen to represent all the hazardous conditions within a particular bin. 

Selection of representative bounding hazardous conditions for each release attribute 
category Within each release attribute bin, the most severe hazardous condition is 
selected. These accidents are the representative and bounding accidents selected for 
further quantitative analysis as DBAs. 

Selection of unique hazardous conditions. Hazardous conditions are selected to 
represent additional unique causes within each release attribute bin. This is done to 
support development of controls for accidents with similar consequences but with 
different causes. 

4. 

5. 

The hazardous conditions are grouped by candidate accident to facilitate incorporation of the 
information and conclusions from the accident analysis into the hazard analysis results when 
considering controls and hazard classification. An initial set of safety features that would serve to 
prevent or mitigate the postulated accident scenarios are identified in the hazard analysis, with a 
final set of safety features identified in the final safety analysis report. The hazard evaluation 
ranking performed in the hazard analysis identifies hazards and associated events that pose a 
challenge to offsite and onsite radiological dose evaluation guidelines. This ranking is used to 
select unique and representative accidents with sufficiently high risk estimates for further detailed 
quantitative evaluation as DBAs. Each of the DBAs analyzed represents a bounding case for a 
category of hazards and accidents. SNF-4042, Evuluution ofAccideni Freqzw1cie.7 ut the 
Cirnister Storage Building, documents the derivation of the DBA frequency range. 

The list of six candidate DBAs resulting from the hazards binning process for the CSB 
facility is presented in Table 1-1. Chapters 2.0 through 7.0 describe the analyses ofthese 
accidents. 

Chapter 2.0 Mechanical Damage of Multi-Canister Overpack 

An MCO, or the cask-MCO combination, subjected to an accidental drop, 
impact, or shear of sufficient magnitude could be damaged such that the 
MCO is breached or its internal geometry is compromised. Several 
potential accidents at the CSB that could damage the MCO with 
mechanical forces were identified in the hazard analysis. Three 
classifications of accidents were evaluated: drop of the MCO or 
cask-MCO, shear of the MCO by the MHM, and impacts to the MCO 
other than drops and shears. The unmitigated radiological offsite doses for 
all mechanical damage events are below the offsite release limits while the 
onsite doses are within evaluation guidelines for unlikely events 
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Table 1-1. Binned Listing of Candidate Accidents. (2 sheets) 

Ri\k rmhng' Candid& n o d e n t  

Mectuurlcal damage of MCO (Chapter 2 

Possihle mechanicdl damdge of 
MCO due to d drop 

I<eled,e or change 
energyb Retercncr designdtw 

Possible mechanical damage of 
MCO due to a shear 

7 
7 
I 
7 
I 
5 
5 
5 
5 
5 
5 

Possible mcchilnical damage of 
MCO due to an impact othcr than 
drop or shear 

Low 
Mcdium 
Medium 

Low 
Low 
LOW 

Imw 
Low 
Low 
I ,ow 
I ,ow 

Gaseous release from tbe MCO (Chapte 

Pressunzed reledsc h m  MCO 

5 
5 
5 
5 
- 
- 
- 
- 
- 

MCO internal hydrogen deflagration (Cl 

Hydrogen deilegmtion 

Medium 
Medium 
Medium 

Low 
Medium 
Medium 
Medium 
Medium 
Medium 

Medium' 

Medium' 
Medium' 
Medium 

I 

TV-Ci-13 
SA-G-I3a, -13b, -13c, -13d, 

OA-(i-I3c, 13d 
WS-(i-I3e, 13b 
SA-G-IDf, 13g 
OA G-13b 
OA-Ci- 138 

-13e 

SA-E-07 
SA-F-05 
SA-I;-07h, -07c 
OA-E-07 
WS-E-07 
SA-F-07d 
SA-I?-07r 
OA-F-07a 
OA-P-07h 
WS-F-07a 
WS-F97h 

Mcdiurn WS-Ci-Odb, -06b, -07b 
Mcdiuni WS-F-02, -05 

IIigh WS-H-OGd, -07, -1 1 
WS-F-Oh 

Medium 

Iter 4.0) 
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Table 1-1. Binned Listing of Candidate Accidents. (2 sheets) 

Candidatc accident Retiirence designator Releasa or change 
cnergyb Risk ranking" 

I I I I I 
"The risk ranking is derived tiom methodology found in DOE-SrD-300')-94, Prepuralion GuidrJbr 

US. Department ojEnergy Nunreactor Nuclear Facility Saji@ Analysis Reports, which cornelates the 
cunsequenctAkpency pairs assigned hy "i-SD-SNF-HIE-00 1, Canister Storage Building Hazard Analy.cis Report, 
to a single-scale risk ranking using a figure reproduced in Figure 3-1 of HNF-3553, SpenliVuclcar Fuel Project Final 
Safety Analysis Report. Events identified by a dash (-) were considered S 1 events in the hazard analy 
initially considcred ofparticular concern to the SNF Project and therehre were to he evaluated in more detail. 

DOE-SID-3009-94. 

falling into the cask receiving CIS samplingiweld pit with impact absorbers present; fdlling into thc tube with impact 
absorbers present was virwcd as higher encrgy than Filling into the cask rccciving or sampliii@weld pit with an impact 
absorber present. 

"Bchrc detailed amnlysis wils pcrfomied, the h a r d  evalwiCion identified WS-H-0613 tis a smicws harard to he 
evaluated. Subsequent detailed analysis has shown that thermal runaway rractioiis are not posssihle at the CSB given 
limitation of water and resulting teniprrature. 

MCO = multi-canister ovespack 

Definition and use of energy rcleasr categories (high, medium, low) are based on guidance and examples in 

'Encr~y was considered that could damage an MCO - falling nnto the deck wils viewed as higher energy than 
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Chapter 3.0 Calculations for Gaseous Release from the Multi-Canister Overpack 

Events that may result in releases of radioactive material to the CSB facility 
from the uncontrolled release of the MCO’s internal gas pressure were 
evaluated. A pressurized gaseous release would lead to entrainment and 
release of fuel particulate from the MCO and the creation of a radiological 
hazard. Several potential accidents at the CSB that could lead to a gaseous 
release were identified in the hazard analysis, including overpressurization 
caused by radiolytic decomposition and gaseous release caused by sampling 
system failure or operator error during sampling and backfilling operations. 
The unmitigated radiological offsite doses from all credible gaseous release 
events were calculated to be below the offsite release limits while the onsite 
doses were within evaluation guidelines for events in the anticipated 
category. 

Calculations for Multi-Canister Overpack Internal Hydrogen Explosion 

Events were evaluated that could lead to the formation of flammable 
mixtures of hydrogen and oxygen within an MCO, which if ignited, could 
result in a deflagration inside the MCO. Several potential accidents at the 
CSB that could lead to an internal hydrogen deflagration were identified in 
the hazard analysis, including radiolytic decomposition of oxygen- 
containing compounds, introduction of oxygen into the MCO during 
recharging at the sampiing/weld station, and ingress of oxygen following an 
MCO breach. The unmitigated radiological offsite doses from all internal 
hydrogen deflagration events were calculated to be below the offsite 
release limits while the onsite radiological doses were within evaluation 
guidelines for events in the unlikely category. 

Chapter 4.0 

Chapter 5.0 Calculations for Multi-Canister Overpack External Hydrogen Explosion 

Events were evaluated that could lead to the release of hydrogen from the 
MCO. The uncontrolled release of hydrogen could result in the formation 
of flammable mixtures of hydrogen and oxygen outside an MCO, which if 
ignited, could result in a deflagration. Several potential scenarios at the 
CSB that could lead to  an external deflagration were identified in the 
hazard analysis, including deflagrations at the sampling/weld station, 
MHM, and storage tube. The unmitigated radiological offside doses from 
all credible external hydrogen deflagrations events were calculated to be 
below the offsite release limits while the onsite doses were within 
evaluation guidelines for events in the anticipated category. 
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Chapter 6.0 Calculations for Thermal Runaway Reactions Inside the Multi-Canister 
Overpack 

A thermal runaway reaction is only possible in an MCO containing 
extremely high temperature fuel and excessive amounts of water. The 
accident evaluations for this DBA demonstrate that a thermal runaway 
accident is not credible at the CSB provided the he1  is properly loaded into 
the MCO at the K Basins and the dryness tests at the Cold Vacuum Drying 
Facility (CVDF) are satisfied. No release results from this event and the 
offsite release limits and onsite evaluation guidelines are satisfied. 

Calculations for Violation of Design Temperature Criteria 

The hazard analysis identified the scenario for this accident as one in which 
the MCO and the safety-class CSB concrete structures could exceed their 
design temperatures due to a lack of cooling. The MCOs and CSB have 
been designed to provide sufficient heat transfer from the MCO so that 
unacceptable high temperatures will not be reached during normal handling 
and storage of the MCO at the CSB. Evaluation of the DBA demonstrates 
that situations in which a reduction in normal heat conduction causes 
overheating are precluded by the design of facility features such as the CSB 
vault and intake and exhaust structures. The accident is prevented and 
offsite release limits and onsite evaluation guidelines are satisfied 

Chapter 7.0 

The consequences associated with each of the six bounding DBAs are summarized in Table 1-2 
SNF-4042 contains frequency calculations for DBAs. 

1.2 ACCIDENT ANALYSIS 

This section presents the methodology used to develop the potential accidents that are 
described in Chapters 2.0 through 7.0. The accident analysis for each DBA starts with a 
description of the accident scenario with the major assumptions identified. The accident source 
term is then determined. Once a source term has been determined, onsite and offsite 
consequences are calculated for the atmospheric transport pathway. These consequences are then 
compared to evaluation guidelines for onsite consequences or release limits for offsite 
consequences for the identification of safety-class SSCs and TSRs. 
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Accident catcgory 

Mechanical damage oFMCO 

(iaseous release from MCO 

MCD internal hydrogen 
dcllagration 

Table 1-2. Summary of Consequences for Bounding Design Basis Accidents. 
I Offsite conseauences I Onsitc ciinseoucnces 1 

Evilluation 
Unmitigated guideline [~Jnniitigated 

Chapter Kclease limit 
(rem) and 
frequency (rcrn) (rcm) ilnd ( 1 4  

liequency 

2.0 5.0 2.2 E-03 IO 1.9 
(unlikcly) (unlikcly) 

3.0 0.5 5. I E-05 I .0 4.5 E-02 
(anticipated) (anticipated) 

4.0 5.0 3.4 E-03 I O  3.0 
(uilikelyj (unlikely) 

MCO external hydrogen 

MCO thcrmal runaway 

dctlagration 

reaction 

Violation of design 
teniprrature criteria 

5.0 0.5 4.3 E-04 1.0 0.38 
(anticipated) (anticipated) 

6.0 - Beyond - ncyoIld 
extremely extren1ely 
unlikcly unlikely 

7.0 - Hcyond - Hcyond 
extroinely extrcmely 
unlikely unlikcly 

1.2.1 Source Term 

The bounding source term used for the accident analyses is based on data for the fuel in the 
K East and K West Basins given in HNF-SD-SNF-TI-009, IO5-K Basin Material Design Basis 
Feed Dt..scuiption,fi)r Spent Nuclear Fuel Project Facililies. HNF-SD-SNF-TI-009 defines an 
inventory for safety analysis by considering inventories of Mark IV, Mark IA, and single-pass 
reactor he1 in the K Basins. High-burnup Mark IV fuel, the fuel type that results in the highest 
estimated radiological dose to people exposed to the material, was selected as the bounding 
inventory from the radiological dose perspective. Nuclear accountability records give the basis 
for the quantity, exposure variation, and decay time variation of the stored fuel. The radionuclide 
inventory was estimated from these data. 

The MCO contains finely divided particulate material associated with oxidation of the fuel. 
This material includes an oxide layer on the fuel and particulate remaining on fuel surfaces and in 
crevices after fuel washing and racking into the MCO as well as expected increases in oxidation 
products that occur during queuing at the K Basins and processing at the CVDF. The particulate 

snf-3328.01 1-7 March 2000 



SNF-3328 REV 2 

inventory of the MCO dominates the airborne release. The radionuclide inventory of the sludge 
also is based on the high-burnup Mark IV fuel. 

In calculating consequences in safety analysis, a number of phenomenological uncertainties 
are usually associated with the calculation factors. While it is not appropriate to ignore these 
uncertainties and use only best estimates, it also is not appropriate or meaningful to compound all 
the uncertainties and use an ultraconservative result that has no real practical meaning. The 
following approach has been developed to acknowledge the individual uncertainties in the 
calculation factors and to combine them into an overall uncertainty factor that can be applied to 
the best-estimate results to arrive at a bounding value at a predetermined confidence level. 

Uncertainty (or error) factors and best estimates that are conservative but credible can he 
developed for many of the variables used in accident analyses. Multiplying each best estimate by 
an error factor yields a bounding value for that factor. If the uncertainties in all these factors are 
multiplied together, however, the result is unrealistically high because it is exceedingly unlikely 
that all these factors would simultaneously be at their most pessimistic hounding value. 
Therefore, a better approach is to calculate a source term using nominal (or median) values of the 
uncertain parameters and apply an appropriate uncertainty or error factor to the result. The 
method for combining uncertainty factors to arrive at an overall upper bound value is developed 
in the following paragraphs. 

Assume a Lognormal Distribution for Each Variable. An upper bound value for a 
variable derived as the product of a number of other parameters can be determined using a simple 
sum-of-the-products-of-the-factors model. By using lognormal distributions, error factors for 
each of the individual variables can he combined into an overall error factor to obtain an upper 
bound value (e.g., 95th percentile). 

The usefulness of the lognormal distribution comes from the central limit theorem, which 
states that the product of n independent random variables is a lognormally distributed random 
variable for large n (Apostolakis 1974). For example, the MAR is treated as the product of a 
number of processing parameters, such as fuel surface area, reaction rate, and processing time. It 
is therefore reasonable to describe the MAR as a variable with a lognormal distribution. 

The ratio of the upper bound value to the median value (Le., 50th percentile) is the error 
factor. The application of this type of hounding error factor is sufficiently conservative for 
determining the hounding consequences for an accident analysis as well as for comparing with the 
radiological evaluation guidelines and release limits. 

Identify Nominal and Bounding Values and Assign a Percentile to the Bounding 
Value, For each identified parameter of the product used in the calculation, an estimate of the 
nominal or median value, X,,), (i.e,, the value with 50% chance of being exceeded) is determined. 
An estimate of the upper hounding value, say X,,, (i.e., the value with 5% chance of being 
exceeded) also is identified. An error factor is calculated by dividing the bounding value by the 
nominal value ofthe parameter (Le., EF = X95s/X500h). 
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Calculate the Standard Normal Variable for Each Percentile. A confidence level is 
assigned to the bounding value for each identified parameter. The standard normal variable 
corresponding to the 95% confidence interval is 1.645. It would be 1.0 for the 84% confidence 
level, 1.28 for the 90% confidence level, and 2.32 for the 99% confidence level. 

Estimate the Overall Median. The overall nominal value is the product of the individual 
nominal values. 

Estimate the Overall Error Factor. The overall error factor for the 95% confidence level 
is the natural antilogarithm of the product of 1.645 times the square root of the sum of the 
squares of the natural logarithm of the individual error factors. 

Estimate the Ninety-Fifth Percentile Upper Bound. The 95% upper bound value is the 
product of the overall nominal value times the overall error factor. 

The use of this method to estimate the bounding value is a reasonable approximation for 
estimating uncertainty. This method is rigorously correct when (1) the consequence is a product 
of independent factors, (2) the factor uncertainties can be approximated by the lognormal 
distribution, and (3) the uncertainties in these factors are uncorrelated. In the CSB accident 
analyses, this method is applied to the terms used to calculate the accident source terms. This 
results in a 95% confidence source term, which is still highly conservative when combined with 
bounding meteorological conditions, dose conversion factors, and the other dose parameters to 
which this uncertainty methodology was not applied. 

In the following example, this method is applied to determining the amount of particulate 
suspended inside an MCO by the shock impact of an MCO drop. The estimated amount of 
suspended material depends on the airborne release fraction (ARF), respirable fraction (RF), the 
MAR, and the leak path factor (LPF). Statistical descriptors for each of these quantities are 
estimated from the literature or from SNF Project documentation as appropriate. 

If an MCO were dropped, the impact of the drop would shock and suspend some amount of 
particulate matter within the MCO. Unless the MCO were also breached, none of this material 
would be released. However, for a breached MCO, the gas from the blowdown of the MCO 
would carry some fraction of the suspended material outside the MCO. The amount of respirable 
particulate released can be estimated using the following equation: 

Weld = ARF RF MAR L P F M C O  

where 

WCld = mass of material released 
ARF = airborne release fraction 
RF = respirable fraction 
MAR = material at risk 
LPF,,, = leak path factor for MCO. 
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The ARF is the fraction of the particulate powder inside the MCO (UO, particulate) that is 
suspended by the drop. The RF is the fraction of the suspended powder that is respirable. 
DOE-HDBK-3010-94, Airborne Release FractiondRaies and Respirable Fractions/Ratesfi,r 
Nunreactor Nuclear Fucilities (Section 4.4.3.3, “Impact”), provides a measured median ARF of 
4 x 

bounding ARF is 1.0 x 

(assumed to be the 95th percentile). The resuspension of material in the MCO, either by drop 
impact, MCO handling, or internal or external hydrogen deflagrations, is assumed to use these 
bounding values. 

and RF of 0.2 from the impact of structural debris on powder. The recommended 
used in conjunction with an RF of 1.0, as the bounding value 

The approximate time needed for the particulate to settle following an impact can be 
determined using a Stokes settling equation for a tranquil gas. For the gas and particulate in the 
CSB scenario, the terminal settling velocity of the particulate and then the time required to settle 
may be described by (Hinds 1982, Equation 3.13): 

where 

V,,, = terminal settling velocity (cnds) 
pp = particle density (g/cmS) 
d = particle diameter (cm) 
g = gravitational constant (cds’) 
q = viscosity of air (dynsicm’) 

and 

where 

T,,,, = time required to settle (s) 
H = settling height (cm). 

For 1-pm-diameter particulate of density 5 g/cm’, the terminal settling velocity is given by 

V,,=(5g/cm3)(l x 1 O ‘ ~ m ) ~ ( 9 8 0 c m / s ~ ) / ( 1 8  x 1.81 x 10‘‘P)=0.015cm/s 

The corresponding time to settle a characteristic length of 2 ft in an MCO is 

T,,, = (2 ft) (30.48 c d R )  / (0.015 cnds) = 4,100 s -- 1.1 h . 
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For particulate larger than 1 pm in diameter, the settling time will be less than that calculated for 
1 pm, One or two hours after the impact, the particulate will have settled so that it must be 
resuspended before it could be released. 

The amount of material available for release depends on the amount of particulate mass 
generated in the MCO during processing. This quantity is a hnction of processing times and 
temperatures as well as of the condition of the he1 in the MCO (e.g., exposed surface area of 
hel) .  HNF-SD-SNF-TI-015, Spent Nuclear Fitel Project Technical Datahook, provides two 
estimates of this quantity: one for the safety basis, which is considered the bounding value, and 
the other for the design basis, which is considered the nominal value. When the MCO is received 
at the CSB, the safety basis value is 26.3 kg UO, (23.1 kg uranium) and the design value is 
0.613 kg UO, (0.54 kg uranium) (HNF-SD-SNF-TI-015). After 40 years of storage at the CSB, 
the safety basis value is 34 kg UO, (30 kg uranium) and the design basis is 2. I kg UO, ( I  .85 kg 
uranium) (HNF-SD-SNF-TI-015). The 40-year design basis value is used as the nominal value 
and the 40-year safety basis value is assumed to he the 99th percentile value. 

The pressure in the MCO at the start of the hlowdown determines the fraction of the 
suspended particulate that is released. The initial pressure varies from 1 .SO atm (corresponding to 
the helium fill  pressure of 22 Ib/in2 absolute at the CVDF) to a maximum pressure of 5.2 atm (as 
defined in the Technical Databook [HNF-SD-SNF-TI-O15]). To allow for some additional 
margin in the calculation, a pressure of 2.0 atm is considered nominal (50th percentile) and 
corresponds to an LPF of 0.5, while a pressure of 6.0 atm is considered bounding 
(95th percentile) and corresponds to an LPF of 0.83. 

Table 1-3 shows factors used in calculating the overall bounding value of material 
suspended, 1.2 g. If the individual bounding values for each of the factors were to be multiplied 
together, the product of the individual bounding values is 25 g. This is equivalent to an 
uncertainty or error factor of over 330 (equivalent to a confidence level of 99.97%) compared 
with the calculated uncertainty factor of 15.7 (for the 95th percentile). This methodology is 
applied to the calculation of the source term for each of the DBAs as appropriate. 

For both the onsite and offsite receptors at all accident frequency categories, the 
radiological effects are greater than the toxicological effects of an airborne emission. Therefore, 
the toxicological consequences of the postulated airborne releases will not require mitigating 
features beyond those required by the radiological consequences. 

No routine chemical processes will be conducted in the CSB. Purging and backfilling the 
MCOs will involve the use of an inert gas (helium). Some chemicals, such as those used for 
equipment decontamination, may be used occasionally according to HNF-SD-SNF-CM-00 I ,  
Spent Nidear Fuel Project Configrafion Management P l m  However, there are no chemical 
inventories of concern for safety analysis considerations. 
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Factor 

MAR 

ARF 

RF 

Table 1-3. Example of Input Factors and Calculation for Determining Release of 
Particulate Suspended in Multi-Canister Overpack by Shock Impact. 

Individual Individual bounding values 
median I EF In(EF) In(EF)/SNV 
values Bounding Percentile SNV” 

1.85 kg U 30 kg U 99 2.326 16.22 2.79 1.198 

4.00 E-04 1.00 E-03 95 1.645 2.50 0.92 0.557 

0.20 1.00 95 1.645 5.00 1.61 0.978 

Overall EF(95%) = exp(l.645 x square root {sum of [In(EF)/SNV]‘}) 

Overall median = product of the individual median values 

Overall bounding (95%) = EF(95%) x overall median 

Product of individual bounding values 

I LPF,,.,,” I 0.50 I 0.83 I 95 I 1.645 I 1.67 I 0.51 I 0.311 I 

15.7 

7.4 E-02 g 

1.2 g 

25 E 

I Square root {sum of [In(EF)/SNV]’} I 1.673 I 

Percentile of product of individual bounding values I 99.97 
T h e  standard normal variable corresponding to the 95% upper cankidcncc limit isl.645. Far the 99% upper 

bLPF,,, = (MCO pressure - 1 atm) I (MCO pressure). At a nominal MCO pressure 0f2.0 atm, thc LPF,,:, is 
confidence limit, the corresponding value is 2.326. 

0.5, and at a hounding MCO pressure of 6.0 atm, the LPF,,, is 0.83. 

AF5 = airborne release fraction. 
EF = emx factor (i.e., hounding value divlded by nominal value). 
In(EF) = natural log of EF. 
LPF = leek path factor. 
MAli = material at risk. 
MCO = multi-canister wcqmck. 
1- = rcspirliblc liaction. 
SNV = standard nonnal variahlc. 

1.2.2 Consequence Analysis 

Radiological inhalation dose consequences for each accident analyzed are based on the 
following factors: 

0 

0 Material at risk (MAR) 

0 Respirable fraction (FW) 

Mass of respirable airborne material released (M) 
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Airborne release fraction (ARF) or airborne release rate (ARR) and exposure 
duration 

Leak path factor (LPF) 

Atmospheric transport factor ( x lQ)  

Breathing rate (BR) 

Dose per unit mass of uranium (UD). 

Some of these parameters are CSB-specific and are discussed below; others are based on common 
methods, assumptions, or methodology for the SNF Project and are fully described in Chapter 3.0 
of HNF-3553, Spent Nuclear Fuel Project Final Sujity Analysis Report. 

The mass of respirable airborne material released (M) is determined by the specific CSB 
accident scenario. The quantity (M) is a hnction of the MAR, the ARF or ARR and RF, and the 
LPF of any passive structural enclosure that may cause deposition of an airborne release before 
the release enters the atmosphere. The LPF is based on a time-integrated calculation of aerosol 
deposition within and release from an enclosure of given dimensions with specified leakage area, 
pressure, and temperature differentials. The specific value of each parameter is determined in the 
individual DBA analysis and based on the physical phenomena of the accident; thus they are 
specific to CSB. 

The atmospheric transport factor (xlQ') is based on specific release conditions 
(e.g., ground level or elevated, long or short duration) and the receptor's distance from the 
release. While the methodology is common to the SNF Project, the atmospheric transport factor 
is the time-integrated normalized air concentration at the receptor's location, which is a measured 
distance from the CSB. The transport factor includes the dilution of an airborne contaminant 
caused by atmospheric mixing and turbulence. The air transport values used in this report have 
been generated using GXQ, which is described in WHC-SD-GN-SWD-30002, GXQ I'rogrum 
liser's Guide. GXQ is a FORTRAN program for calculating atmospheric dispersion using site- 
specific wind data. It uses the Gaussian straight line model for both instantaneous and continuous 
releases. Several models are available that modify parameters within the Gaussian plume model to 
account for phenomena such as plume depletion, building wake, plume meander, gravitational 
settling, and plume rise. The building wake model from NRC Regulatory Guide 1.145, 
Atmospheric Dispersion Modelsfor Potential Accident Comeyuence Asse.s.smerits ut Nuclear 
Power Plunts, was use to model CSB building effects (see Appendix IA for GXQ input and 
output data used in building wake calculation). The treatment of site wind data is also subject to 
user controls to allow various frequencies of exceedance to be computed. GXQ is intended to be 
used by individuals who understand the limits and applicability of the models implemented. 
According to WHC-SD-GN-SWD-30003, GXQ Program Verfication und Vtrlidution, the 
program has been tested and verified to implement its calculational models correctly. Table 1-4 
contains the atmospheric transport values used to determine onsite and offsite consequences. 
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Receptor location description 
Air transport factors" 

Acute 
Less than 1 hour" 

I Onsite worker (1 00 m) I 3.41 E-02 I 

Highway 240 (9,280 m W) 

Onsite worker (100 m) I 1.14 E-02 I with buildine wake effect 

2.36 E-05 

"nits for these values are seconds per cubic meter. In 2111 cases the releases iii-e assumed to 

"No acijusliiient fcx plume meaiider (1F-SD-SNF-TI-059, IYYY,A Ui.~clrssion o n  the 
he point sources at ground level to maximize the dose consequences. 

Methodolorn for Culcirluting Hudiologicul und ~ < I \ . i C O / f J g i C U ~  (lonsequencrs fhr the .Spent Nuclrur 
Furl Prqirct ut the HanfordSite, Rev. 2, Fluor Daniel fldnli,rd, Incoqiorilted, Richlaid, 
Wdshin@on.) . 

Atmospheric transport factors were calculated using methods found in NRC Regulatory 
Guide 1.145. In each wind direction the observed frequencies of particular wind speed and 
stability class combinations were used to compute x/Q'. For the accident analysis, the higher of 
either the 99.5% sector-dependent or the 95% overall value was used. This was repeated for all 
16 compass directions to determine the worst-case location. 

Exposures to the collocated worker onsite are calculated for the individual at the 100-m 
location. The risk evaluation guidelines apply to this individual. For assessment purposes, DOE 
has directed in Letter 96-SFD-113, Clar!fication ofSite Boundary,for Spent Nuclear FiLel 
Project (SNFP) Work in 0; near K Basins (Sellers 1996), that the Hanford Site boundary be 
considered the location of the offsite receptor. Consequences for a receptor located on 
Highway 240 are included for information only. 

None of the accidents analyzed in this document adjusts the air transport factors for the 
elevation of the release above ground level (the stack is not high enough relative to the operation 
building to justify using elevated release). It is always conservative to ignore stack effects 
because the stack effect serves to disperse the release such that the collocated worker and the 
offsite receptor will receive a lower estimated dose if the effect is included. As an additional 
conservatism, all accidents were evaluated using the air transport factors calculated for less than 
1 hour as provided in HNF-SD-SNF-TI-059, A Discussion on the Method(~lo~y,for Calculating 
Radiological and Toxicological (.'onsequences for the Spent Nuclear Fitel Project at the Hailford 
Site. Section 1.4.1.2.8 of HNF-3553 provides additional information on the calculation ofthe air 
transport factors. 
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The breathing rate (BR) depends on individual activity factors and exposure duration. This 
methodology is common to the SNF Project facilities and is described in Chapter 3.0 of the SNF 
Project FSAR 

The dose per unit mass of uranium (UD) is the 50-year dose commitment for all relevant 
exposure pathways per gram of uranium released (HNF-SD-SNF-TI-059). The major radiation 
exposure pathway for the identified accidents is inhalation of radioactive material. This 
methodology is common to the SNF Project facilities and is described in Chapter 3.0 ofthe SNF 
Project FSAR. 

The dose per unit intake is the 50-year dose commitment for all relevant exposure 
pathways per gram of radioactive material released (HNF-SD-SNF-TI-059). The major radiation 
exposure pathway for the identified accidents is inhalation of radioactive material. Dose 
contributions from the submersion pathway were calculated and found to be negligible with 
respect to the total dose for the radionuclides of interest (HNF-SD-SNF-TI-059). Doses from 
groundshine also are expected to be negligible because most of the radionuclides of interest are 
alpha emitters. Therefore, the doses from groundshine and submersion are not included in the 
radiological dose calculations. 

Potential doses from the ingestion pathway are not considered because DOE, state, and 
federal emergency preparedness plans limit ingestion of contaminated food in the event of an 
accident. DOE/RL-94-02, Hunford Emergency Response Plan, governs emergency response for 
all Hanford Site facilities. The primary determinant of exposure from the ingestion pathway is the 
effectiveness of public health measures (i.e., interdiction) rather than the severity of the accident 
itself Ingestion, if it occurs, involves a relatively slow-to-develop pathway and is not considered 
an immediate threat to an exposed population in the same sense as the inhalation pathway. In 
addition, calculations in HNF-SD-SNF-TI-059 show that the contribution of ingestion to the total 
dose is negligible compared to the inhalation contribution. 

Table 1-5 shows the composition of the K Basins fuel used to determine the committed 
effective dose equivalent per gram of respirable release. Nuclides with minor contributions (less 
than 0.1 mredg)  are not shown. lsotopes of plutonium, americium, and curium constitute 99.5% 
of the total inhalation dose. The specific dose for the safety analysis inventory is 
4.38 x 1 Os r e d g .  The values shown for the dose per unit respirable radioactive material inhaled 
(UD) are the product of the activity and the dose conversion factor found in EPA Federal 
Guidance Report Number 1 I ,  Limiting Values ofRadionuclide Intake and Air Concentration and 
Dose Conversion Factors for Inhalation, S~ihmer.~ion, and Ingestion. The dose conversion factor 
for tritium was increased by 50% to account for skin absorption (ICRP Publication 30). The 
committed effective dose equivalent for ”Kr is the submersion dose factor from EPA Federal 
Guidance Report Number 12, Manual of l’roteclive Action Guides andl’rotective Actions for 
Nuclear Incidents, divided by the light activity breathing rate. 
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Radionuclide 

?H 

Table 1-5. Composition of K Basins Fuel and the Dose per Unit of Intake. (2 sheets) 

Activity CEDE per unit intake" 
(Ci/MTU)" ( r e d d  
2.61 E+OI 2 5 E-03 

"Kr 
"ISSr' 

"Tc 

I I T  I 5.53 E-01 I 1.2 E-03 I 
~~ 

3 70 E+02 4 9 E-04 

6 93 E+03 1 7E+03 

2 19 E+OO 1 8 E-02 

I 2.09 E+OO I 4.6 E-01 I "ICo I 

Is4Eu 

Is5Eu 
2 3 4 ~  

2 3 5 ~  

2 3 h U  

1.13 E+02 3.2 E+01 

1.06 E+01 4.4 E-01 

3.84 E-01 5.1 E+01 

1.27 E-02 1.6 E+OO 

7.16 E-02 9.0 E+OO 

I 2.78 E+OO I 4.3 E+OO I LlhCd I 
I '34cs 6.47 E+OO I 3 0 E-01 I 

137csc  I 9.66 E+03 I 3.1 E+02 I 
I 14'Pm I 1.09 E+02 I 4.3 E+OO I 
I '"Sm I 1.02 E+02 I 3.1 E+OO I 
I '"Eu I 8.45 E-01 I 1.9 E-03 I 

2 3 X ~  I 3.31 E-01 I 3.9 E+01 I 
I 2 3 7 N ~ c  4.66 E-02 I 2.5 E+01 I 

I 1.33 E+02 I 5.2 E+04 I Z3Xpu I 
I 1.73 E+02 I 7.4 E+04 I 23Spu I 
I 1.37 E+02 I 5.9 E+04 I 241Ipu I 

6.82 E+03 5.6 E+04 

8.71 E-02 3.6 E+01 

4.34 E+02 1.9 E+05 

3.72 E-01 1.6 E+02 

2.78 E-01 1.2 E+02 
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~ ~ 

79Se 6.54 E-02 6.4 E-04 

93Zr 2.95 E-01 9.5 E-02 

1.93 E-0 1 5.6 E-02 9 3 m m  

'"'RRu~ 2.56 E-02 1.2 E-02 

Io7Pd 1 .S6 E-02 2.0 E-04 

Table 1-5. Composition of K Basins Fuel and the Dose per Unit of Intake. (2 sheets) 

~ ~~ ~ 

'"Cm 

Total 

I I Activity CEDE per unit intake" 1 (CiMTU)" ( r e d d  
Radionuclide I 

4.47 E+OO 1 . 1  E+03 

- 4.38 E+05 

I 244Cm I 4.47 E+OO I 1.1 E+03 I 
I 55Fe I 5.41 E-01 I 1.5 E-03 I 
I "Ni I 3.47 E+OO I 2.2 E-02 I 

I 6.27 E-02 I 7.2 E-04 I 1 2 1 m ~ n c  I 
I 1.29 E-01 I 1.3 E-02 I 1 2 6 ~ ~ ~  I 
I 5.16 E-03 I 9.0 E-04 I 129, I 

I " T S  I 6.04 E-02 I 2.8 E-04 I 
I 7.91 E-04 I 3.0 E-04 I 1 4 4 ~ ~ ~  I 
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1.2.3 Toxicological Effects 

The SNF is primarily uranium metal, which is known to have adverse toxicological effects 
on humans. Plutonium and other transuranic heavy metals also are present in small quantities but 
add little to the overall toxicity of the fuel. For example, if the toxic air concentration limits for 
uranium are applied to neptunium, plutonium, americium, and curium, the "sum-of-fractions" 
indicator of toxicity increases about 0.2% (HNF-SD-SNF-TI-059). Thus, the uranium content of 
SNF controls the potential health impacts downwind following a postulated accident. Uranium 
acts like many heavy metals to damage one or more internal organs of individuals exposed to high 
air concentrations. The toxicity depends on the solubility of the uranium, with more soluble 
compounds being a greater hazard because they are transferred from the respiratory tract into the 
blood more quickly. The chemical form of radiological isotopes that is most soluble (toxic) was 
assumed when determining the toxicological effects. 

Because any environmental release of SNF could have toxicological and radiological 
effects, both should be computed for comparison with consequence guidelines. A detailed 
comparison (HNF-SD-SNF-TI-059, Section 5.3) of the requirements for meeting the evaluation 
guidelines for toxicological and radiological effects of airborne emissions leads to the conclusion 
that toxicological effects are normally less severe than the radiological effects. The only 
exceptions are accidents in which new chemical forms are introduced into the CSB and then 
released into the air. If new chemicals are introduced at the CSB, they will be evaluated on a 
case-by-case basis. 

No routine chemical processes are conducted in the SNF Project facilities. Purging and 
backfilling the MCOs involves the use of an inert gas (helium). Some chemicals, such as those 
used for equipment decontamination, may be used occasionally (HNF-SD-SNF-CM-00 1 ). 
However, there are no chemical inventories of concern for safety analysis considerations. 

1.2.4 Risk Guidelines 

The DOE-recommended radiological risk evaluation guidelines (Sellers 1997) are shown in 
Table 1-6. These criteria for identifying safety-class SSCs implement the guidance of 
DOE Order 6430.1 A, General Design Criteria, Section 1300-1.4, "Guidance on Limiting 
Exposure of the Public," and are consistent with the graded approach to safety required by 
DOE Order 5480.23, Nuclear Safety Analysis Reports. 

As stated in HNF-PRO-704, Huzard andclccidenf Analy.sis Process, satisfaction of its 
radiological evaluation guidelines meet the goals of SEN-35-91, Nuclear Safety Policy. 
However, the guidelines used by the SNF Project (Sellers 1997) are more conservative and are 
bounded by the guidelines specified in HNF-PRO-704, Table D-1. As such, satisfaction of the 
SNF Project radiological evaluation guidelines (Sellers 1997) will meet the goals of SEN-35-91 
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Event category 

Table 1-6. Radiological Evaluation Guidelines and Limits. 

Onsite risk evaluation Offsite accident 
guidelines, * release limits,* 

rem rem 

Frequency range 
(per year) 

Anticipated 1 1.0 E-01 to 1.0 E-02 I I 0.5 

Unlikely I 1.0E-02 to 1.0E-04 I 10 

I Extremely unlikely I 1 .O E-04 to 1.0 E-06 I 25 I 5.0 I 
5.0 

Notc: All doses are ctimmitted etfrctive dose equivalents. 

*This terminology is consistent with Tables 1 and 2 of Sellers, E. D., 1997, RiskEvaluation Guidelines ( R K k )  
to Ensure Inherent& Safer Designs (Letter 97-SFD-172 tu H. .I. Hatch, Fluor Daniel Hanfiird, Incnrporated. August 26), 
U.S. Department of Energy, Richland Operations Office, Richland, Washingtan. ‘Iliese SNF Project guidelines arc inorc 
conservntive than the velucs in HNF-PRO-705, Safety RU.T;S Planning, Duciimenlation. Rrvjrw, and Approval, Fluor 
Hanford, Incorporated, Kichland, Washington (shown in parentheses). 

1.2.5 Design Basis Accident Analysis Assumptions 

This section presents a summary of the key assumptions used in the DBA analyses for the 
CSB. The DBAs have been analyzed to quantify consequences and compare them with release 
limits for offsite consequences and evaluation guidelines for onsite consequences. A!! analyses 
have been performed based on the following MCO initial conditions defined in 
“F-SD-SNF-TI-015: 

1. Maximum particulate mass of aluminum hydroxide less than or equal to 9.47 kg in 
an MCO with bounding total particulate delivered to the CSB 

The bounding value is based on statistical analysis of good quality film thickness data 
at a 99% confidence level. To obtain this confidence level, a thickness of 1.8 times 
the actual mean of the measurements was used. This value was multiplied by the 
total assumed surface area and the theoretical density of aluminum hydroxide to 
obtain the bounding value. Additional information is documented in “F-1527,  
Esfinia1e.s of Ptrrticu/a/e Mass in Mu/ti-Ctmi.ster Overpacks. 

Maximum mass of uranium oxide hydrates less than or equal to 10.8 kg in an MCO 
delivered to the CSB 

2. 

Over 90% of this value is from sources that are quantified by analysis. The bounding 
values for these sources are based on fuel characterization data combined with very 
conservative assumptions of the amount of damaged fuel in the MCO and on 
literature data on hydrate decomposition. Less than 10% of the value is from 
canister particulate. To obtain this value, credit is taken for fuel cleaning, which 
must be validated by examination of a test batch of cleaned fuel assemblies and 
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confirmed by periodic examination of assemblies during the process. Additional 
information on the quantity of hydrates in a bounding MCO is provided in 
“F-1527 and in “ F - I  523,  K Basin Particulate Water Content, Behavior, and 
Impact. 

Maximum of two scrap baskets in an MCO delivered to the CSB 

This condition is controlled by TSR commitments in HNF-SD-WM-SAR-062, 
K Busins Find Safety Analysis Repor/. The safety of two scrap baskets has been 
demonstrated relative to all credible accident scenarios. 

Maximum (not strongly adherent) UO, particulate less than or equal to 34 kg in an 
MCO after 40 years of storage at the CSB 

This is particulate that is generated after fuel cleaning. The requirement is met by 
bounding analysis that relies on TSR commitments in HNF-SD-WM-SAR-062 that 
limit the amount of scrap and damaged fuel in an MCO. This value is based on very 
conservative assumptions for both oxidation rates and elapsed time at various 
process steps. Additional information regarding the values for these process steps is 
documented in HNF-1527. 

3 .  

4. 

5 .  Maximum free water less than 200 g in an MCO delivered to the CSB 

This value is based on processing steps at the conclusion of cold vacuum drying with 
time, pressure, and temperature conditions that ensure sufficient water evaporation 
and removal even with very conservative assumptions of fuel cracking and trapped 
particulate. Analysis confirming the feasibility of limiting free water and the 
associated processing requirements at the CVDF is provided in HNF-185 1, Cold 
Vacuum Drying Residual Free Water Tesl Descripiion. This analysis is supported 
by whole-element characterization data and bounds the free water present in the 
MCO. 

Leak rate of internal gas from MCO less than 10.’ standard cm’is 

Before the MCO is shipped from the CVDF to the CSBI the MCO’s mechanical 
closure seal will have been demonstrated to meet a 10.’ standard cm3h total 
integrated leak test acceptance criterion as defined by ANSI N14.5-1987, American 
National Standard, for Radioaciive Mulerials -~ J,eakage Tests on Puckuges,fOr 
Shipment. The total integrated leakage criterion will be satisfied by a summation of 
test results for individual seals. 

6. 
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7. Maximum mass of uranium hydride (for heat and hydrogen generation) equal to 
5.13 kg in an MCO delivered to the CSB and 9.08 kg after 40 years of storage at the 
CSB 

Two methods were used to estimate bounding and nominal hydride inventories. The 
first method assumed particulate generated by in-hasin corrosion is partially 
composed of uranium hydride, as found in literature experiments. The second 
method assumed an element contains uranium hydride equivalent to observations 
reported in single-element drying tests. Similar estimates were obtained from both 
methods, but the estimate based on element drying data was used t.o develop the 
hounding estimate of uranium hydride inventory. Additional information is provided 
in HNF-3372, Uranium Hydride in Multi-Cunister Overpacks. 

Maximum of 6,339 kg of uranium per MCO (based on five Mark IV fuel baskets) 

The value is determined by the design of the MCO, which has room for five Mark IV 
fuel baskets. Each Mark IV fuel basket has positions for 54 fuel assemblies, and the 
maximum uranium mass in a Mark IV fuel assembly is 23.48 kg. The uranium mass 
in various fuel assemblies and the possible loading combinations are described in 

8.  

HiW-SD-SNF-TI-009. 

9. Minimum inert gas pressure of 1.5 atm at 25 "C in an MCO delivered to the CSB 

Before the MCO is shipped from the CVDF to the CSB, it will have been chilled in 
accordance with SNF-23 56, Spent Nuclear Fuel I'rojecl C ~ l d  Vacuum Dryirzg 
Facility Operations Manual, and backfilled with helium to between I .65 atm and 
1.85 atm absolute. 

Combustible loading controls are presumed to be in place to preserve the combustible 
loadings assumed in H"-SD-SNF-FHA-002, Find Fire Hczzard Anulysis for the Canister 
Storage Building. The fire hazard analysis was prepared in accordance with DOE 
Order 5480.7A, Fire Protection, and HNF-PRO-3 50, Fire Hazard Analy.si.s Keyuirement.s. The 
analysis evaluated potential fire risks at the CSB to determine whether any undue hazards required 
mitigation to protect workers, property, the public, or the environment. The conclusion of the 
analysis is that the fire risks present in the facility are being mitigated through engineering design 
and administration of control of fuel packages (HNF-SD-SNF-FHA-002). This conclusion is 
consistent with the results of the accident hazard analysis prepared for this chapter 
("F-SD-SNF-HIE-001). Consequently, the accident analysis in this chapter has only evaluated 
the potential for the DBAs associated with deflagrations caused by hydrogen generation resulting 
from radiolysis and fuel corrosion. The fire hazard analysis ("F-SD-SNF-FHA-002) and its 
implementation plan define the facility requirements related to combustible loadings and 
necessitate TSR controls. 
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APPENDIX IA 

GXQ INPUT AND OUTPUT FILES FOR CANISTER STORAGE 
BUILDING AND SUPPORT AREA STRUCTURE 

GXQ V e r s i o n  4 . 0 0  
F e b r u a r y  8 ,  1999  

G e n e r a l  P u r p o s e  A t m o s p h e r i c  D i s p e r s i o n  Code 
P r o d u c e d  by F l u o r  D a n i e l  N o r t h w e s t ,  I n c .  

U s e r s  G u i d e  documen ted  i n  WHC-SD-GN-SWD-30002 Rev. 1 
V a l i d a t i o n  d o c u m e n t e d  i n  WHC-SD-GN-SWD-30003 Rev. 1. 
Code C u s t o d i a n  i s :  B r i t  E .  Hey 

F l u o r  D a n i e l  N o r t h w e s t ,  I n c .  
P . O .  Box 1050 
Ri c h l  a n d ,  W A  99352-1050  
( 5 0 9 )  3 7 6 - 2 9 2 1  

R u n  D a t e  = 0 3 / 1 3 / 0 0  
R u n  Time = 1 2 : 1 2 : 1 4 . 0 7  

INPUT E C H O :  
CSB B u i l d i n g  Wake - B u i l d i n g  D i m e n s i o n s  f o r  O p e r a t i n g  Area S t r u c t u r e  ( A l l  Wind 
c G X Q  V e r s i o n  4 . 0  I n p u t  F i l e  
c mode 

1 
C 

c M O D E  CHOICE: 
c mode = 1 t h e n  X / Q  b a s e d  on H a n f o r d  s i t e  s p e c i f i c  m e t e o r o l o g y  
c mode = 2 t h e n  X / Q  b a s e d  on a t m o s p h e r i c  s t a b i l i t y  c l a s s  and wind s p e e d  
c mode = 3 t h e n  X / Q  p l o t  f i l e  i s  c r e a t e d  

c L O G I C A L  C H O I C E S :  
C 

i f o x  i n o r m  i c d f  i c h k  i s i t e  i p o p  
T F F F F F 

f o x  = t then  j o i n t  f r e q u e n c y  u s e d  t o  compute  f r e q u e n c y  t o  e x c e e d  X / Q  
= f t h e n  j o i n t  f r e q u e n c y  u s e d  t o  c o m p u t e  a n n u a l  a v e r a g e  X / Q  

norm = t t h e n  j o i n t  f r e q u e n c y  d a t a  i s  n o r m a l i z e d  ( a s  i n  GENII)  
= f t h e n  j o i n t  f r e q u e n c y  d a t a  i s  u n - n o r m a l i z e d  

c d f  = t t h e n  c u m u l a t i v e  d i s t r i b u t i o n  f i l e  c r e a t e d  ( C D F . O U T )  
7 f t h e n  no c u m u l a t i v e  d i s t r i b u t i o n  f i l e  c r e a t e d  

chk  = t t h e n  X / Q  p a r a m e t e r  p r i n t  o p t i o n  t u r n e d  on 
= f t h e n  n o  p a r a m e t e r  p r i n t  

c i s i t e  = t t h e n  X / Q  b a s e d  on j o i n t  f r e q u e n c y  d a t a  f o r  a l l  16  s e c t o r s  
C = f t h e n  X / Q  b a s e d  on  j o i n t  f r e q u e n c y  d a t a  o f  i n d i v i d u a l  s e c t o r s  
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c i p o p  = t t h e n  X/Q i s  p o p u l a t i o n  w e i g h t e d  
C = f t h e n  n o  p o p u l a t i o n  w e i g h t i n g  
C 
c x / a  A N D  WIND S P E E D  A D J U S T M E N T  M O D E L S :  
c i p u f f  i d e p  i s r c  i w i n d  

0 0 0 0 
c DIFFUSION COEFFICIENT ADJUSTMENT MODELS: 
c i w a k e  i p m  i f l o w  i e n t r  

1 0 0 0 
c EFFECTIVE RELEASE HEIGHT ADJUSTMENT MODELS: 
c ( i r i s e  i g r n d l i w a s h  i g r a v  

0 0 0 0 
c i p u f f  = 1 t h e n  X / Q  c a l c u l a t e d  u s i n g  p u f f  model  
C = 0 t h e n  X / Q  c a l c u l a t e d  u s i n g  d e f a u l t  c o n t i n u o u s  p l u m e  mode l  
c i d e p  = 1 t h e n  p l u m e  d e p l e t i o n  model t u r n e d  o n  ( C h a m b e r l a i n  m o d e l )  
c i s r c  = 1 t h e n  X / Q  m u l t i p l i e d  by  s c a l a r  
C = 2 t h e n  X/Q a d j u s t e d  b y  w i n d  speed  f u n c t i o n  
c i w i n d  = 1 t h e n  w i n d  speed  c o r r e c t e d  f o r  p l u m e  h e i g h t  
c i w a k e  = 1 t h e n  NRC RG 1 . 1 4 5  b u i l d i n g  wake mode l  t u r n e d  o n  
C = 2 t h e n  M A C C S  v i r t u a l  d i s t a n c e  b u i l d i n g  wake model  t u r n e d  on  
c i p m  = 1 t h e n  N R C  RG 1 . 1 4 5  p l u m e  meander  model  t u r n e d  o n  
C = 2 t h e n  5 t h  Power Law p l u m e  meander  model  t u r n e d  on 
C = 3 t h e n  s e c t o r  a v e r a g e  model t u r n e d  o n  
c i f l o w  = 1 t h e n  s i g m a s  a d j u s t e d  f o r  v o l u m e  f l o w  r a t e  
c i e n t r  = 1 t h e n  m e t h o d  of  P a s q u i l l  u s e d  t o  a c c o u n t  f o r  e n t r a i n m e n t  
c i r i s e  = 1 t h e n  M A C C S  b u o y a n t  p l u m e  r i s e  model  t u r n e d  o n  
C = 2 t h e n  ISC2 momentumlbuoyancy p l u m e  r i s e  model  t u r n e d  o n  
c i g r n d  = 1 t h e n  M i l l s  b u o y a n t  p l u m e  r i s e  m o d i f i c a t i o n  f o r  g r o u n d  e f f e c t s  
c i w a s h  = 1 t h e n  s t a c k  downwash model  t u r n e d  o n  
c i g r a v  = 1 t h e n  g r a v i t a t i o n a l  s e t t l i n g  model  t u r n e d  on 
C = 0 u n l e s s  s p e c i f i e d  o t h e r w i s e ,  0 t u r n s  model  o f f  

c PARAMETER INPUT: 
C r e f e r e n c e  f r e q u e n c y  
c r e l e a s e  anemometer  m i  x i  ng t o  
c h e i g h t  h e i g h t  h e i g h t  e x c e e d  
c h s ( m )  h a ( m )  hm(m) C X ( % )  

C 

C 
0.00000E+00 1 .00000E+01  1 .00000E+03 5.00000t-01 

C 

c i n i t i a l  i n i t i a l  g r a v i t a t i o n a l  
c p l u m e  p l u m e  r e 1  e a s e  d e p o s i t i o n  s e t t l i n g  
c w i d t h  h e i g h t  d u r a t i o n  v e l o c i t y  v e l  o c i  t y  
c Wh(m) Hh(m)  t r d (  h r )  v d ( m / s )  v g ( m / s )  
C 

4 .18000E+01  1.68000E+01 0 .00000E+00  1 . 0 0 0 0 0 E - 0 3  1 . 0 0 0 0 0 E - 0 3  
C 
C i n i t i a l  i n i t i a l  c o n v e c t i v e  
c a m b i e n t  p l u m e  p l u m e  r e 1  e a s e  h e a t  r e l e a s e  
c t e m p e r a t u r e  t e m p e r a t u r e  f l o w  r a t e  d i a m e t e r  r a t e ( 1 )  
c Tamb(C) TO(C) VO(m3/s) d ( m )  q h ( w )  
C 

2 .00000E+01  2.20000E+01 1.00000E+OO 1.00000E+00 0.00000E+OO 
C 
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c ( 1 )  I f  z e r o  t h e n  b u o y a n t  f l u x  b a s e d  o n  p l u m e / a m b i e n t  t e m p e r a t u r e  d i f f e r e n c e  

c X/Q Wind 
c s c a l i n g  Speed 
c f a c t o r  E x p o n e n t  
c c ( ? )  a ( ? )  

C 

L 

I .OOOOOE+OO 7.aoooo~-oi 
C 

c RECEPTOR D E P E N D E N T  DATA (no l i n e  l i m i t )  
c F O R  M O D E  make RECEPTOR DEPENDENT D A T A  
c 1 ( s i t e  s p e c i f i c )  s e c t o r  d i s t a n c e  r e c e p t o r - h e i g h t  
c 2 ( b y  c l a s s  & w i n d  s p e e d )  c l a s s  w i n d s p e e d  d i s t a n c e  o f f s e t  r e c e p t o r - h e i g h t  
c 3 ( c r e a t e  p l o t  f i l e )  c l a s s  w i n d s p e e d  xmax i m a x  ymax j m a x  x q m i n  p o w e r  
L 

c RECEPTOR PARAMETER DESCRIPTION 
c s e c t o r  = 0 ,  1, 2... ( a l l ,  S, SSW, e t c . )  
c d i s t a n c e  = r e c e p t o r  d i s t a n c e  ( m )  
c r e c e p t o r  h e i g h t  = h e i g h t  o f  r e c e p t o r  (m) 
c c l a s s  = 1, 2 ,  3 ,  4, 5 ,  6 ,  7 ( P - G  s t a b i l i t y  c l a s s  A ,  B ,  C ,  D ,  E ,  F ,  G )  
c w i n d s p e e d  = anemometer  w i n d  speed  ( m / s )  
c o f f s e t  = o f f s e t  from p l u m e  c e n t e r l i n e  (T) 
c xmax = maximum d i s t a n c e  t o  p l o t  o r  c a l c u l a t e  t o  ( m )  
c i m a x  = d i s t a n c e  i n t e r v a l s  
c ymax = maximum o f f s e t  t o  p l o t  (T) 
c j m a x  = o f f s e t  i n t e r v a l s  
c x q m i n  = min imum s c a l e d  X / Q  t o  c a l c u l a t e  
c p o w e r  = e x p o n e n t  i n  power  f u n c t i o n  s t e p  s i z e  

MODE:  
S i t e  s p e c i f i c  X/Q c a l c u l a t e d .  

LOGICAL CHOICES: 
J o i n t  f r e q u e n c y  u s e d  t o  c a l c u l a t e  X/Q based  o n  f r e q u e n c y  o f  e x c e e d a n c e .  
No n o r m a l i z a t i o n  o f  j o i n t  f r e q u e n c y .  
X / Q  c a l c u l a t e d  f o r  s i n g l e  s e c t o r .  

MODELS SELECTED: 
N R C  RG 1 . 1 4 5  b u i l d i n g  wake model  s e l e c t e d .  
D e f a u l t  G a u s s i a n  p l u m e  model  s e l e c t e d .  

W A R N I N G / E R R O R  M E S S A G E S :  

JOINT FREQUENCY OATA: 
200 A R E A  ( H M S )  - 10 M - P a s q u i l l  A - G (1983 - 1991 A v e r a g e )  
C r e a t e d  8/26/92 K R  

C S B  B u i l d i n g  Wake - B u i l d i n g  D i m e n s i o n s  f o r  O p e r a t i n g  A r e a  S t r u c t u r e  ( A l l  Wind 0 
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D I STANCE 
S E C T O R  ( r n )  

S 100 
ssw 1 0 0  
sw 100  
wsw 1 0 0  
W 100 
W N W  100 
NW 100  
NNW 100 
N 100 

TOTAL AVERAGE 
POPULATION I N D I V I D U A L  

RECEPT SECT. SCALED SCALED ATM. 
HEIGHT FREO. X / O  X / Q  STAB. 

( m )  (%I POPULATION ( s / m 3 )  ( s / m 3 )  CLASS 

0 6 . 3 0  1 5 . 2 1 E - 0 3  5 . 2 1 E - 0 3  E 
0 4 . 5 3  1 3 . 7 7 E - 0 3  3 . 7 7 E - 0 3  F 
0 2 . 9 3  1 4 . 0 4 E - 0 3  4 . 0 4 E - 0 3  F 
0 2 . 7 2  1 4 . 0 6 E - 0 3  4 . 0 6 E - 0 3  F 
0 4 . 8 0  1 9 . 3 2 E - 0 3  9 . 3 2 E - 0 3  G 
0 3 . 9 8  1 5 . 3 3 E - 0 3  5 . 3 3 E - 0 3  G 
0 4 . 7 2  1 9 . 6 4 E - 0 3  9 . 6 4 E - 0 3  G 
0 4 . 5 8  1 9 . 6 8 E - 0 3  9 . 6 8 E - 0 3  G 
0 4 . 3 6  1 1 . 0 4 E - 0 2  1 . 0 4 E - 0 2  G 

NNE 100 0 2 . 4 9  1 5 . 1 4 E - 0 3  5 . 1 4 E - 0 3  E 
NE 100 0 3 .90  1 5 . 2 4 E - 0 3  5 . 2 4 E - 0 3  E 
ENE 100 0 6 . 1 7  1 8 . 4 1 E - 0 3  8 . 4 1 E - 0 3  G 
E 100 0 1 4 . 0 5  1 1 . 1 4 E - 0 2  1 . 1 4 E - 0 2  F 
ESE 100  0 18.80 1 1 . 0 8 E - 0 2  1 . 0 8 E - 0 2  F 
SE 1 0 0  0 10 .83  1 1 . 0 2 E - 0 2  1 . 0 2 E - 0 2  G 
SSE 100 0 4 . 7 8  1 5 . 2 5 E - 0 3  5 . 2 5 E - 0 3  G 

W I N D  
SPEED 
( m / s )  - 

~ 

0 . 8 9  
2 . 6 5  
2 . 6 5  
2 . 6 5  
2 . 6 5  
4 . 7 0  
2 . 6 5  
2 . 6 5  
2 . 6 5  
0 . 8 9  

2 . 6 5  
0 . 8 9  
0 . 8 9  
2 . 6 5  
4 . 7 0  

0.89 

snl'D328.01 1 A-6 Much 2000 



SNF-3328 REV 2 

C 

C 

C 

C 

C 

C 

C 

C 

C 

C 

C 

C 

C 

C 

C 

C 

C 

C 

C 

C 

C 

C 

C 

C 

C 

C 

C 

C 

C 

C 

C 

C 

C 

C 

C 

C 

C 

C 

C 

C 

C 

C 

C 

C 

C 

C 

C 

C S B  B u i l d i n g  Wake - B u i l d i n g  D i m e n s i o n s  f o r  O p e r a t i n g  A r e a  S t r u c t u r e  ( A l l  Wind 
D i r e c t i o n s  E x c e p t  N o r t h )  

G X Q  V e r s i o n  4 . 0  I n p u t  F i l e  
mode 

M O D E  C H O I C E :  
mode = 1 t h e n  X / Q  b a s e d  on H a n f o r d  s i t e  s p e c i f i c  m e t e o r o l o g y  
mode = 2 t h e n  X / Q  b a s e d  o n  a t m o s p h e r i c  s t a b i l i t y  c l a s s  and  wind speed  
mode = 3 t h e n  X / Q  p l o t  f i l e  i s  c r e a t e d  

LOGICAL C H O I C E S :  
i f o x  i n o r m  i c d f  i c h k  i s i t e  i p o p  
t f f f f f 

i f o x  = t t h e n  j o i n t  f r e q u e n c y  used  t o  compu te  f r e q u e n c y  t o  e x c e e d  X / Q  
= f t h e n  j o i n t  f r e q u e n c y  u s e d  t o  compu te  a n n u a l  a v e r a g e  X / Q  

i n o r m  = t t h e n  j o i n t  f r e q u e n c y  d a t a  i s  n o r m a l i z e d  ( a s  i n  G E N I I )  
= f t h e n  j o i n t  f r e q u e n c y  d a t a  i s  u n - n o r m a l i z e d  

i c d f  = t t h e n  c u m u l a t i v e  d i s t r i b u t i o n  f i l e  c r e a t e d  (COF.OUT1 
= f t h e n  n o  c u m u l a t i v e  d i s t r i b u t i o n  f i l e  c r e a t e d  

i c h k  = t t h e n  X / Q  p a r a m e t e r  p r i n t  o p t i o n  t u r n e d  on 
= f t h e n  n o  p a r a m e t e r  p r i n t  

i s i t e  = t t h e n  X / Q  b a s e d  on j o i n t  f r e q u e n c y  d a t a  f o r  a l l  16  s e c t o r s  
= f t h e n  X / Q  b a s e d  o n  j o i n t  f r e q u e n c y  d a t a  o f  i n d i v i d u a l  s e c t o r s  

i p o p  = t t h e n  X / Q  i s  p o p u l a t i o n  w e i g h t e d  
= f t h e n  n o  p o p u l a t i o n  w e i g h t i n g  

X / Q  A N D  W I N D  S P E E D  ADJUSTMENT MODELS: 
i p u f f  i d e p  i s r c  iw ind  
0 0 0 0 

i w a k e  i p m  i f l o w  i e n t r  
1 0 0 0 

D I F F U S I O N  COEFFICIENT ADJUSTMENT MODELS: 

EFFECTIVE RELEASE HEIGHT ADJUSTMENT MODELS: 
( i r i s e  i g r n d l i w a s h  i g r a v  
0 0 0 0 

i p u f f  = 1 t h e n  X / Q  c a l c u l a t e d  u s i n g  p u f f  model 
= 0 t h e n  X / Q  c a l c u l a t e d  u s i n g  d e f a u l t  c o n t i n u o u s  p l u m e  mode l  

i d e p  = 1 t h e n  p l u m e  d e p l e t i o n  model t u r n e d  o n  ( C h a m b e r l a i n  m o d e l )  
i s r c  = 1 t h e n  X / Q  m u l t i p l i e d  by  s c a l a r  

= 2 t h e n  X / Q  a d j u s t e d  b y  w i n d  speed  f u n c t i o n  
i w i n d  = 1 t h e n  w i n d  speed  c o r r e c t e d  f o r  p l u m e  h e i g h t  
i w a k e  = 1 t h e n  N R C  RG 1 . 1 4 5  b u i l d i n g  wake model t u r n e d  o n  

i p m  = 1 t h e n  N R C  RG 1 .145  p l u m e  meander  model  t u r n e d  on 
= 2 t h e n  M A C C S  v i r t u a l  d i s t a n c e  b u i l d i n g  wake model  t u r n e d  o n  

= 2 t h e n  5 t h  Power Law p l u m e  meander  model t u r n e d  on 
= 3 t h e n  s e c t o r  a v e r a g e  model  t u r n e d  on 

i f l o w  = 1 t h e n  s i g m a s  a d j u s t e d  f o r  v o l u m e  f l o w  r a t e  
i e n t r  = 1 t h e n  m e t h o d  o f  P a s q u i l l  u s e d  t o  a c c o u n t  f o r  e n t r a i n m e n t  
i r i s e  = 1 t h e n  M A C C S  b u o y a n t  p l u m e  r i s e  model t u r n e d  on 

= 2 t h e n  ISC2 momentum/buoyancy p l u m e  r i s e  model  t u r n e d  on 
i g r n d  = 1 t h e n  M i l l s  b u o y a n t  p l u m e  r i s e  m o d i f i c a t i o n  f o r  g r o u n d  e f f e c t s  
i w a s h  = 1 t h e n  s t a c k  downwash model  t u r n e d  on 
i g r a v  = 1 t h e n  g r a v i t a t i o n a l  s e t t l i n g  model  t u r n e d  o n  
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C 

C 

C 

C 

C 

0 
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= 0 u n l e s s  s p e c i f i e d  o t h e r w i s e ,  0 t u r n s  model o f f  

' A R A M E T E R  I N P U T :  
r e f e r e n c e  f r e q u e n c y  

r e 1  ease  anemometer m i x i n g  t o  
h e i g h t  h e i g h t  h e i g h t  exceed  
h s ( m )  h a ( m )  hm(m) C X ( X 8 )  

0 10 1000 . 5  

i n i t i a l  i n i t i a l  g r a v i  t a t i  o n a l  
p l u m e  p lume r e 1  ease d e p o s i t i o n  s e t t l  i n g  
w i d t h  h e i g h t  d u r a t i o n  v e l o c i t y  v e l  o c i  t y  
Wb(m) Hb(m) t r d  ( h r  1 v d ( m / s )  v g ( m / s )  

41.8 16.8 0 0.001 0 . 0 0 1  

i n i t i a l  i n i t i a l  c o n v e c t i v e  
a m b i e n t  p lume p l  ume r e 1  ease h e a t  r e l e a s e  
t e m p e r a t u r e  t e m p e r a t u r e  f l o w  r a t e  d i a m e t e r  r a t e (  1 )  
Tamb(C) T O ( C )  V O  (m3/s ) d (m)  q h ( w )  

20  2 2  1 1 0 

(1) I f  z e r o  t h e n  b u o y a n t  f l u x  based on p l u m e / a m b i e n t  t e m p e r a t u r e  d i f f e r e n c e .  

X / O  Wind 
s c a l  i n g  Speed 
f a c t o r  E x p o n e n t  
C(?) a ( ? )  

1 . ?e  
R E C E P T O R  D E P E N D E N T  DATA ( n o  l i n e  l i m i t )  
F O R  MODE make R E C E P T O R  D E P E N D E N T  DATA 
1 ( s i t e  s p e c i f i c )  s e c t o r  d i s t a n c e  r e c e p t o r - h e i g h t  
2 ( b y  c l a s s  & w i n d  s p e e d )  c l a s s  w i n d s p e e d  d i s t a n c e  o f f s e t  r e c e p t o r - h e i g h t  
3 ( c r e a t e  p l o t  f i l e )  c l a s s  w i n d s p e e d  xmax i m a x  ymax jmax  xqmin  power 

R E C E P T O R  P A R A M E T E R  D E S C R I P T I O N  
s e c t o r  = 0 ,  1, Z . . .  ( a l l ,  S, SSW,  e t c . )  
d i s t a n c e  = r e c e p t o r  d i s t a n c e  ( m )  
r e c e p t o r  h e i g h t  = h e i g h t  o f  r e c e p t o r  ( m )  
c l a s s  = 1, 2, 3 ,  4 ,  5 ,  6 ,  7 (P-G s t a b i l i t y  c l a s s  A ,  B .  C .  D ,  E ,  F ,  G) 
w i n d s p e e d  = anemometer w i n d  speed ( m / s )  
o f f s e t  = o f f s e t  f r o m  p lume c e n t e r l i n e  ( m )  
xmax = maximum d i s t a n c e  t o  p l o t  o r  c a l c u l a t e  t o  ( m )  
imax  = d i s t a n c e  i n t e r v a l s  
ymax = maximum o f f s e t  t o  p l o t  ( m )  
j m a x  = o f f s e t  i n t e r v a l s  
xqmin  = minimum s c a l e d  X / Q  t o  c a l c u l a t e  
power = e x p o n e n t  i n  power f u n c t i o n  s t e p  s i z e  

100 0 
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G X Q  V e r s i o n  4.00 
F e b r u a r y  8 ,  1999 

G e n e r a l  P u r p o s e  A t m o s p h e r i c  D i s p e r s i o n  Code 
P r o d u c e d  b y  F l u o r  U a n i e l  N o r t h w e s t ,  I n c .  

U s e r s  G u i d e  d o c u m e n t e d  i n  WHC-SD-GN-SWD-30002 Rev. 1 
V a l i d a t i o n  d o c u m e n t e d  i n  WHC-SO-GN-SWD-30003 Rev. 1. 
Code C u s t o d i a n  i s :  B r i t  E .  Hey 

F l u o r  D a n i e l  N o r t h w e s t ,  I n c .  
P . O .  Box 1 0 5 0  
R i c h l a n d ,  WA 9 9 3 5 2 - 1 0 5 0  
(509) 3 7 6 - 2 9 2 1  

Run D a t e  = 0 3 / 1 3 / 0 0  
Run T i m e  = 1 2 : 1 4 : 0 7 . 3 3  

C 

C 

C 

C 

C 

C 

C 

C 

C 

C 

C 

C 

C 

C 

C 

C 

C 

C 

C 

C 

C 

C 

C 

C 

C 

C 

C 

INPUT E C H O :  
C S B  B u i l d i n g  Wake ~ S u p p o r t  B u i l d i n g  D i m e n s i o n s  f o r  N o r t h  Wind D i r e c t i o n  O n l y  

G X O  V e r s i o n  4 . 0  I n p u t  F i l e  
mode 
1 

M O D E  C H O I C E :  
mode = 1 t h e n  X / Q  b a s e d  on H a n f o r d  s i t e  s p e c i f i c  m e t e o r o l o g y  
mode = 2 t h e n  X / O  b a s e d  o n  a t m o s p h e r i c  s t a b i l i t y  c l a s s  and  w i n d  speed  
mode = 3 t h e n  X / Q  p l o t  f i l e  i s  c r e a t e d  

LOGICAL C H O I C E S :  
i f o x  i n o r m  i c d f  i c h k  i s i t e  i p o p  
T F F F F F 

i f o x  = t t h e n  j o i n t  f r e q u e n c y  u s e d  t o  compu te  f r e q u e n c y  t o  e x c e e d  X / Q  
= f t h e n  j o i n t  f r e q u e n c y  u s e d  t o  compu te  a n n u a l  a v e r a g e  X / O  

i n o r m  = t t h e n  j o i n t  f r e q u e n c y  d a t a  i s  n o r m a l i z e d  ( a s  i n  G E N I I )  
= f t h e n  j o i n t  f r e q u e n c y  d a t a  i s  u n - n o r m a l i z e d  

i c d f  = t t h e n  c u m u l a t i v e  d i s t r i b u t i o n  f i l e  c r e a t e d  (CDF.0UT) 
= f t h e n  n o  c u m u l a t i v e  d i s t r i b u t i o n  f i l e  c r e a t e d  

i c h k  = t t h e n  X / Q  p a r a m e t e r  p r i n t  o p t i o n  t u r n e d  o n  
= f t h e n  no p a r a m e t e r  p r i n t  

i s i t e  = t t h e n  X / O  b a s e d  on j o i n t  f r e q u e n c y  d a t a  f o r  a l l  16 s e c t o r s  
= f t h e n  X / Q  b a s e d  o n  j o i n t  f r e q u e n c y  d a t a  o f  i n d i v i d u a l  s e c t o r s  

i p o p  = t t h e n  X / Q  i s  p o p u l a t i o n  w e i g h t e d  
= f t h e n  n o  p o p u l a t i o n  w e i g h t i n g  

X / Q  A N D  W I N D  S P E E D  ADJUSTMENT M O D E L S :  
i p u f f  i d e p  i s r c  i w i n d  
0 0 0 0 

i w a k e  i p m  i f l o w  i e n t r  
DIFFUSION COEFFICIENT AUJUSTMENT MODELS: 

snf-3328.0 I 1 A-9 Much 2000 
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1 0 0 0 
c EFFECTIVE RELEASE HEIGHT ADJUSTMENT MODELS: 
C 

C 

C 

C 

C 

C 

C 

C 

C 

C 

C 

C 

C 

C 

C 

C 

C 

C 

( i r i s e  i g r n d l i w a s h  i g r a v  

p u f f  = 1 t h e n  X / Q  c a l c u l a t e d  u s i n g  p u f f  model  
= 0 t h e n  X / Q  c a l c u l a t e d  u s i n g  d e f a u l t  c o n t i n u o u s  p l u m e  mode l  

d e p  = 1 t h e n  p l u m e  d e p l e t i o n  model  t u r n e d  o n  ( C h a m b e r l a i n  m o d e l )  
s r c  = 1 t h e n  X / Q  m u l t i p l i e d  b y  s c a l a r  

w i n d  = 1 t h e n  w i n d  speed  c o r r e c t e d  f o r  p l u m e  h e i g h t  
wake = 1 t h e n  N R C  R G  1 . 1 4 5  b u i l d i n g  wake model  t u r n e d  o n  

pm = 1 t h e n  N R C  R G  1 . 1 4 5  p l u m e  meander  model  t u r n e d  o n  

0 0 0 0 

= 2 t h e n  X / Q  a d j u s t e d  b y  w i n d  speed  f u n c t i o n  

= 2 t h e n  M A C C S  v i r t u a l  d i s t a n c e  b u i l d i n g  wake model  t u r n e d  on 

= 2 t h e n  5 t h  Power Law p l u m e  meander  model t u r n e d  on 
= 3 t h e n  s e c t o r  a v e r a g e  model  t u r n e d  o n  

f l o w  = 1 t h e n  s i g m a s  a d j u s t e d  f o r  v o l u m e  f l o w  r a t e  
e n t r  = 1 t h e n  m e t h o d  o f  P a s q u i l l  u s e d  t o  a c c o u n t  f o r  e n t r a i n m e n t  
r i s e  = 1 t h e n  M A C C S  b u o y a n t  p l u m e  r i s e  model  t u r n e d  o n  

g r n d  = 1 t h e n  M i l l s  b u o y a n t  p l u m e  r i s e  m o d i f i c a t i o n  f o r  g r o u n d  e f f e c t s  
wash = 1 t h e n  s t a c k  downwash model  t u r n e d  on 

= 2 t h e n  I S C 2  momentum/buoyancy p l u m e  r i s e  model  t u r n e d  o n  

c i g r a v  = 1 t h e n  g r a v i t a t i o n a l  s e t t l i n g  model  t u r n e d  on 
C = 0 u n l e s s  s p e c i f i e d  o t h e r w i s e ,  0 t u r n s  model o f f  

c PARAMETER I N P U T :  
C 

C 

C 

C 

C 

C 

C 

C 

C 

C 

C 

C 

C 

C 

C 

C 

C 

C 

C 

r e 1  e a s e  
h e i g h t  
h s ( m )  

0.00000E+00 

i n i t i a l  
p l u m e  
w i d t h  
Wb(m) 

a m b i e n t  
t e m p e r a t u r e  
Tamb(C) 

2 .00000E+01  

r e f e r e n c e  
anemometer  
h e i g h t  
h a ( m )  

i n i t i a l  
p l u m e  
h e i g h t  
Hb(m) 

i n i t i  a1 
p l u m e  
t e m p e r a t u r e  
TO(C) 

2.20000E+01 

m i x i n g  
h e i g h t  
hm(m) 

r e 1  e a s e  
d u r a t i o n  
t r d  ( h r  1 

i n i t i a l  
p l  ume 
f l o w  r a t e  
VO(m3/s) 

1.00000E+00 

f r e q u e n c y  
t o  
e x c e e d  
C X ( X )  

5 . 0 0 0 0 0 E - 0 1  

d e p o s i t i o n  
v e l o c i t y  
v d  ( m / s )  

1 . 0 0 0 0 0 E - 0 3  

r e 1  e a s e  
d i  a m e t e r  
d ( m )  

1.00000E+00 

g r a v i t a t i o n a l  
s e t t l i n g  
v e l  o c i  t y  
v g ( m / s )  

1 . 0 0 0 0 0 E - 0 3  

c o n v e c t i v e  
h e a t  r e l e a s e  
r a t e (  1) 
q h ( w )  

0.00000E+00 

c ( 1 )  I f  z e r o  t h e n  b u o y a n t  f l u x  based  on p l u m e / a m b i e n t  t e m p e r a t u r e  d i f f e r e n c e .  

c X / Q  Wind 
c s c a l i n g  Speed 
c f a c t o r  E x p o n e n t  
c c ( ? )  a ( ? )  

C 

C 

1.00000E+OO 7 . 8 0 0 0 0 E - 0 1  
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C 

c R E C E P T O R  D E P E N D E N T  D A T A  ( n o  l i n e  l i m i t )  
c F O R  M O D E  make R E C E P T O R  D E P E N D E N T  D A T A  
c 1 ( s i t e  s p e c i f i c )  s e c t o r  d i s t a n c e  r e c e p t o r - h e i g h t  
c 2 ( b y  c l a s s  & w i n d  speed)  c l a s s  windspeed d i s t a n c e  o f f s e t  r e c e p t o r - h e i g h t  
c 3 ( c r e a t e  p l o t  f i l e )  c l a s s  windspeed xmax i m a x  y m a x  j m a x  x q m i n  power 

c R E C E P T O R  P A R A M E T E R  D E S C R I P T I O N  
c s e c t o r  = 0 ,  1 ,  Z . . .  ( a l l ,  S ,  SSW, e t c . )  
c d i s t a n c e  = r e c e p t o r  d i s t a n c e  (m) 
c r e c e p t o r  h e i g h t  = height  of r e c e p t o r  ( m )  
c c l a s s  = 1 ,  2 ,  3 ,  4 ,  5 ,  6 ,  7 ( P - G  s t a b i l i t y  c l a s s  A ,  6 ,  C ,  D ,  E ,  F ,  G) 
c windspeed = anemometer w i n d  speed ( m / s )  
c o f f s e t  = o f f s e t  from plume c e n t e r l i n e  (m) 
c xmax = maximum d i s t a n c e  t o  p l o t  o r  c a l c u l a t e  t o  (m) 
c i m a x  = d i s t a n c e  i n t e r v a l s  
c ymax = m a x i m u m  o f f s e t  t o  p l o t  ( m )  
c j m a x  = o f f s e t  i n t e r v a l s  
c x q m i n  = m i n i m u m  s c a l e d  X / Q  t o  c a l c u l a t e  
c power = exponent i n  power f u n c t i o n  s t e p  s i z e  

MODE:  
S i t e  s p e c i f i c  X / O  c a l c u l a t e d .  

L O G I C A L  C H O I C E S :  
J o i n t  f requency used t o  c a l c u l a t e  X/Q based on f requency of exceedance.  
N o  n o r m a l i z a t i o n  of j o i n t  f requency .  
X / Q  c a l c u l a t e d  f o r  s i n g l e  s e c t o r .  

M O D E L S  S E L E C T E D :  
N R C  RG 1 . 1 4 5  b u i l d i n g  wake model s e l e c t e d .  
D e f a u l t  Gaussian plume model s e l e c t e d .  

W A R N I N G / E R R O R  M E S S A G E S :  

C 

J O I N T  F R E G U E N C Y  D A T A :  
200 A R E A  ( H M S )  - 10 M - Pasqui l l  A - G ( 1 9 8 3  
Created 8 / 2 6 / 9 2  K R  

Average) 

C S B  Bui ld ing  Wake - Support  B u i l d i n g  Dimensions f o r  North Wind D i r e c t i o n  O n l y  

T O T A L  
P O P U L A T I O N  

R E C E P T  S E C T .  S C A L E D  

S E C T O R  (m) (m) ( % )  P O P U L A T I O N  ( s / m 3 )  

S 100  0 6 . 3 0  1 7 . 1 2 E - 0 3  
SSW 1 0 0  0 4 . 5 3  1 5 . 4 2 E - 0 3  
sw 100  0 2 . 5 3  1 5 . 5 8 E - 0 3  
WSW 1 0 0  0 2 . 7 2  1 5 . 6 1 E - 0 3  
W 100  0 4 . 8 0  1 9 . 3 7 E - 0 3  

D I S T A N C E  H E I G H T  F R E G .  X / Q  

A V E R A G E  
I N D I V I D U A L  

S C A L E D  A T M .  W I N D  

( s /m3)  C L A S S  (m/s) - 

7.12E-03 E 0 . 8 9  
5 . 4 2 E - 0 3  E 0 . 8 9  
5 . 5 8 E - 0 3  E 0 . 8 9  
5 . 6 1 E - 0 3  E 0 . 8 5  
5 . 3 7 E - 0 3  G 2 . 6 5  

X / Q  S T A B .  S P E E D  

_ _ _ ~  
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W N W  
NW 
NNW 
N 
N N E  
NE 
E N E  
E 
E S E  
S E  
S S E  

1 0 0  
i o 0  
100  
i o 0  
100 
100 
100  
1 0 0  
100 
100  
100 

0 3 . 9 8  
0 4 . 7 2  
0 4 . 5 8  
0 4 . 3 6  
0 2 . 4 9  
0 3 . 9 0  
0 6 . 1 7  
0 1 4 . 0 5  
0 18 .80  
0 1 0 . 8 3  
0 4 . 7 8  

1 
1 

8 . 1 3 E - 0 3  
9 . 6 4 E - 0 3  
9 . 6 8 E - 0 3  
1 . 0 4 E - 0 2  
6 . 1 8 E - 0 3  
6 . 9 6 E  - 0 3  
8 . 9 9 E - 0 3  
1 . 1 4 E - 0 2  
1 . 0 8 E - 0 2  
1 . 0 2 E - 0 2  
7 . 4 8 E - 0 3  

8 . 1 3 E - 0 3  G 
9 . 6 4 E - 0 3  G 
9 . 6 8 E - 0 3  G 
1 . 0 4 E - 0 2  G 
6 . 1 8 E - 0 3  E 
6 . 9 6 E - 0 3  E 
8 . 9 9 E - 0 3  G 
1 . 1 4 E - 0 2  F 
1 . 0 8 E - 0 2  F 
1 . 0 2 E - 0 2  G 
7 . 4 8 E - 0 3  E 

2 . 6 5  
2 . 6 5  
2 . 6 5  
2 . 6 5  
0 . 8 9  
0 . 8 9  
2 . 6 5  
0 . 8 9  
0 . 8 9  
2 . 6 5  
0 . 8 9  
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C 

C 

C 

C 

C 
C 

C 

C 

C 

C 

C 

C 

C 

C 
C 
C 

C 
C 
C 

C 
C 

C 

C 
C 
C 

C 
C 

C 

C 

C 
C 

C 

C 
C 
C 
C 

C 

C 

C 

C 

C 
C 
C 
C 
C 
C 
C 
C 

CSB B u i l d i n g  Wake - S u p p o r t  B u i l d i n g  D i m e n s i o n s  f o r  N o r t h  Wind D i r e c t i o n  Only 
G X Q  V e r s i o n  4 . 0  I n p u t  F i l e  

mode 
1 

M O D E  CHOICE: 
mode = 1 t h e n  X / O  b a s e d  o n  H a n f o r d  s i t e  s p e c i f i c  m e t e o r o l o g y  
mode = 2 t h e n  X / Q  b a s e d  on a t m o s p h e r i c  s t a b i l i t y  c l a s s  and wind s p e e d  
mode = 3 then  X / Q  p l o t  f i l e  i s  c r e a t e d  

LOGICAL CHOICES: 
i f o x  i n o r m  i c d f  i c h k  i s i t e  i p o p  
t f f f f f 

i f o x  = t then  j o i n t  f r e q u e n c y  u s e d  t o  compute  f r e q u e n c y  t o  e x c e e d  X / Q  
= f t h e n  j o i n t  f r e q u e n c y  u s e d  t o  compute  a n n u a l  a v e r a g e  X / Q  

i n o r m  = t t h e n  j o i n t  f r e q u e n c y  d a t a  i s  n o r m a l i z e d  ( a s  i n  G E N I I )  
= f t h e n  j o i n t  f r e q u e n c y  d a t a  i s  u n - n o r m a l i z e d  

i c d f  = t t h e n  c u m u l a t i v e  d i s t r i b u t i o n  f i l e  c r e a t e d  ( C D F . O U T )  
= f then no c u m u l a t i v e  d i s t r i b u t i o n  f i l e  c r e a t e d  

i c h k  = t t h e n  X / Q  p a r a m e t e r  p r i n t  o p t i o n  t u r n e d  on 
= f t hen  no p a r a m e t e r  p r i n t  

i s i t e  = t t h e n  X / O  b a s e d  on j o i n t  f r e q u e n c y  d a t a  f o r  a l l  1 6  s e c t o r s  
= f t h e n  X / Q  b a s e d  on j o i n t  f r e q u e n c y  d a t a  o f  i n d i v i d u a l  s e c t o r s  

i p o p  = t then  X i Q  i s  p o p u l a t i o n  w e i g h t e d  
= f t h e n  no p o p u l a t i o n  w e i g h t i n g  

X / Q  A N D  WIND SPEED ADJUSTMENT MODELS: 
i p u f f  i d e p  i s r c  i w i n d  
0 0 0 0 

i w a k e  ipm i f l o w  i e n t r  
1 0 0 0 

DIFFUSION COEFFICIENT ADJUSTMENT M O D E L S :  

EFFECTIVE RELEASE HEIGHT ADJUSTMENT MODELS: 
( i r i s e  i g r n d l i w a s h  i g r a v  

0 0 
i p u f f  = 1 

= o  
i d e p  = 1 
i s r c  = 1 

= 7  
i w i n d  = 1 
i w a k e  = 1 

= z  
ipm = 1 

= 2  
= 3  

i f l o w  = 1 
i e n t r  = 1 
i r i s e  = 1 

= 2  
i g r n d  = 1 
i w a s h  = 1 
i g r a v  = 1 

= o  

0 0 
t h e n  X / Q  c a l c u l a t e d  u s i n g  p u f f  model 
t h e n  X/Q c a l c u l a t e d  u s i n g  d e f a u l t  c o n t i n u o u s  plume model 
t h e n  plume d e p l e t i o n  model t u r n e d  o n  ( C h a m b e r l a i n  m o d e l )  
t h e n  X / Q  m u l t i p l i e d  by s c a l a r  
t h e n  X i Q  a d j u s t e d  by wind s p e e d  f u n c t i o n  
t hen  w i n d  s p e e d  c o r r e c t e d  f o r  plume h e i g h t  
t hen  N R C  R G  1 . 1 4 5  b u i l d i n g  wake model t u r n e d  o n  
t h e n  MACCS v i r t u a l  d i s t a n c e  b u i l d i n g  wake model t u r n e d  on 
t h e n  N R C  RG 1 . 1 4 5  plume meander  model t u r n e d  on 
t h e n  5 t h  Power Law plume meander  model t u r n e d  on 
t h e n  s e c t o r  a v e r a g e  model t u r n e d  on 
then  s i g m a s  a d j u s t e d  f o r  volume f l o w  r a t e  
t h e n  method o f  P a s q u i l l  u s e d  t o  a c c o u n t  f o r  e n t r a i n m e n t  
t h e n  MACCS b u o y a n t  plume r i s e  model t u r n e d  on 
t h e n  ISC2 momentumlbuoyancy plume r i s e  model t u r n e d  on 
t h e n  M i l l s  b u o y a n t  plume r i s e  m o d i f i c a t i o n  f o r  g r o u n d  e f f e c t s  
t h e n  s t a c k  downwash model t u r n e d  on 
t h e n  g r a v i t a t i o n a l  s e t t l i n g  model t u r n e d  on 
unless s p e c i f i e d  o t h e r w i s e ,  0 t u r n s  model o f f  
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C 
c P A R A M E T E R  INPUT: 

re1 e a s e  
h e i g h t  
h s ( m )  

0 

i n i  t i  a 1  
p l  ume 
w i d t h  
Wb(m) 

4 5 . 7  

ambient 
tempera ture  
T a m b ( C )  

20  

r e f e r e n c e  
anemometer 
h e i g h t  
h a ( m )  

1 0  

i n i  t i  a 1  
pl ume 
h e i g h t  
Hb(rn)  

4.9 

i n i t i a l  
plume 
tempera ture  
T @ ( C )  

2 2  

m i x i n g  
he ight  
h m ( m )  

1000 

re1 ease  
d u r a t i o n  
t r d ( h r )  

0 

i n i t i a l  
plume 
flow r a t e  
V0 (m3/s 1 

1 

f requency 
t o  
exceed 
Cx(Yp)  

. 5  

d e p o s i t i o n  
v e l o c i t y  
v d ( m / s )  

0.001 

re1 ease  
d iameter  
d ( m )  

1 

g r a v i t a t i o n a l  
s e t t l i n g  
vel oci t y  
vg(m/s) 

0.001 

c o n v e c t i v e  
hea t  r e l e a s e  
r a t e (  1 )  
q h ( w )  

0 

c (1) I f  zero  then  buoyant f l u x  based o n  plume/ambient tempera ture  d i f f e r e n c e .  

c X / Q  Wind 
c s c a l i n g  Speed 
c f a c t o r  Exponent 
c c ( ? )  a ( ? )  

C 

C 

1 . 78  
C 

c R E C E P T O R  D E P E N D E N T  D A T A  (no  l i n e  l i m i t )  
c F O R  M O D E  make R E C E P T O R  D E P E N D E N T  D A T A  
c 1 ( s i t e  s p e c i f i c )  s e c t o r  d i s t a n c e  r e c e p t o r - h e i g h t  
c 2 ( b y  c l a s s  & w i n d  speed)  c l a s s  windspeed d i s t a n c e  o f f s e t  
c 3 ( c r e a t e  p l o t  f i l e )  c l a s s  windspeed xmax i m a x  ymax j m a x  

c R E C E P T O R  P A R A M E T E R  DESCRIPTION 
C 

c e p t o r -  
q m i n  p 

c s e c t o r  = 0 ,  1 ,  Z . . .  ( a l l ,  S ,  SSW, e t c . )  
c d i s t a n c e  = r e c e p t o r  d i s t a n c e  ( m )  
c r e c e p t o r  h e i g h t  = h e i g h t  o f  r e c e p t o r  ( m )  
c c l a s s  = 1 ,  2 ,  3 ,  4 ,  5 ,  6 ,  7 ( P - G  s t a b i l i t y  c l a s s  A ,  B ,  C ,  D ,  E ,  F ,  GI 
c windspeed = anemometer w i n d  speed (rn/s) 
c o f f s e t  = o f f s e t  from plume c e n t e r l i n e  ( m )  
c xmax = maximum d i s t a n c e  t o  p l o t  o r  c a l c u l a t e  t o  ( m )  
c i m a x  = d i s t a n c e  i n t e r v a l s  
c ymax = m a x i m u m  o f f s e t  to p l o t  ( m )  
c j m a x  = o f f s e t  i n t e r v a l s  
c x q m i n  = m i n i m u m  s c a l e d  X / Q  to c a l c u l a t e  
c power = exponent i n  power f u n c t i o n  s t e p  s i z e  
0 100 0 

siif-3 328.0 1 IA-14 March 2000 



SNF-3328 REV 2 

2.0 MECHANICAL DAMAGE OF MULTI-CANISTER OVERPACK 

2.1 PURPOSE AND OBJECTIVES 

If the multi-canister overpack (MCO) or the cask-MCO were to be subjected to an 
accidental drop, impact, or shear force of sufficient magnitude, the MCO or the cask-MCO could 
be damaged in such a way as to breach the MCO or to substantially compromise its internal 
geometry A number of potential accidents that could cause mechanical damage to the MCO 
have been identified at the Canister Storage Building (CSB). These potential accidents are listed 
in Section 2.2. While some of the cases could lead to a breach and potential radiological dose 
consequences, a criticality is not credible because of the lack of a credible water source even if the 
internal geometry of the MCO were substantially compromised. Consequence analysis for 
breaches is contained in HNF-3 553, Spenl Nuclear Fuel Project Find Sufk ly  Analysis Report, 
Annex A, “Canister Storage Building Final Safety Analysis Report,” Section A3.4.2.1.3. 

2.2 SCENARIO DEVELOPMENT 

At the CSB the MCO is hoisted by both the receiving crane and the MCO handling machine 
(MHM). The MCO could be dropped, either when it is inside the transportation cask or when it 
is outside the cask. Objects (e.g., the transportation cask lid) also are hoisted above the MCO, 
creating the potential for a drop onto the MCO. Other building equipment could move and 
collide with the MCO or the transportation cask. Several different scenarios that could cause 
mechanical damage to the MCO were considered, all of which were considered potentially serious 
hazards to the MCO in HNF-SD-SNF-HIE-001, (.‘mister Storage Ruildiiik.H~iz~r~Aria~,s[.s 
Report. These scenarios are listed in Table 2-1 

The translational movement of the CSB receiving crane and the MHM, and the rotational 
movement of the MHM turret provide mechanisms for applying lateral or shear forces to the side 
of the MCO. The MNM is operated with interlocks that are designed to prevent drop, rotational, 
or translational forces from damaging the MCO. The lack of a credible water source prevents 
scenarios involving breaches from becoming criticality concerns. In general, there is no need to 
consider internal geometry effects because no variation of internal geometry can credibly cause 
criticality without the presence of water. 

Frequency calculations for all scenarios identified in Table 2-1 are documented in 
SNF-4042, Evaluation ofAccident Frequencies a/ the Canister Storage Building. Three 
classifications of accidents have been selected for evaluation: drop of the MCO or cask-MCO, 
shear of the MCO by the MHM, and impacts to the MCO other than drops or shears. 
Engineering calculations have been performed to determine the extent of any mechanical damage 
to the MCO following any of the possible drop, shear, or impact scenarios identified in Table 2-1. 
Based on the results of the frequency calculations and the engineering calculations, controls have 
been selected to meet the requirements for radiological dose releases. 
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Drop, Scenario 
shear identifier Process step or cvent 

Table 2- I .  Multi-Canister Overpack Process Steps and Possible Drop, Shear, or Impact 
Scenarios. (3 sheets) 

Drop, shear. or impact dcscriptiiin 

I \  ,'eiamic .. event I 13 I 0 2  I CSB fucilitv stnicturc falls on MCO I 
Cask lid removal using gantry hoist I2 01 l h p  cask lid <into MCO 

MCO retrieved from cask in cask 
receiving pit into the MlM 

14 0 3  Drop cask receiving pit plug anto MCO 

15 D4 Drop MCO onto edge of cask (eccentric drop at cask 
rcceiving pit) 

Drop MCO hack into cask (concentric drop a1 cask 
rccciving pit) 

Shear MCO hy turret rotation with MCO only partially 
retrieved into tlic MHM ciisk 

16 D5 

1721 S 2  

M i d i  2000 

MCO retrieved from cask in cask 
receiving pit into the MTlM 
(continued) 

snf-3328.02 

17b S3 Shear MCO by moving MHM with MCO only piiltially 
retrieved into the MHM cask 

2-2 

~~ 
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Table 2-1. Multi-Canister Overpack Process Steps and Possible Drop, Shear, or Impact 
Scenarios. (3 sheets) 

I 
Drnp, 
shcar Process stcp or event 

Swiiurio 
identifier 

Drop; shcar, or impact description 

Seismic event 18 

19 

~ 

MCO transported to stirage tube or 
samylmng/weld stntlrin 

S4 Shear MCO while MCO is pdrtially inserted inln cask 
recciving pit, weld station, or storage luhe during DBE 

W fall nnto operating deck, resulting in major 0 4  

installed on MCO 

21 

22 

MCO placed in storage tube or 
samplingheld station I 

D6 Drop MCO within MHM MCO cusk tube onto MHM 
turret deck 

Drop M U 0  or110 CSD operating I l i x n  D7 

23 

24 

D7 

D8 

Drop MCO nnto storage covers kir CSH vaults 2 or 3 

Drop MCO onto or into maintenance pit or tuhc plug 
exchange facility 

I sinictural damage to deck 

28 

29  

Shear MCO hy rotating turret with MCO only partially 
retracted into lwIM cusk 

S? Shear MCO hy rutkiting horct with MCO only partially 
retracted into MIlM cask 

Drop M C O  onto impact absorber in sturtge tube or 
sampling/weld station 

D10 

30 

31 

32 

-- Comhined with 29 

DI I Drop MCO onto another MCO in storage tube (no 
intemicditte irnpnct absorber) 

-. Cambincd with 11 

Drop MCO onto or into FFTF rnaintcnancc pit 

Drop intermediate impact absorber on MCO damaging 
MCO 

Shar MCO by moving MKM with MCO iinly partially 
retrieved into thc IWIM cilsk 

~~ - 
36 0 3  Drop storagt: tube plug mto MCO 

I l h p  MCO onto udgr of samplingiweld s t d m  
35 I I (eccentric drop,) 
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Drop, Sceniirio 
shedr identifier Process step or event 

MCO placed in staruge tuhc or 37 * 
saniplin+eld stiltion (contintid) 

Drop, shear, or impact description 

MHM collision with sanrpliiigiweld statim 

snt'1328.02 2-4 March 2000 



SNF-3328 REV 2 

2.2.1 Drop of a Multi-Canister Overpack 

At the CSB the MCO is moved by both the receiving crane and the MHM The MCO could 
be dropped, either when it is inside the transportation cask or when it is outside the cask. Several 
different scenarios that could cause an MCO drop have been considered. All of these drop 
scenarios are considered potentially serious hazards to the MCO in the CSB hazard analysis 
(HNF-SD-SNF-HIE-001): 

D1 

D2 

D3 

D4 

D5 

D6 

D7 

D8 

D9 

Cask-MCO drop from receiving crane onto receiving area 

Cask-MCO drop from receiving crane into cask receiving pit 

Cask-MCO drop from receiving crane into Fast Flux Test Facility (FFTF) pit or 
MHM maintenance pit 

Drop of MCO by MHM onto edge of cask receiving pit 

Drop of MCO by MHM back into cask 

Drop of MCO within MHM turret onto MHM turret deck 

Drop of MCO from MHM onto CSB operating area floor or onto storage tube covers 
of vault 2 or vault 3 in CSB 

Drop of MCO from MHM onto or into MHM maintenance pit or tube plug exchange 
facility 

Drop of MCO from MHM onto or into FFTF pit 

D10 Drop of MCO by MHM into storage tube or sampling/weld station 

D11 Drop of MCO by MHM onto another MCO located in the bottom of a storage tube 
(no intermediate impact absorber involved) 

D12 Drop of MCO by MHM onto storage tube plug because of inadvertent turret rotation 

D13 Drop of MCO by MHM onto edge of storage tube 

D14 Drop of MCO by MHM onto edge of sampling/weld station. 

D1- Cask-Multi-Canister Overpack Drop from Receiving Crane onto Receiving 
Area. The receiving crane is used to lift the cask-MCO from the transport trailer using a yoke. 
The crane is then translated to place the cask-MCO above the cask receiving pit, and the 
cask-MCO is lowered into the pit. The cask-MCO could be dropped from the receiving crane at 
any location through which the crane travels with the suspended cask-MCO. The CSB receiving 
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crane has been designated a safety-significant and important-to-safety piece of equipment. The 
crane is not single-failure-proof but is rated for twice the load required for a safety-significant 
hoist. 

Cask-MCO drops from the receiving crane could occur because of a failure in the lift 
system (e.g., the hook, hoist rope, cask yoke) or as a result of improper connection of the load to 
the hoist. Because the crane is designed to select criteria of ASME NOG-1, Kules$w 
Cmsfruction oj0verheud und Gantry Cranes (Top Running Bridge, Multiple Girder), Type I, 
the crane load remains suspended during and after a design basis earthquake (DBE) event. The 
following five scenarios involving 6041. drops from the receiving crane have been analyzed in 
WMTS-RPT-03 7, Catiisfer Storage Building Mirrlti-(,7arii.ster ~herpcrck C'cisk uridMi~/ri-(~ariisrer 
Overpack Impuc f Anuly.sis. 

1,  Cask-MCO Slapdown Drop onto the Concrete Deck. (This case corresponds to 
scenario 2 in Table 2-1 .) In this case, two drop orientations of the cask-MCO are 
evaluated: a center-of-gravity over corner orientation and a shallow angle (1 5 ") 
orientation. In both orientations, the cask-MCO is assumed to be suspended initially 
from the crane with the impacting corner of the cask-MCO 60 in. from the floor. The 
rigging then fails in a manner such that the cask-MCO is subjected to an oblique drop 
and slapdown onto the concrete deck of the CSB. For both orientations, the primary 
impacts are simulated as corner drops and the slapdowns are simulated separately as 
flat horizontal drops from heights that account for the additional rotational velocity of 
the cask center of gravity at impact. 

1. (This case corresponds to 
scenario 3 in Table 2-1 .) In this case, the cask-MCO is assumed to be suspended 
initially from the crane with the bottom of the cask-MCO 60 in. from the floor. The 
rigging then fails in a manner such that the cask-MCO is subjected to a flat bottom- 
end drop onto the concrete deck and does not tip over. 

2. 

3 .  >. (This case 
corresponds to scenario 4 in Table 2-1.) This case is the same as case 1 except the 
initial oblique drop is on the edge of the cask receiving pit with slapdown (both 
shallow angle and center-of-gravity over corner orientations). This slapdown is 
simulated by a horizontal side drop from an increased height that accounts for the 
rotational velocity of the center of gravity of the cask. 

Cask-MCO Drop Spanning Cask Receiving Pit. (This case corresponds to scenario 5 
in Table 2- I .) In this case, the cask-MCO is assumed to drop from a height of 60 in. 
onto the cask receiving pit. The drop is assumed to be a horizontal side drop with the 
center of gravity of the cask over the geometric center of the pit. 

Shallow Angle Cask-MCO Drop into the Cask Receiving Pit with Cask Impacting on 
Opposite Edge of Vault Pit. (This case corresponds to scenario 6 in Table 2-1 .) In 
this case, the cask-MCO is assumed to drop into the pit at a shallow angle off the 

4. 

5. 
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horizontal (approximately 15”). Initially the cask-MCO is assumed to be suspended 
from the crane with the impacting corner of the cask-MCO 60 in. from the floor. The 
rigging then fails in a manner such that the cask-MCO is subjected to a shallow angle 
drop into the pit and subsequent slapdown onto the concrete deck near the edge of the 
vault pit. The primary impact is simulated as a shallow angle drop impacting the 
opposite edges of the pit and the slapdown is simulated separately as flat horizontal 
drops from heights that account for the rotational velocity of the cask center of gravity 
at impact. The slapdown sequence is that the cask initially impacts on its bottom 
corner in the pit and the top end closure slaps down on the vault pit edge. 

Using U.S. Nuclear Regulatory Commission and commercially accepted practices, the cask 
in these cases is considered to be a rigid body impacting a yielding surface. The concrete and soil 
are considered real surfaces that absorb the energy of impact. This is predicated on the shipping 
cask being much harder and stiffer than a concrete surface. Consequently, the concrete and 
underlying soil act to decelerate the cask. 

Numerical simulations using the ABAQLWExplicit computer program were used to develop 
the average inertial load factors and inertial load factor time histories for the various scenarios 
involving cask-MCO drops onto concrete surfaces at the CSB. Since the cask has a natural 
frequency in excess of 33 Hz, the cask was modeled as a rigid body in the numerical impact 
simulations. The impacted CSB concrete surfaces and soil subgrades were modeled as real 
targets. The slope of the velocity time history profiles was used to determine the average inertial 
load factors. 

Quasi-static methods were used for structural evaluation of the cask-MCO closure. This 
quasi-static method is based on D’Alembert’s principle of substituting an equivalent static force 
for the inertial force created by impact. These inertial forces represented in the calculation as 
equivalent static loads were determined by multiplying the weight of the cask by the average 
inertial load factor of the cask. In addition, this average inertial load factor was multiplied by the 
maximum dynamic load factor to account for the dynamic response of the cask. 

Given the robustness of the cask and cask closure lid, the most vulnerable components of 
the cask relative to loss of confinement during and after a free drop impact are the closure lid 
bolts. The bolts were evaluated by classical linear elastic methods by the evaluation approach 
specified in NLJREGICR-6007, Stress Analysis of’ Cllosiire Boltsfor Shipping C‘nsk.s. 
For conservatism, the closure system was considered a protected lid with the weight of the 
closure lid applying a shear load to the bolts at the threads. 

The loading evaluation for these cases (WMTS-RPT-037) shows that stresses in the bolts 
are below the allowable limits specified in NUREGICR-6007 for accident conditions. This is 
demonstrated by the positive margins of safety based on the allowable stress intensity limits in all 
cases. Results show that margins of safety on the reduced shank of the bolt are positive and the 
margins of safety of the shear ring are large. During a flat bottom end drop, the only loading on 
the closure lid bolts is the fixed edge moments and forces applied by the closure lid inertia. This 
results in an average tensile load on the bolt that, when compared with the allowable stress 
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intensity limits, results in a margin of safety of 7.38.  Initial oblique bottom impact loads on the 
bolts were treated as axial and radial vector components of the impact force. In  these cases, the 
inertial load factors were relatively low compared with the horizontal side drop and bottom end 
drop. As a result, the margins of safety on the closure bolts are large. Consequently, as 
demonstrated by the positive margins of safety, the cask closure lid bolts, reduced bolt shank, and 
shear ring remain elastic and maintain confinement in the various scenarios involving a drop of the 
cask-MCO onto the CSB floor and floor structures. 

To be conservative, a breach of the MCO as well as a breach of the cask following this drop 
is assumed. Unmitigated, this event has been determined to be in the unlikely category 
(SNF-4042). The gas leaving the MCO contains considerable hydrogen so a flammable mixture 
of hydrogen, helium, and air forms in the space between the outside of the MCO and the inside of 
the cask. This flammable mixture ignites, but the resulting pressure increase is not expected to 
damage the cask (see Chapter 5.0). 

D2 - Cask-Multi-Canister Overpack Drop from Receiving Crane into Cask 
Receiving Pit. (This case corresponds to scenario 7 in Table 2-1 .) The cask receiving pit is 
fitted with an impact absorber designed to control the dynamics of dropping an MCO cask 
containing an MCO into an empty cask (i.e., to limit the deceleration). The impact absorber 
mitigates the damage to the MCO following the drop accident. The impact absorber is required 
to limit the deceleration of a maximum weight MCO dropped from the maximum height to less 
than 35 g. The MCO and internal baskets are designed to maintain confinement under drops with 
decelerations limited below 35 g. The impact absorber for the cask receiving pit is designed for a 
drop height of 281 in. The maximum height of the cask receiving pit impact absorber is 45 in. 
The impact absorber design was developed through a combination of both calculations and static 
and dynamic tests. 

To be conservative, a breach of the MCO as well as a breach of the cask following this drop 
is assumed. Unmitigated, this event has been determined to be in the unlikely category 
(SNF-4042). Full-scale prototypic tests of the impact absorber were performed and are 
documented in TR-003, Test Reportfor the C'SB l'rofo~pic Impact Ahsorhers. The tests used 
video records to demonstrate acceptable deceleration. While a direct crush measurement of the 
impact absorber indicated a deceleration load that was higher than expected and higher than the 
design criteria, this was attributed to energy transferred to the ground upon impact. 

HNF-SD-SNF-DR-003, iCfufti-C'anister Overpack Design Repport, demonstrates that the 
MCO will meet design criteria. The design calculation shows that the Mark 1A MCO's internals 
can withstand the design basis conditions of a 35 g vertical drop or a 101 x horizontal drop. The 
MCO cask containing an MCO will not be damaged following a drop into the cask receiving pit. 

D3 - Cask-Multi-Canister Overpack Drop from Receiving Crime into Fast Flux Test 
Facility Pit or Multi-Canister Overpack Handling Machine Maintenance Pit. (This case 
corresponds to scenarios 9a and 9b in Table 2-1 .) When the receiving crane is moving the 
cask-MCO from the transport trailer to the cask receiving pit, the cask-MCO is not to be moved 
over the FFTF or maintenance pits. The receiving crane resolver tracks the east-west position of 
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the receiving crane. Before the receiving crane reaches the west side of the FFTF pit, the 
interlock removes power from the drive motors. Power may only be restored to the crane by both 
the use of a supervisor-controlled fortress key at a remote station and the operator depressing an 
override button on the crane. While this interlock does not reduce the drop frequency, it does 
reduce the frequency of drops into the FFTF or maintenance pits. 

However, given certain errors, the cask-MCO could mistakenly be moved over the FFTF or 
maintenance pits where it would be vulnerable to a potential drop into the pit. The consequences 
of a cask-MCO drop by the receiving crane (from a height greater than 60 in.) into the FFTF or 
maintenance pit with a slapdown have not been determined. While definitive supporting 
calculations do not exist, no radiological releases or associated onsite or offsite dose 
consequences are expected from such an accident because of the structural protection provided by 
the cask. A breach of the MCO as well as a breach of the cask following this drop is assumed. 
Unmitigated, this event has been determined to be in the unlikely category (SNF-4042). The gas 
leaving the MCO contains considerable hydrogen so a flammable mixture of hydrogen, helium, 
and air forms in the space between the outside of the MCO and the inside of the cask. This 
flammable mixture ignites, hut the resulting pressure increase is not expected to damage the cask 
(see Chapter 5.0). 

D4 - Drop of a Multi-Canister Overpack by the Multi-Canister Overpack Handling 
Machine onto Edge of the Cask Receiving Pit. (This case corresponds to scenario 15 in 
Table 2- 1 .) If the MHM were to drop an MCO, the MCO would impact the slope of the shield 
hatch and MCO guide assembly because of the shield hatch and MCO guide assembly design and 
the centering guide installed in the MHR/I. The shield hatch has a 75" incline, which would greatly 
reduce the impact force. The centering guide would limit MCO tilt, which would ensure the 
impact area was always on the shield hatch incline. 

An engineering analysis using the ABAQUSiExplicit computer code has been performed to 
address dropping an MCO onto the edge of the cask receiving pit (eccentric drop); the analysis is 
documented in SNF-5204, Analysi.s,fbr Eccentric Miclti-Canister Overpack Drops ut the ('anisier 
Storage Building (C'SB-S-0073). This analysis predicted accelerations, plastic strain, and stress 
distributions, and identifies failure modes. The structural numerical models addressed nonlinear 
material behavior as well as impact dynamics. The weight of the MCO used in the analysis was 
20,000 Ib, and the drop height was conservatively assumed to be 90 in. The maximum equivalent 
MCO strain was found to be 18% and occurred on the MCO bottom near the point of impact. 
Since the failure strain is above SO%, it is not likely that through-the-wall cracking would occur 
although removal of local surface metal may occur. The maximum predicted equivalent plastic 
strain at the MCO lower weld was 0.4% during a drop into the standard storage tube. This is 
well below a 13% failure strain. The maximum tensile principal strain was in a radial direction, so 
any failure would be by spalling or flaking rather than through-the-wall cracking. 
The deceleration of the MCO baskets was shown to be ahout 20 g or less, well within the design 
allowable of 35 g. 

To be conservative, a breach of the MCO following this drop is assumed. Unmitigated, this 
event has been determined to be in the unlikely category (SNF-4042). 
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D5 - Drop of Multi-Canister Overpack by the Multi-Canister Overpack Handling 
Machine Back into Cask. (This case corresponds to scenario 16 in Table 2-1 .) An engineering 
analysis has been performed to address dropping an MCO back into the cask; the analysis is 
documented in SNF-5276, Ancdyvis,for SNFMCO D V O ~  info /he (h.sk,from the MHM with Air 
Cushion. The MCO was assumed to drop from a height of 8.2 ft above the cask, enter the cask 
concentrically, and fall the additional 12.83 ft to the cask bottom. The MCO's fall would be 
slowed by air entrapment and the interface fit between the MCO and the cask. The shipping cask 
was assumed to be resting on the cask receiving impact absorber at the time of impact, and the 
energy absorbing properties of the cask receiving pit impact absorber were included in the 
analysis 

The engineering analysis (SNF-5276) showed that an MCO drop into the cask produces 
very large impact reactions on the MCO and its internals. Plastic strains were shown to occur in 
the bottom of the MCO, the sides of the MCO near the weld area, the basket support plates, the 
outside basket support posts, and the basket center support post. Large amounts of energy were 
absorbed during the impact by these components. 

The maximum equivalent plastic strain in the bottom of the MCO was 2.0%. This is below 
the calculated effective failure strain of 15%. The effective failure strain value was calculated 
based on the multi-axial stress state (triaxiality factor), temperature, and strain rate. Breaching of 
the MCO pressure boundary by through-wall cracking is not expected. 

Equivalent plastic strains in the weld area at the juncture of the MCO walls and the MCO 
bottom were 2. I % .  This is below the calculated 12.5% effective failure strain. The maximum 
equivalent plastic strain occurred at the inside surface of the MCO in the weld area. Breaching of 
the MCO pressure boundary by through-wall cracking in the weld area is also not expected. 

To be conservative, a breach of the MCO following this drop is assumed. Unmitigated this 
event has been determined to be in the unlikely category (SNF-4042). 

D6 - Drop of Multi-Canister Overpack within Multi-Canister Overpack Handling 
Machine Turret onto Multi-Canister Handling Machine Turret Deck. (This case 
corresponds to scenario 21 in Table 2- I . )  When the MHM is traveling in the operating area with 
an MCO fully raised into the MCO cavity of the MHM turret, the MCO is vulnerable to a 
potential drop onto the MHM turret deck while partially rotated over the opening. Engineering 
analysis has been performed to evaluate an MCO drop onto the MHM turret deck 
(WMTS-UT-037). As a worst case, it was assumed that the MCO dropped at a shallow angle of 
1' off the vertical axis and onto a squared edge of the MHM turret base opening. The drop was 
assumed to result in an edge impact approximately one-eighth the diameter in from the edge of 
the MCO. 

The results show that the most vulnerable areas of the MCO are not breached and the MCO 
maintains confinement even at a metal temperature of270 "F. The maximum equivalent strain 
(which is a true strain) is 15.5% at the impact point on the MCO bottom plate outside surface. 
The maximum equivalent strain at the inside surface on the bottom-end-plate-to-shell weld joint is 
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3.72%. Based on the CSB Expert Panel criteria adjusted for true strain (SNF-5276), the failure 
strain value at 270 "F is 6.7%. The margin of safety at the impact point for the base metal is 2. I ,  
and in the weld area, the margin of safety is 0.8 (SNF-5276). The margin of safety used is 
calculated as follows: 

(allowable value / calculated value) - 1 

The allowable values for the MCO are ASME Boiler arzdPressure Ve.s.sel Code, Section 111, 
class 1 allowables for Service Level D (ASME 1995). 

The maximum strain energy density at the impact point on the MCO bottom plate outside 
surface is 7,3 17 in-lbf/in3, and the maximum strain energy density at the inside surface on the 
bottom-end-plate-to-shell weld joint is 1,258 in-lbf/in3. For Type 304L stainless steel at 270 O F ,  

the minimum yield strength is 19.6 ksi, and the minimum ultimate strength is 62.5 ksi at 40% 
strain, equating to a minimum rupture toughness of 16,420 in-lbflid Based on the material 
toughness criteria, the maximum allowable strain energy density of the base metal is 
8,210 in-lbflin'. The maximum allowable strain energy density in the weld region is 
4,105 in-lbf/in3. The margin of safety of strain energy density is 0. I2  at the impact point and 2 . 3  
in the weld region. 

The maximum equivalent plastic strain and strain energy density data show that at the 
contact locations, the outer surface of the bottom end closure of the MCO is dented. However, 
the data also show that this damage is only on the surface and does not extend into the inside 
surface of the bottom end closure plate. The maximum equivalent plastic strain at the weld joint 
between the MCO shell and bottom end closure plate is very low and well below the established 
limits for the material. In the weld joint region, the maximum equivalent plastic strain and strain 
energy density are on the inside surface of the confinement boundary 

To be conservative, a breach of the MCO following this drop is assumed. Unmitigated, this 
event has been determined to be in the unlikely category (SNF-4042), 

D7 - Drop o f  Multi-Canister Overpack from Multi-Canister Overpack Handling 
Machine onto Canister Storage Building Operating Area Floor or onto Storage Tube 
Covers of  Vault 2 or Vault 3 in Canister Storage Building. (This case corresponds to 
scenarios 22 and 23 in Table 2-1 .) If errors are made in failing to replace the storage tube plug 
(or cover plug or center plate) when the MHM has finished raising an MCO into the MCO cavity 
in the MHM turret, and the MHM is inadvertently moved a short distance over the operating 
floor, the MCO is vulnerable to a potential drop onto the operating area floor from the fully raise 
position in the MCO cavity in the MHM turret when no credit is taken for the MHM interlocks. 
Anytime the MHM is carrying an MCO in the MCO cavity in the MHM turret and stops 
anywhere on the operating area, the MCO is vulnerable to a potential drop onto the operating 
area floor from the fully raised position in the MCO cavity in the MHM turret when the MHM is 
rotated to the MCO cavity of the MHM turret position, providing no credit is taken for the MHM 
interlocks. Whenever an MHM is carrying an MCO in the MCO cavity in the MHM turret and 
stops over vaults 2 or 3, the MCO is vulnerable to a potential drop onto the vault covers from the 
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fully raised position in the MCO cavity in the MHM turret when the MHM is rotated to the MCO 
cavity in the MHM turret position, providing no credit is taken for the MHM interlocks. A 
breach of the MCO following this drop is assumed. Unmitigated, this event has been determined 
to be in the extremely unlikely category (SNF-4042). 

D8 - Drop of Multi-Canister Overpack from Multi-Canister Overpack Handling 
Machine onto or into Multi-Canister Overpack Handling Machine Maintenance Pit or 
Tube Plug Exchange Facility. (This case corresponds to scenario 24 in Table 2-1 .) When the 
MHM is moving an MCO in the operating area, the MHM is not to be moved over the MHM 
maintenance pit. However, given certain errors, the MHM containing an MCO could mistakenly 
be moved over the MHM maintenance pit or tube plug exchange facility, where the MCO would 
be vulnerable to a potential drop into the pit providing no credit is taken for the MHM interlocks. 
A breach of the MCO following this drop is assumed. Unmitigated, this event has been 
determined to be in the extremely unlikely category (SNT-4042). 

D9 - Drop of Multi-Canister Overpack from Multi-Canister Overpack Handling 
Machine onto or into Fast Flux Test Facility Pit. (This case corresponds to scenario 25 in 
Table 2-1 .) When the MHM is moving an MCO in the operating area, the MHM is not to be 
moved over the FFTF pit. However, given certain errors, the MHM containing an MCO could 
mistakenly be moved over the FFTF pit, where the MCO would be vulnerable to a potential drop 
into the FFTF pit providing no credit is taken for the MHM interlocks. A breach of the MCO 
following this drop is assumed. Unmitigated, this event has been determined to be in the 
extremely unlikely categoty (SNF-4042). 

D10 - Drop of Multi-Canister Overpack by Multi-Canister Overpack Handling 
Machine into Storage Tube or SamplingNeld Station. (This case corresponds to scenario 29 
in Table 2-1 .) Each storage tube bottom is fitted with a bottom impact absorber of stainless steel 
tubes that has been designed to control the dynamics of dropping a single MCO into an empty 
storage tube. The bottom impact absorber will mitigate damage to an MCO following such a 
drop. These bottom impact absorbers are required to limit the deceleration of a maximum weight 
MCO dropped from the maximum height to less than 35 g. The MCO and its internal baskets are 
designed to maintain confinement under drops with decelerations limited below 35 g as specified 
in HNF-S-0426, I’erfijrrnawce Spec@ation,for Spent Nwclenr Fuel Projeci, Multi-Canister 
Overpack. Therefore, the MCO will not be damaged following a drop into the storage tube. The 
adequacy of the bottom impact absorber has been demonstrated by a full-scale test. To be 
conservative, a breach of the MCO following this drop is assumed. Unmitigated, this event has 
been determined to be in the unlikely category (SNF-4042). 

An intermediate impact absorber is placed between two MCOs stacked in a storage tube. 
The intermediate impact absorber is designed to mitigate damage to both MCOs if the top MCO 
is accidentally dropped during storage tube loading. These intermediate impact absorbers are 
required to limit the deceleration of an MCO dropped on top of another MCO to less than 35 g. 
The MCOs will not be damaged following a drop on top of another MCO in the storage tube. 
The adequacy of the intermediate impact absorber has been demonstrated by a full-scale test. 
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Each sampling/weld station pit is fitted with an impact absorber of stainless steel tubes that 
has been designed to control the dynamics of dropping an MCO into the samplingiweld station 
rotating shield. The sampling/weld station impact absorber will mitigate damage to the MCO 
after such a drop. These impact absorbers are required to limit the deceleration of a maximum 
weight MCO dropped from the maximum height to less than 35 g. The MCO and its internal 
baskets are designed to maintain confinement under drops with decelerations limited below 35 g 
(HNF-S-0426). Therefore, the MCO will not be damaged following a drop into the 
samplingiweld station rotating shield. The design adequacy of the impact absorber has been 
demonstrated by a full-scale drop test. 

D11 - Drop of Multi-Canister Overpack by Multi-Canister Overpack Handling 
Machine onto Another Multi-Canister Overpack Located in the Bottom of a Storage Tube 
(No Intermediate Impact Absorber Involved). (This case corresponds to scenario 3 1 in 
Table 2-1.) When the MHM is placing an MCO into a storage tube that contains one MCO but 
which has no intermediate impact absorber, each MCO would be vulnerable to a potential drop of 
the MCO hanging from the M H M  

A drop of an MCO onto another MCO already loaded into the storage tube would cause 
plastic deformation to the bottom of the dropped MCO and the top of the impacted shield plug, 
but the confinement functions of either MCO would not be jeopardized. The deceleration 
associated with such a drop would not damage the MCO internals. HNF-SD-SNF-DP-007, 
Multi-C‘anister Overpack;(‘cisk Drop Analysis File Dociimentation, Appendix D, “Multi-Canister 
Overpack to Multi-Canister Overpack Drop Analysis,” documents the simulation of a 3 1 -ft drop 
of a loaded MCO onto another MCO. A bottom impact absorber is in place under the first MCO, 
but no intermediate impact absorber is in place between them. The analysis indicates that plastic 
deformation of the impacted shield plug seal and shoulder would be a maximum of 0.030 in. The 
impact absorber under the bottom MCO would be compressed 6 to 9 in. To be conservative, a 
breach of the MCO following this drop is assumed. Unmitigated, this event has been determined 
to be in the unlikely category (SNF-4042). 

D12 - Drop of Multi-Canister Overpack by the Multi-Canister Overpack Handling 
Machine onto the Storage Tube Plug because of Inadvertent Turret Rotation. (This case 
corresponds to scenario 33 in Table 2-1 .) Anytime an MHM is carrying an MCO in the MCO 
cavity in the MHM turret and stops over a storage tube plug, the MCO is vulnerable to a potential 
drop onto the storage tube plug pintle from the fully raised position in the MCO cavity in the 
MHh4 turret when the MHM is rotated to the MCO cavity in the MHM turret position providing 
no credit is taken for the MHM interlocks. A breach of the MCO following this drop is assumed. 
Unmitigated, this event has been determined to be in the extremely unlikely category (SNF-4042). 

D13 - Drop of Multi-Canister Overpack by Multi-Canister Overpack Handling 
Machine onto Edge of Storage Tube. (This case corresponds to scenario 34 in Table 2-1 .) The 
storage tube is supported off the floor. The lower flange of the tube is 4.5 in. thick and has a 45” 
incline to reduce any direct impact between a dropped MCO and the edge of the storage tube 
following an eccentric drop event. An engineering analysis (SNF-5204) has been performed to 
address dropping an MCO onto the edge of a storage tube (eccentric drop). The drop was 
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conservatively assumed to hit the lower flange of the storage tube (which has a 45 incline) not 
the guide funnel (which has a 75" incline). The weight of the MCO used in the analysis was 
20,000 Ib, and the drop height was conservatively assumed to be 90 in. The MCO was assumed 
to be tilted by no more than 2"21' from vertical because of the MCO centering guide installed in 
the MHM. If a drop tilted more than 2"21', the MCO would most likely hit the funnel placed 
above the upper flange. The funnel has a 75" entrance angle, and the impact would be less severe 
than an impact on the lower flange. The engineering analysis predicted accelerations, plastic 
strain, and stress distributions, and identified MCO failure modes. The structural numerical 
models address nonlinear material behavior as well as impact dynamics. The tube bellows, which 
has an insignificant effect, was not included in the model. 

According to the analysis, the maximum equivalent MCO strain was 40% to 45% and 
occurred on the MCO bottom near the point of impact (SNF-5204). Since the failure strain is 
above SO%, it is not likely that through-the-wall cracking will occur although removal of local 
surface metal may occur. The maximum predicted equivalent plastic strain at the MCO lower 
weld was 2% during the drop into the standard storage tube. This is well below a 13% failure 
strain. The maximum tensile principal strain was in a radial direction, so any failure would be by 
spalling or flaking rather than through-the-wall cracking. The deceleration of the MCO baskets 
was shown to be about 20 g or less, well within the design allowable of 35 g. The deformations 
of the MCO and standard storage tube were less than the tube clearance, so no wedging of the 
MCO in the tube is expected. To be conservative, a breach of the MCO following this drop is 
assumed. Unmitigated, this event has been determined to be in the unlikely category (SNF-4042). 

D14 - Drop of Multi-Canister Overpack by Multi-Canister Overpack Handling 
Machine onto Edge of a Sampling/Weld Station. (This case corresponds to scenario 35 in 
Table 2-1.) The MCO impacts a 75" inclined surface on the shield hatch ring at the cask 
receiving pit. The impact at the samplinglweld station is on a similar 75" inclined surface on the 
shield halves. The shield halves at the sampling/weld station is less massive and held in place less 
securely than the shield hatch ring of the cask receiving pit and will cause less damage to the 
MCO. Therefore, the results of an MCO drop onto the edge of the cask receiving pit bound those 
for a drop onto the edge of the sampling/weld station. 

The MCO will impact the incline of the shield halves because of the design of the shield 
halves and the MCO centering guide installed in the MHM The shield halves have a 75" incline, 
which will greatly reduce the impact force. The MCO centering guide will limit the MCO tilt, 
which ensures that the impact area is always on the incline of the shield halves. To be 
conservative, a breach of the MCO following this drop is assumed. Unmitigated, this event has 
been determined to be in the unlikely category (SNF-4042). 

2.2.2 Shear of a Multi-Canister Overpack 

At the CSB the MCO is hoisted by both the receiving crane and the W. The MCO 
could be sheared, either when it is inside the transportation cask or when it is outside the cask. 
Several different scenarios that could cause an MCO shear (which would be a localized breach or 
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tear and not a complete severance of the MCO) have been considered. All of these shear 
scenarios are considered potentially serious hazards to the MCO in the CSB hazard analysis 
(HNF-SD-SNF-HE-001): 

SI Shear of cask-MCO by moving receiving crane while cask-MCO is partially lowered 
into cask receiving pit, or shear of cask-MCO because of collision between MHM and 
receiving crane as receiving crane lowers cask-MCO into cask receiving pit 

Shear of MCO by MHM turret rotation with MCO partially retrieved into MHM at 
cask receiving pit, storage tube, or samplingiweld station 

Shear of MCO by MHM translational movement with MCO only partially retrieved 
into h/Dm/l at cask receiving pit 

Shear of MCO while MCO is partially retrieved from or inserted into cask receiving 
pit, storage tube, or sampling/weld station during significant seismic event 

Shear of MCO by MHM translational movement with MCO only partially retrieved 
into MHM turret at storage tube or sampling/weld station. 

S2 

S3 

S4 

S5 

S1- Shear of Cask-Multi-Canister Overpack by Moving Receiving Crane while 
Cask-Multi-Canister Overpack is Partially Lowered into Cask Receiving Pit, or Shear of 
Cask-Multi-Canister Overpack because of Collision between Multi-Canister Overpack 
Handling Machine and Receiving Crane as Receiving Crane Lowers Cask-Multi-Canister 
Overpack into Cask Receiving Pit. (This case corresponds to scenarios 8 and I O  in Table 2-1 .) 
When the receiving crane is lowering the cask-MCO into the cask receiving pit and the 
cask-MCO is partially inserted into the cask receiving pit, the cask-MCO is vulnerable to a 
potential shear of the cask between the pit wall and the cask wall if the receiving crane were to be 
moved at this time. The shear forces from accidental movement of the receiving crane are 
bounded by those from collision of the MHM with the receiving crane and are therefore 
insuficient to breach the cask-MCO. No breach of the MCO following this collision is predicted 
by analysis. Unmitigated, this event has been determined to be in the anticipated category 
(SNF-4042). 

When the receiving crane is lowering the cask-MCO into the cask receiving pit and the 
cask-MCO is partially inserted into the cask receiving pit, design features preclude the MHM 
from colliding with the crane. It is conservative to assume that the cask-MCO is vulnerable to a 
potential shear of the cask from the MHM colliding with the receiving crane and subsequently 
with the cask; the cask provides confinement. Analysis documented in FDT-137, MHMfnipact 
with C~uskMCO during Insertion into CS'B Transfer Pit (Petersen 1998), has shown that a 
collision would not breach the cask-MCO. MHM interlock PS, which inhibits receiving crane and 
MHM interaction, was not credited in the frequency calculation (SNF-4042); it is considered part 
of the defense-in-depth measures. 

snG3328.02 2-15 March 2000 



SNF-3328 REV 2 

S2 - Shear of Multi-Canister Overpack by Multi-Canister Overpack Handling 
Machine Turret Rotation with Multi-Canister Overpack Partially Retrieved into 
Multi-Canister Overpack Handling Machine at Cask Receiving Pit, Storage Tube, or 
SamplingWeld Station. (This case corresponds to scenarios 17a, 20, and 28 in Table 2- I .) 
When the MHM is raising the MCO into the MHM turret and the MCO is partially removed from 
the transportation cask, the storage tube, or samplingiweld station, the MCO is vulnerable to a 
potential shear from premature MHM turret rotation. 

Analysis documented in SNF-5930, Siruclural Ana/y.si.s qfMulii-Canister Overpack,for 
Accidental Movement of Mulii-C'cmister Overpack Handling Machine during Multi-C'unisfer 
Overpuck Lfiing Operations, demonstrates that a shear of the MCO is not possible using the 
turret rotation motor. For a turret rotational speed of 2 rpm, the kinetic energy is 1,300 ft-lbf. A 
locked rotor torque of 63 Ib-ft results in a force on the MCO of 10,000 Ibf. This force applied 
over a distance of 0.2 in. (penetration to fracture) increases the total energy to 1,470 ft-lbf The 
energy required to initiate puncture ofthe MCO shell is 3,000 ft-lbf; therefore, the shell will not 
puncture from the inertial effects of the rotating turret combined with the drive motor effects. 
The peak force required to initiate puncture is 270,000 Ibf. This value is roughly 27 times the 
10,000 Ibf the motor and gearing are capable of applying to the MCO at a locked rotor torque of 
63 Ib-ft. N o  breach of the MCO following turret rotation is predicted by analysis. Unmitigated, 
this event has been determined to be in the anticipated category (SNF-4042). 

S3 - Shear of Multi-Canister Overpack by Multi-Canister Overpack Handling 
Machine Translational Movement with Multi-Canister Overpack only Partially Retrieved 
into Multi-Canister Handling Machine at Cask Receiving Pit. (This case corresponds to 
scenario 17b in Table 2-1 .) When the MHM is raising the MCO into the MHM turret and the 
MCO is partially removed from the transportation cask, the MCO is vulnerable to a potential 
shear from premature MHM translational motion. A breach of the MCO following the forces 
from MHM translational movement is assumed. Unmitigated, this event has been determined to 
be in the unlikely category (SNF-4042). To be conservative, breach of the MCO was assumed for 
this shear, which is considered to be an unlikely event. Analysis documented in SNF-5930 shows 
that the internal geometry of the Mark IA baskets remain intact (no rearrangement of internal 
geometry). 

S4 - Shear of Multi-Canister Overpack while Multi-Canister Overpack is Partially 
Retrieved from or Inserted into Cask Receiving Pit, Storage Tube, or SamplingWeld 
Station during Significant Seismic Event. (This case corresponds to scenario 18 in Table 2-1 .) 
When the MHM is raising the MCO into the MHM turret and the MCO is partially removed from 
the shipping cask, the MCO is vulnerable to a potential shear from a seismic event. This shear 
event includes the potential shear caused by turret rotation or the potential shear caused by 
translational movement of the MHM. This shear event is prevented by the bridge and trolley 
seismic restraints as well as by the turret locking pin and base locking pin. Calculations have been 
performed to demonstrate the design adequacy of the seismic restraints and locking pins for 
seismic events with forces up to those of the DBE. To be conservative, a breach of the MCO 
following the shear forces from MHM translational movement during a significant seismic event is 
assumed. Unmitigated, this event has been determined to be in the unlikely category (SNF-4042). 
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S5 - Shear of Multi-Canister Overpack by Multi-Canister Overpack Handling 
Machine Translational Movement with Multi-Canister Overpack only Partially Retrieved 
into Multi-Canister Overpack Handling Machine Turret at Storage Tube or 
Sampling/Weld Station. (This case corresponds to scenario 27 in Table 2-1.) When the MHM 
is raising the MCO into or lowering the MCO from the MHM turret and the MCO is partially 
removed from the storage tube or sampling/weld station pit, the MCO is vulnerable to a potential 
shear from premature MHM translational motion 

Analysis shows that the internal geometry of the Mark IA baskets remain intact 
(SNF-5930). To be conservative, a breach ofthe MCO following the shear forces from MHM 
translational movement is assumed. Unmitigated, this event has been determined to be in the 
unlikely category (SNF-4042). 

2.2.3 Impacts Other than Shears and Drops of a Multi-Canister Overpack 

At the CSB impacts to the MCO or to the cask-MCO could also be caused by events other 
than shears and drops Several different scenarios that could cause an impact to the MCO have 
been considered. All of these impact scenarios are considered potentially serious hazards to the 
MCO in the CSB hazard analysis (HNF-SD-SNF-HIE-001). 

01 

0 2  

0 3  

Drop of receiving crane yoke onto cask lid, or drop of cask lid onto MCO 

Collapse of CSB structure and impact to MCO during seismic event 

Drop of cask receiving pit shield hatch and MCO guide assembly’s shield hatch plate 
by IvEtM onto MCO, or drop of storage tube plug or sampling/weld station enter 
shield plate by MHM onto MCO in storage tube or sampling/weld station 

MHM fall or damage caused by a seismic event 

Drop of intermediate impact absorber onto MCO. 

0 4  

OS 

0 1  - Drop of Receiving Crane Yoke onto Cask Lid, or Drop of Cask Lid onto 
Multi-Canister Overpack. (This case corresponds to scenarios 11 and 12 in Table 2-1 .) When 
the receiving crane is raising the cask-MCO yoke away from the cask-MCO in the cask receiving 
pit, the cask lid is vulnerable to a potential drop of the yoke. In the case of the lifting yoke and 
crane rigging falling onto the MCO cask lid, the acceptable performance criterion is the cask lid 
not being punctured. Acceptable performance of the MCO cask lid is demonstrated by a 
quantitative comparative analysis based on a cask puncture test (WMTS-RPT-037). 

For this scenario, the impact energy of the lifting yoke, crane rigging, and hook dropping 
onto the cask-MCO lid was compared with the cask-MCO puncture resistance analysis 
documented in Design Analysis Report for the TN- WHC Cask and TrUnSp<Jr/Ufl<J?Z Syxtem 
(TN 1996). The following assumptions were made in the comparative energy evaluation: 
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Crane two-blocking causes the lifting yoke and crane hook and rigging to drop onto 
the cask-MCO lid while the cask is in the cask receiving pit. 

The total weight of the lifting yoke and crane hook and rigging is 6,200 Ib. 

The cask-MCO is elevated to a working height, therefore the closure bolts are at CSB 
floor level. 

For conservatism, the protection provided by the lifting brackets and trunnions is not 
considered. 

The crane hook impacts the cask lid 

Based on the above assumptions, the drop height of the lifting yoke, crane hook, and rigging 
is 28 ft. The top of the cask closure lid, excluding the trunnion brackets, is 1 1 in. off the floor. 
This results in a drop height of 27 fi, 1 in. onto the closure lid. The potential energy from such a 
drop is 168 kip-A. 

The top end cask puncture evaluation (TN 1996) was performed in accordance with 
Title IO, C’ode ofh’ederul Kegulutions, Part 71, “Packaging and Transportation of Radioactive 
Materials,” Section 71.73, “Hypothetical Accident Conditions” (10 CFR 71). The evaluation 
(TN 1996) determined that the loaded cask-MCO could survive a 40-in. drop onto a 6-in. solid 
vertical cylinder (puncture bar) mounted on an unyielding surface. 

The impact energy of the lifting yoke and crane hook and rigging was calculated as being 
approximately 19% less than the impact energy evaluated in the Transnuclear (TN 1996) design 
analysis report. Therefore, there is margin of safety of 19% based on the cask puncture bar test 
This is in addition to cask-MCO margin of safety in resisting puncture of 6.07 shown in the 
Transnuclear (TN 1996) evaluation. 

The tent gantry hoist in the load-idload-out area will he used to remove the cask lid from 
the cask-MCO. When the tent gantry hoist is raising the cask lid away from the cask-MCO in 
the cask receiving pit, the MCO is vulnerable to a potential drop of the cask lid. An analysis has 
been performed to evaluate cask lid drops (HNF-SD-SNF-DP-007). The analysis concluded that 
the MCO maintains confinement of all spent nuclear fuel during and after a 1.5-m (approximately 
60 in.) drop of a cask lid. A drop of the cask lid from the tent gantry hoist onto the MCO would 
cause only local cosmetic damage at the point of impact, but the MCO would maintain its 
confinement functions. Local plastic damage would only he found by close inspection of the 
hardware after the event. If the receiving crane were used to remove the cask lid from the cask, 
the reliability of the receiving crane makes the consequences of the cask lid drop acceptable for 
the likelihood of a receiving crane drop. No breach of the MCO following a drop of the cask lid 
by the tent gantry hoist is predicted by analysis. A breach of the MCO following drop of the cask 
lid by the receiving crane is assumed. Unmitigated, this breach event has been determined to he in 
the unlikely category (SNF-4042). 
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0 2  - Collapse of Canister Storage Building Structure and Impact to Multi-Canister 
Overpack during Seismic Event. (This case corresponds to scenario 13 in Table 2-1 .) Given a 
seismic event occurs, there is potential for the CSB facility to structurally fail and fall to the 
operating area deck and to strike an MCO exposed at the cask receiving pit or the samplingiweld 
station pit. The CSB has been designed to withstand the DBE. 

0 3  - Drop of Cask Receiving Pit Shield Hatch and MCO Guide Assembly’s Shield 
Hatch Plate by Multi-Canister Overpack Handling Machine onto Multi-Canister 
Overpack, or Drop of Storage Tube Plug or Sampling/Weld Station Center Shield Plate by 
Multi-Canister Overpack Handling Machine onto Multi-Canister Overpack in Storage 
Tube or Sampling/Weld Station. (This case corresponds to scenarios 14 and 36 in Table 2-1 .) 
When the MHM is raising the cask receiving pit shield hatch and MCO guide assembly’s shield 
hatch plate, it is possible that the MHM could drop the shield hatch plate toward the MCO in the 
cask. However, it is physically impossible for a dropped shield hatch plate to make contact with 
the top of an MCO because of the dimensions of the shield hatch plate and depth of the top of the 
MCO below the shield hatch and MCO guide assembly. 

When the MHM is raising or lowering a storage tube plug or samplingiweld station center 
shield plate with the tube plug grapple, it is possible that the MHM could drop the storage tube 
plug or samplingiweld station center shield plate toward the MCO in the storage tube or the 
sampling/weld station pit. However, it is physically impossible for a dropped tube plug or cover 
plug to make contact with the top of an MCO because of the dimensions of the plug and depth of 
the top of the MCO below the storage tube embed or the sampling/weld station shielding. 

0 4  - Multi-Canister Overpack Handling Machine Fall or Damage Caused by a 
Seismic Event. (This case corresponds to scenario 19 in Table 2-1 .) Evaluations documented in 
SNF-5984, Multi-Canister Overpuck Hunding Machine Trolley Seismic 1Jplifl Comtruint 
Design Loads, were performed to study the behavior of the MHM during a DBE. These 
evaluations considered the effects on the MHM both with and without the seismic restraints and 
without the rail stops. All cases studied demonstrate that the MHM will not tip over or collapse 
during a DBE. For the unrestrained seismic event, the MHM trolley seismic uplift restraints 
exceed the ASME-NOG-1 allowables. The design of the MHM will be strengthened to meet 
ASME-NOG- 1 requirements, and this modification will be incorporated before implementation of 
the CSB Final Safety Analysis Report. A potential MHM tip-over caused by the rail stops (if the 
M~HM is near the rail stops without seismic restraints) during a DBE was not analyzed. The 
postulated scenario was judged to have very low likelihood because the MHR/I is rarely located 
close to the rail stops without the seismic restraints applied. 

0 5  - Drop of Intermediate Impact Absorber onto Multi-Canister Overpack. (This 
case corresponds to scenario 26 in Table 2-1 .) The acceptable performance criterion for the 
intermediate impact absorber impacting the top of an MCO is that the critical confinement 
boundaries of the MCO remain below yield under the impact loading. 
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A comparative qualitative analysis of an intermediate impact absorber drop onto the top of 
an MCO was performed based on HNF-SD-SNF-DP-007, the impact energy, and the design and 
weight of the intermediate impact absorber (WMTS-RPT-037). 

The evaluation demonstrates that the MCO after a free drop impact of the intermediate 
impact absorber onto the MCO maintains confinement. Analysis documented in 
HNF-SD-SNF-DP-007 shows the MCO maintains confinement after the impact from a 3 I-f t  free 
fall of another hlly loaded MCO onto the top of a stationary MCO in the CSB storage tube. It 
was assumed that the MCO canister cover was not installed and the MCO shield plug area was 
exposed to the impact (HNF-SD-SNF-DP-007). The comparative analysis shows that based on 
the difference in weight of the MCO (20,000 Ib) and the intermediate impact absorber (630 Ib), 
the impact energy of the intermediate impact absorber is significantly less than the impact of a 
fully loaded MCO (620 kip-ft versus 19 5 kip-ft) (WMTS-RPT-037). Consequently, the MCO, 
with or without the cover cap, will maintain confinement after a free fall drop of the intermediate 
impact absorber onto a stationary MCO in the CSB storage tube. 

2.3 SOURCE TERM ANALYSIS 

The quantity of particulate released following an MCO breach caused by mechanical damage 
depends on the initial aerosol concentration, which includes that generated by the mechanical 
accident forces, and subsequent particulate entrainment. The potential sources of particulate 
entrainment come from venting of pressurized powder and aerodynamic entrainment. Both of 
these sources represent the effects of local gas velocities to entrain particles. The key difference 
between two entrainment sources is that the powder venting source is intended to represent a 
situation in which the gas flow field is predominantly through the particle bed, while the 
aerodynamic entrainment source is intended to represent a situation in which the gas flow field is 
predominantly outside the bed. 

The amount of material available for release depends on the amount of particulate mass 
generated in the MCO during processing. This quantity is a function of processing times and 
temperatures as well as of the condition of the fuel in the MCO (e.g., exposed surface area of 
fuel). HNF-SD-SNF-TI-015, Speni Nidecir Firel Project 7i.chnical~)niahook, provides two 
estimates of this quantity: one for the safety basis, which is considered the bounding value, and 
the other for the design basis, which is considered the nominal value. When the MCO is received 
at the CSB, the safety basis value is 23.1 kg uranium and the design value is 0.54 kg uranium 
(HNF-SD-SNF-TI-015). After 40 years of storage at the CSB, the safety basis, or bounding, 
value is 30 kg uranium and the design basis, or nominal. value is 1.85 kg uranium 
(HNF-SD-SNF-TI-015). Because of the conservative methodology used to calculate the 
bounding value, 30 kg is considered representative of the 99th percentile. 

The MCO blowdown scenario features films of particles, not deep powder beds. While it is 
true that there is some gas flow through particle layers during a blowdown, experiments 
documented in Technical Reppori 11.6: Hesuspension of Deposited Aerosols Following Primary 
Sjisiem or C'oniainmeni Fuiliire (IDCOR 1984) clearly show that this is a trivial effect. 
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Experiments that underlie the powder venting source term feature a pressurized cylinder packed 
with powder. During depressurization, the flow velocity is zero at the bottom of the particle bed 
when there is no underlying gas plenum, and the velocity increases to its maximum at the exit, 
which is at the top. The gas velocity at the top of the bed must be enough to fluidize the bed 
locally and to entrain the particles. When the particle bed height was decreased in these 
experiments, the velocity at the top of the bed decreased in linear proportion to the distance, and 
there was a bed height at which little or no entrainment could occur. In such a situation, there 
was gas flow through the bed during depressurization, but the local velocity was simply not 
sufficient for entrainment (IDCOR 1984). Therefore, for application to the MCO blowdown 
accident scenarios, in which particle layers are thin and relatively well-distributed throughout the 
MCO, the pressurized powder venting source term is not applicable, and a source term based 
upon aerodynamic entrainment should be used. 

DOE-HDBK-30 10-94, Airhorrie Kelt.ase Fractiorzs/Rule.s mid Respirable Fractions/Rates 
,for Nvnveactor Nuclear Fucilifies, documents airborne release rates ( A R R s )  and respirable 
fractions (RFs). Based on the data reported in DOE-HDBK-3010-94, a bounding (95th 
percentile) ARR of 4 x 105/h and an RF of 1.0 were selected. The contents of the MCO are 
intact fuel elements tightly packed in fuel baskets and pieces of fuel elements housed in scrap 
baskets. Particulate matter swept upward by streams of flowing gas within the MCO must take a 
tortuous path through the MCO to exit the MCO. For shielded powder, where the aerodynamic 
stresses are reduced by debris or exposure to static conditions, DOE-HDBK-3010-94 
recommends an ARR of 4 x 10-'/h and an RF of 0.2. These values were selected as nominal (50th 
percentile) 

The duration of the blowdown depends on the flow area of the leak and the initial MCO 
pressure. The MCO depressurizes to atmospheric pressure in less than I minute, even for an 
MCO pressure of about 150 Ib/in2 gauge and a 0.25-in. hole. The MCO depressurizes in a much 
shorter time for lower pressures and larger leak paths. For the calculation of the source term, a 
nominal (50th percentile) value of 10 seconds and a bounding (95th percentile) time of 60 seconds 
were selected. 

Using the methodology described in Chapter 1.0 and the bounding and nominal values 
identified above, the bounding (95th percentile) value for the material released through 
aerodynamic entrainment is calculated to be 2.0 x I O J  g, as shown in Table 2-2. 
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Nominal Bounding EF Percentile SNV In(EF)/SNV 

ARR I 4.00 E-06/h I 4.00E-O5/h I 10.00 1 95 1 1.645 I . 1.400 1 
MAR 1 1.85 kg 30 kg I 16.22 I 99 I 2.326 1 1.198 

ARR = airhome release rate. 
EF = error factor (i.e., bounding value divided by nominal value). 
In(EF) =natural log ufEF. 
M = mass of material released. 
MAR = material at risk. 
RF = respirable fraction. 
SNV = standard normal variable. 

Time 

RF 

The aerosol concentration inside the MCO at the time of the release depends on prior MCO 
handling conditions and the mechanical forces exerted on the MCO stmcture by the accident. The 
powder in the MCO at rest could be ejected into the gas volume by the response of the underlying 
solid MCO and fuel substrate to vibration or jolting induced by impact or falling debris. 
According to DOE-HDBK-3010-94, the value of the airborne release fraction (ARF) under such 
circumstances should exceed the value of the ARF for aerodynamic suspension alone but be less 
than the ARF for the free fall of powder. The powder undergoing vibration shock is bounced into 
the gas while subject to the same gas velocities as those for aerodynamic entrainment. Based on 
the discussion in DOE-HDBK-3010-94, a bounding (95th percentile) ARF of 1 x lo5 and an RF 
of 1 .O were chosen for the suspension of powder-like surface contamination by shock vibration. 
A nominal (50th percentile) value of 4 x 
percentile) value of 0.2 was chosen for the RF based on evaluation of the discussion in 
DOE-HDBK-3010-94. The pressure in the MCO at the start ofthe blowdown determines the 
fraction of the suspended particulate that is released. The range in initial pressure varies from 
1.50 atm (corresponding to the helium fill pressure of 22 Ib/in2 absolute at the Cold Vacuum 
Drying Facility) to a maximum pressure of 5.2 atm (as defined in the Technical Databook 

was chosen for the ARF and a nominal (50th 

10 s 60 s 6.00 95 1.645 1.089 

0.20 1.00 5.00 95 1.645 0.978 - 
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1 Nominal I Bounding I EF 

[HNF-SD-SNF-TI-OlS]). To allow for some additional margin in the calculation, a pressure of 
2.0 atm is considered nominal (50th percentile) and corresponds to a leak path factor (LPF) of 
0.5, while a pressure of 6.0 atm is considered bounding (95th percentile) and corresponds to an 
LPF of0.83. 

Percentile SNV In(EF)/SNV 

Using the methodology described in Chapter 1.0 and the bounding and nominal values 
identified above, the bounding (95th percentile) value for the material released by impact i s  
calculated to be 1.2 g, as seen in Table 2-3 

ARF 

Table 2-3. Initial Aerosol Concentration Source Term for 
Mechanical Damage of the Multi-Canister Overpack. 

4.00 E-04 1.00 E-03 2.50 95 1.645 0.557 

RF 

LPFMC,," 

0.20 I .oo 5.00 95 1.645 0.978 

0.50 0.83 1.67 95 1.645 0.311 

M I 7.4 E-02 g" I 1.2 g' I 15.7" I 95 1.645 

ARF = airborne release fraction. 
DF = error factor (is., bounding value divided by noininal value). 
In(EF) = natural log of EF. 
LPF = leak path factor. 
M =mass of inaterial released. 
MAR = material at risk. 
MCO = multi-canister overpack. 
RF = respirable fraction. 
SNV = standard normal variable. 

1.673 

The bounding source term for the gaseous release is 1.2 g, which is the sum of 2.0 x l o 4  g 
from the aerodynamic entrainment of particulate and 1.2 g from vibration and shock. 
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__ 4.0 E 4 3  
(4.0 E-05) 

<1 Highway 240d 
(9,280 m W) 

2.4 CONSEQUENCE ANALYSIS 

_ _  

The dose calculation equation and data from Chapter 1.0 are used to calculate the dose to 
the onsite receptor. 

X 
= M _I BR UD LPFbuilding 

= (1.2 g U)(1.14 x 10.' s/m3)(3.33 x 

= 1.9 rem (1.9 x IO-* Sv). 

Q 
m3/s)(4.38 x lo5 r e d g  U)(l.O) 

where 

Do,, 
M 
xlQ' 
BR =breathing rate (m3/s) 
UD 
LPF,,,;, = 1.0. 

= committed effective dose equivalent (rem) 
= mass of respirable airborne material released (g U) 
= time-integrated atmospheric transport factor (s/m') 

= dose per unit mass of uranium ( r e d g  U) 

The dose consequences at the remaining receptor sites are calculated in the same manner and are 
shown in Table 2-4. 

Table 2-4. Dose Calculation Summary for Mechanical Damage 
of a Multi-Canister Overpack. 

Ueceptor location Duration 
(distance, direction) (hours) 

Onsite (with building rtrects) 
(100 m) 

Evaluation guidelineb, 
Unmitigated dosea release limits 

rem (Sv) 

(1.9 E-02) (1.0 E-01) 

Mitigated dose 
rem (Sv) 

Hdnford Siie boundary 2.2 E 4 3  5 I (17,390mE) 1 <' I (2.2E-05) 1 (5.0 E-02) I -- I 
'Fifty-year committed effective dose equivalent. 
bEvaluation guideline for onsite (100 m) receptor only. 
'Unmitigated frequency for these events is unlikely (>IO-' to <lo'' per year) or less 
dProvided for information only. 
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Because the consequences of the unmitigated accident do not exceed offsite release limits, 
no mitigated consequences were calculated for the offsite doses. No mitigated dose calculation 
was performed for the onsite receptor because the onsite consequences are within the evaluation 
guidelines for an unlikely event. 
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3.0 CALCULATIONS FOR GASEOUS RELEASE 
FROM THE MULTI-CANISTER OVERPACK 

3.1 PURPOSE AND OBJECTIVES 

This chapter evaluates events that may result in releases of radioactive materials to the 
Canister Storage Building (CSB) caused by loss of the multi-canister overpack (MCO) 
confinement pressure boundary. The potential for hydrogen deflagrations caused by loss of 
confinement is discussed in Chapter 5.0. MCOs are backfilled with helium to a prescribed 
pressure just before being sealed at the Cold Vacuum Drying Facility (CVDF) for shipment from 
the CVDF to the CSB. The integrity of the mechanical seal also is checked and verified at the 
CVDF before the MCO is shipped to the CSB. The uncontrolled release of the MCO internal gas 
pressure, referred to as a pressurized gaseous release accident, results from failure of the MCO 
pressure boundary to confine the MCO gases at the CSB. A pressurized gaseous release would 
lead to the entrainment and release of fuel particulate from the MCO and the creation of a 
radiological hazard. The gases released from the MCO in this event are those in the MCO after it 
is processed at CVDF and those generated in the MCO at the CSB. These gases include helium, 
hydrogen, water vapor, and possibly some small concentration of oxygen. 

Based on the results documented in HNF-SD-SNF-H1E-001, Cmi.s/er Storage Building 
Hazard Analysis Report, the potential for gaseous releases from an MCO can be the result of 
operations at the CSB, chemical properties of the spent nuclear fuel (SNF), or a breach of 
confinement caused by drops or impacts. The potential for a breach of the MCO caused by a 
drop of the MCO or cask-MCO or by MCO or cask-MCO impacts has been addressed in 
Chapter 2.0. Therefore, the bounding accident scenarios addressed in this chapter include 
overpressurization caused by radiolytic decomposition and gaseous releases caused by sampling 
system equipment failures or operator error during sampling and backfilling operations at the 
CSB. The scenarios considered in this accident analysis are assumed to not result in a 
deflagration of the gases within the MCO. Internal and external deflagrations are addressed in 
Chapters 4.0 and 5.0. 

3.2 SCENARIO DEVELOPMENT 

3.2.1 Overpressurization Due to Radiolytic Decomposition 

MCOs arrive at the CSB from the CVDF in a mechanically sealed configuration with no 
pressure relief. Following operations at the CVDF the MCO is transported to the CSB. During 
the period encompassing closure at CVDF and awaiting transport to the CSB, transport to the 
CSB, and receipt at the CSB awaiting closure, there is the potential for the MCO to pressurize 
from radiolytic decomposition. This scenario assumes that the MCO overpressurizes 
(i.e,, pressure caused by radiolytic decomposition is sufficient to fail the mechanical seal) and 
releases gases and particulate to the CSB facility. 
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As discussed in HNF-3553, ,Spenl Nuclear Fuel Prqject Final Sujdy Evaluation Report, 
Annex A, “Canister Storage Building Final Safety Analysis Report,” Chapter A2.0, the MCO’s 
mechanical seal is designed to withstand pressures up to 150 Ib/in2 (18.3 atm). The initial 
pressure within an MCO is 22 Ibiin2 absolute (1.5 atm). According to HNF-SD-SNF-TI-040, 
MCO Internal Gas C‘ompo.sifion and Pressure during Interim Storage, internal MCO pressures 
following 40 years of storage could be as high as 76 Ib/in2 absolute (5.2 atm), which is well below 
the design pressure of the MCO. Therefore, insufficient pressures will be generated within the 
MCO to fail the mechanical seal (receipt condition or condition during sampling operations) or 
the welded seal (long-term or 40-year storage condition). Thus it can be concluded that 
insufficient pressures will be generated within an MCO from radiolytic decomposition to 
overpressurize an MCO and result in a release upon receipt at the CSB. 

3.2.2 Gaseous Release at the SamplingNeld Station 

A gaseous release could occur at the CSB because of operator error during sampling and 
backfilling operations. This scenario assumes the incorrect installation or removal of the sampling 
and backfilling equipment or a failure of the equipment resulting in a direct path for leakage into 
the CSB facility. Dropping of an object onto the samplingiweld station components is another 
potential initiator for a leak from the sampling system. A drop could shear the sampling system 
piping or otherwise fail the confinement capability of the sampling system pressure boundary A 
confinement failure could also result from the samplingiweld station gantry crane, the MCO 
handling machine (MHM), or some other equipment moving horizontally into the samplingiweld 
station components and shearing the piping. 

Gaseous Release during Sampling Operations The sampling process begins when the 
MHM lowers the selected MCO into the samplingiweld station pit. The surface temperature of 
the MCO is monitored. If the surface of the top of the MCO is not sufficiently cool, the MCO is 
cooled using the sampling/weld station cooling cap to reduce the exposed portions of the MCO to 
a temperature consistent with standard industrial safety regulations. After removing temporary 
radiation shields and guard rails, the sampling hood is installed on the MCO to confine possible 
airborne contamination generated by an accidental release during sampling. The MCO sampling 
cart is connected to the local distributed control system and inert gas system. Piping on the 
sample cart connects to the sample gas accumulator through the sampling hood high-efficiency 
particulate air (HEPA) filter outlet using a quick-disconnect attachment. The flexible hose of the 
sample cart vent is connected to the sampling hood discharge, which dumps to the exhauster. 
This exhaust system fan establishes negative pressure within the hood relative to the operating 
area pressure to maintain air contamination control and air flow around the top of the MCO. 

For MCO sampling, an MCO process valve operator is installed on the short tube port 
(port 2) of the MCO after the cover plate is removed. The process valve operator is connected 
with a quick-disconnect coupling to a flexible hose that connects to the inlet of the sample line 
HEPA filter. The remainder of the sample system piping is the flexible piping that connects the 
outlet of the sample line HEPA filter to the sample cart and the rigid piping in the sample cart that 
goes to the sample valve and the sample accumulator. This piping is used to draw a sample of gas 
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from the MCO and to pressurize the MCO using helium from the 120 Ib/in2 gauge CSB helium 
supply system. The sampling system piping between the refill valve and the MCO is pressurized 
during the MCO refill operation. The entire sampling process is a manual operation; the 
technician taking the sample is present at all times during sampling. 

After completion of the sampling activities, the MCO is backfilled with helium if necessary 
to maintain internal pressure. The same equipment and process lines used during sampling are 
used to backfill the MCO. However, the sample valve is closed and the helium backfill valve is 
opened. 

The following scenario involves a failure of this process line while it is connected to the 
MCO with the MCO process valve open, leading to a blowdown of the gases inside the MCO. 
With only one process line connected to the MCO, no flow path through the MCO can exist to 
continuously remove particulate from the MCO for an extended period of time. To get a release, 
the break in a section of process piping must be upstream of the sample line HEPA filter. 
A release from a piping failure downstream of the sample line HEPA filter requires failure of the 
sample system HEPA filter as well. A release also is possible if the MCO valve operator is 
inadvertently removed before the process port is closed. 

A leak within the confines of the sample hood would be quickly exhausted through the 
sampling/weld station HEPA filter to the CSB exhaust system plenum and out to the environment 
through the CSB stack. Leaks from the sample system outside of the sample hood would be to 
the CSB operating air. 

The effective leak flow area is bounded by the flow area of the path through the MCO shield 
plug (l.O-in.-diameter). All of the sampling system piping outside ofthe sampling hood is less 
than 0.75-in. inside diameter except the sample line to the cart, which is 1 in. in diameter. The 
flexible hose inside the sample hood and the associated fittings have inside diameters less than 
1 .0 in. If the valve operator body is improperly secured to the top of the MCO, then the leak path 
flow area around the valve could be large enough to make the flow area of the shield plug the 
limiting flow area. Therefore, the largest leak path flow area possible would be for a leak into the 
sample hood. Sampling system leaks outside of the sample hood would have smaller flow area 
paths and would have traveled through the sample line HEPA filter. 

Gaseous Release during Reinerting Operations. In addition to the gaseous release 
accident at the samplinglweld station, the overpressurization of the MCO by the inert gas system 
during reinerting of a monitored MCO after sampling also is considered. This accident is initiated 
by failure of the pressure regulator on the helium supply system while an MCO is in the 
sampling/weld station undergoing the MCO helium backfill operation. This scenario assumes the 
helium supply pressure is sufficient to breach the MCO shield plug seal. As with the sampling 
process, the entire backfilling process is a manual operation and the technician is present at all 
times. 
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3.3 SOURCE TERM ANALYSIS 

For the gaseous release accident, the particulate available for release depends on the amount 
of particulate generated between the time the fuel is washed at the K Basins and the time of the 
accident. The MCO gaseous release accident could only occur during the time the MCO 
sampling program is being conducted. HNF-SD-SNF-TI-015, ,Sperz/ Nuclear Fuel Pro@/ 
Technical Da/ahook, states that the safety basis or bounding value for the mass of particulate in 
the MCO is 34.0 kg of uranium dioxide, which contain 30.0 kg of uranium. Because ofthe 
conservative methodology used to calculate the bounding value, 30 kg is considered 
representative of the 99th percentile. HNF-SD-SNF-TI-0 I5 also states that the design or nominal 
value is 2.1 kg of uranium dioxide, which contain 1.85 kg of uranium. 

The quantity of particulate actually released during a gaseous release accident depends on 
the initial aerosol concentration and subsequent particulate entrainment. The pressurized powder 
venting source term is not applicable, and a source term based upon aerodynamic entrainment, as 
described in Chapter 1 .O, is used. 

Based on the data reported in DOE-HDBK-3010-94, Airborne Release Fi.~rc/ion.s~l?ate,s and 
Respirable I;ractions/Rale.s.fr Nonreac/or Nuclear t.'acili/ie.s, a bounding (95th percentile) 
airborne release rate (ARR) of 4 x 10.' per hour and a respirable fraction (RF) of 1 .O were 
selected. The contents of the MCO are intact fuel elements tightly packed in fuel baskets and 
pieces of fuel elements housed in scrap baskets. Particulate matter swept upward by streams of 
flowing gas within the MCO must take a tortuous path through the MCO and through the MCO 
shield plug to exit the MCO. For shielded powder, where the aerodynamic stresses are reduced 
by debris or exposure to static conditions, DOE-HDBK-3010-94 recommends an ARR of 4 x IO" 
per hour and an RF of 0.2. These values were selected as nominal (50th percentile). 

The pressurized gaseous release from the MCO occurs close to the MCO through a leak 
path with a flow area greater than or equal to the flow area through the MCO shield plug. Such a 
leak could be caused by complete severance of the pipe or flexible tubing within the 
samplingiweld station sample hood or by failure to tighten the hold down bolts on the MCO port 
valve operator. The duration of the blowdown depends on the flow area of the leak and the initial 
MCO pressure. The MCO depressurizes to atmospheric pressure in less than 1 minute, even for 
an MCO pressure of about 1 SO Ib/in2 gauge and a 0.25-in. hole. The MCO depressurizes in a 
much shorter time for lower pressures and larger leak paths. For the calculation of the source 
term, a nominal (50th percentile) value of I O  seconds and a bounding (95th percentile) time of 
60 seconds were selected. 

Using the methodology described in Chapter I . O  and the bounding and nominal values 
identified above, the bounding (95th percentile) value for the material released through 
aerodynamic entrainment is calculated to be 2 x g, as shown in Table 3-1 

http://I;ractions/Rale.s.fr


SNF-3328 REV 2 

MAR 

ARR 

Time 

RF 

Table 3-1, Aerodynamic Entrainment Source Term for the 
Gaseous Release from the Multi-Canister Overpack. 

Nominal Bounding EF Percentile SNV In(EF)/SNV 

1.85 kg 30 kg 16.22 99 2.326 1.198 

4.00 E-O6/h 4.00 E-05/h 10.00 95 1.645 1.400 

10 s 60 s 6.00 95 1.645 1.089 

0.20 1 00 5.00 95 1.645 0 978 

M I 4.1 E-06 g” I 2.0 E-04 gb I 4gC 

I I I I I I 

95 1.645 2.353 
Note: The 1.645 is the standard normal variable corresponding to the 95% uppcr confidence limit. For the 99% upper 
confidence limit, the Corresponding value is 2.326. 

“Nomindloved M = Worn,, AW,,,,~ RF, , ,~~   time,,,,,,,^ 
bRounding,vd M = @Fa,& (nominal,,.,, M) 

= airborne release rate. 
EF = error €actor (i,e., bounding value divided by nominal value). 
In(EF) =natural log ofEF. 
M = mass of material released. 
MAR = material at risk. 
RF =respirable fraction. 
SNV = standard normal variable. 

The aerosol concentration inside the MCO at the time of the release depends on prior MCO 
handling conditions. The powder in the MCO at rest could be ejected into the gas volume and 
suspended by the response of the underlying solid MCO and fuel substrate to vibration or jolting 
induced by impact or falling debris. According to DOE-HDBK-3010-94, the value of the 
airborne release fraction (ARF) under such circumstances should exceed the value of the ARF for 
aerodynamic suspension alone but be less than the ARF for the free fall of powder. The powder 
undergoing vibration shock is bounced into the gas while subject to the same gas velocities as 
those for aerodynamic entrainment. Based on the discussion in DOE-HDBK-3010-94, a 
bounding (95th percentile) ARF of 1 x 10’’ and an RF of 1.0 were chosen for the suspension of 
powder-like surface contamination by shock vibration. A nominal (50th percentile) value of 
4 x l o 4  was chosen for the ARF and a nominal value of 0.2 was chosen for the RF based on 
evaluation ofthe discussion in DOE-HDBK-3010-94. The pressure in the MCO at the start of 
the blowdown determines the fraction of the suspended particulate that is released. The range in 
initial pressure varies from 1.50 atm (corresponding to the helium fill pressure of 22 Ib/in2 
absolute at the CVDF) to a maximum pressure of 5.2 atm (as defined in HNF-SD-SNF-TI-015). 
To allow for some additional margin in the calculation, a pressure of 2.0 atm is considered 
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nominal (50th percentile) and corresponds to a leak path factor (LPF) of 0.5, while a pressure of 
6.0 atm is considered bounding (95th percentile) and corresponds to an LPF of 0.83. 

Unlike in a drop event, there is no clear mechanism identified in this accident to provide the 
impact to suspend particulate within the MCO. However, normal handling of the MCO by the 
MHM during transport from the storage tube to the sampling!weld station will produce some 
vibration and jostling of the fuel and suspend some material. For the purposes of this analysis, it 
is assumed that nominally 1% of the impact suspension concentration exists within the MCO at 
the start of sampling. Therefore a value of 1% is assumed for the 50th percentile. In addition, a 
value of 10% is assumed for the 95th percentile. 

Using the methodology described in Chapter 1 .O and the bounding and nominal values 
identified above, the bounding (95th percentile) value for the material released by impact is 
calculated to be 2.7 x g, as shown in Table 3-2. 

The bounding source term for the. gaseous release is 2.7 x 1 O 2  g, which is the sum of 
2.0 x 
shock. 

g from the aerodynamic entrainment of particulate and 2.7 x g from vibration and 

3.4 CONSEQUENCE ANALYSIS 

The radiological dose is calculated using the dose calculation equation and data from 
Chapter 1.0. 

The dose to the onsite receptor is calculated as follows: 

Donsite = M x - x x BR x UD x LPFhuilding 
Q’ 

= (0.027 g U)(1.14 x 10.’ s/m3)(3.33 x 

= 4.5 x 

m3/s)(4.38 x lo5 r e d g  U)(l.O) 

rem (4.5 x 1 0 . ~  Sv) . 

where 

D0,te 
M 
xlQ’ 
BR = breathing rate (m’/s) 
UD 
LPF,,,,, = 1 .O. 

= committed effective dose equivalent (rem) 
= mass of respirable airborne material released (g U) 
= time-integrated atmospheric transport factor (sim’) 

= dose per unit mass of uranium ( r e d g  U) 
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Nominal Bounding EF 

MAR 1.85 kg 30 kg 16.22 

ARF 4.00 E-04 1.00 E-03 2.50 

Percentile SNV In(EF)/SNV 

99 2.326 1.198 

95 1.645 0 557 

RF 

Settling 

LPFMC," 

Note: 'The 1.645 is the standard nonnal variable conesponding to the 95% upper confidence limit. For the 99% upper 
confidence limit, the corresponding value i s  2.326. 

"L.PF,,, = (MCO pressure - 1 atm) I (MCO pressure). At a nominal MCO pressure of2.O atm, the LPF,,,, is 

bNominal,s, M = x ARF _I  x RF,, ",", x settling x LPF,,:, 
'Bounding,,, M = (EFovBd) (nominal,,, M) 

0.5, and at a bounding MCO pressure of6.0 atm, the LPF,,,, is 0.83.  

0.20 1 .oo 5.00 95 1.645 0.978 

1% 10% 10.00 95 1.645 1.400 

0.50 0.83 1.67 95 1.645 0.3 1 1 

ARF = airborne relcdse tiaction. 
EF = emor factor (i,e,, bounding value divided by nominal value)). 
In(EF) =natural log ofEF. 
LPF = leak path factor. 
M = mass ofmaterial released. 
MAR = material at risk. 
MCO = multi-canister overpack. 
RF = respirable fraction. 
SNV = standard noma1 viiriable. 

The actual duration of the release is expected to be less than 1 hour for all receptors, 
therefore the applied x/Q' value is conservatively chosen for a I-hour duration. The estimated 
bounding doses to receptors at several locations have been calculated and the results summarized 
in Table 3-3. 
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~~ 

&duetion guideliiieb/ Release Receptor location [Jnmitigated dose” releuse limits Duration 

(hours) anticipated“ 
(distance, dircctian) rem (Sv) rc111 (SV) 

4.5 E-02 1.0 
(4.5 1-04)  ( I  .(J Ii-02) 

9.3 E-05 
(9.3 E-07) 

5.1 E-05 0.5 

<I Onsite (with huilding effects) 
(100m) 

IIighwdy 240‘ 
[9,2XO m W) 

Hanford Site boundary 

.. <I 

(5.0 E-03) <1 (17,390mE) (5. I E-07) 

Table 3-3. Dose Calculation Summary for a Bounding Gaseous 
Release Event at the SamplingiWeld Station. 

Mitigated dose 
rein (Sv) 

_. 

_ _  

_ _  
”Fifty-year committed effectivc dose equivalent. 
hEv;ilu&m guideline for onsite (100 m) receptor only. 
‘Unmitigated frequency h r  this event is anticipated (>0.0 1 to 50. I per year). 
dl’rovided for inhmation only. 
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4.0 CALCULATIONS FOR MULTI-CANISTER OVERPACK 
INTERNAL HYDROGEN DEFLAGRATION 

4.1 PURPOSE AND OBJECTIVES 

Three events have been identified that could result in formation o f  flammable mixtures of 
hydrogen and oxygen inside a multi-canister overpack (MCO) while at the Canister Storage 
Building (CSB). These are described in Section 4.2. The first identified event is radiolytic 
decomposition o f  oxygen-containing compounds, such as aluminum hydroxide and uranium oxide 
(hydrate). The second event is the charging of an MCO with a gas containing oxygen at the 
sampling/weld station. The third event is an ingress of air to an MCO that has been breached at 
the CSB. 

4.2 SCENARIO DEVELOPMENT 

In the postulated accidents, hydrogen is generated and accumulates in the MCO due to 
either radiolytic decomposition or corrosion o f  uranium in a moist environment. The general 
sequence of events leading to a hydrogen explosion is shown in SNF-4042, Evaluation (f 
Accident Frequencies cit the Canister SWage Building. Two conditions necessary for radiolytic 
production of hydrogen and oxygen in the MCO are (1) enough aluminum hydroxide, uranium 
oxide (hydrated), or free water and (2) a high enough radiation level, which is indicated by the 
thermal power of the fuel. Two conditions necessary for production o f  hydrogen by reaction with 
uranium inside the MCO are adequate amounts of exposed uranium metal and water vapor. 

Radiolytic production of hydrogen and oxygen occurs slowly, and the hydrogen is produced 
at several times the rate o f  the oxygen. Thus, the mixture is not combustible until the oxygen 
concentration exceeds the minimum necessary. 

Charging the MCO with oxygen at the samplingiweld station would occur early in the 
storage period because sampling will take place then. Hydrogen accumulates &om fuel corrosion 
(uranium-water reaction) rather quickly inside the MCO; adding oxygen creates a flammable 
mixture that then could burn. Because it takes very little energy to begin the hydrogen-oxygen 
combustion, it has been assumed that ignition sources (e.g., static charge accumulated by moving 
gases, uranium hydride decomposition) are always present. The specific accident scenarios 
evaluated are described in the following subsections. 

4.2.1 Hydrogen Deflagration Caused by Radiolysis during Storage 

Radiolytic decomposition o f  aluminum hydroxide, aluminum, iron and uranium hydrate, and 
free water will lead to a mixture of hydrogen and oxygen in an MCO. Hydrogen would be 
produced at a higher rate than the oxygen, making oxygen the limiting reactant. A deflagration 
cannot occur until the oxygen concentration exceeds the minimum necessary 
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Because oxygen gas reacts with uranium in damaged fuel elements, it is assumed that there 
is no exposed uranium surface. This is the minimum area assumption for safety basis calculations 
provided in HNF-SD-SNF-TI-017, Fuel Surface Area. With minimum exposed uranium, there is 
minimum hydrated water hound in the uranium oxides. Most of the oxygen comes from the 
aluminum hydroxide. See Appendix 4A for a discussion on the basis for nonstoichiometric 
production of radiolytic oxygen. 

4.2.2 Hydrogen Deflagration Following Oxygen Addition 
at the SamplingNVeld Station 

At the sampling/weld station, the MCO is connected to the sample cart and a small gas 
sample is taken from the MCO. If required, inert gas is added to the MCO to raise the internal 
pressure. Two methods for charging oxygen into the MCO have been postulated. One requires 
failing to purge air from the helium line so that air is forced into the MCO rather than helium. 
The other requires that the helium be contaminated with oxygen. 

The helium line mns from the storage tank on the north side of the CSB to the 
samplinglweld station on the south side of the CSB. Because of its length, this pipe contains a 
significant volume of air initially. It is possible for this line to be tilled with air during a sampling 
sequence by omission of the helium purge steps. 

By either method, oxygen is charged into an MCO with a bounding hydrogen concentration. 
The deflagration is expected to occur shortly after the oxygen enters the MCO. Combustion 
temperatures and pressures are high enough that the hot gases forced from the MCO cause the 
sample line to fail. The compromise of the confinement boundary of the MCO leads to a release 
of particulate matter at the sampling/weld station. An event tree is provided in SNF-4042. 

4.2.3 Hydrogen Deflagration Following an Air Ingress 

It is assumed that the MCO is breached. Gases inside the MCO can escape, and gases 
outside the MCO can diffuse into the MCO. At some point there will he a flammable mixture in 
the MCO The resulting deflagration leads to a gaseous release of particulate matter. 

4.3 SOURCE TERM ANALYSIS 

The mathematical analysis of the postulated accidents focuses on the hydrogen and oxygen 
concentrations in an MCO. Mixtures of hydrogen in air are flammable in the range of 4% to 75% 
hydrogen by volume at atmospheric pressure. According to NUREG/CR-2726, Light Water 
Reactor Hydrogen Manual, significant shock waves may be produced if the hydrogen 
concentration is between 18 and 58 vol% in air. The stoichiometric ratio (2 moles hydrogen per 1 
mole of oxygen) corresponds to 29.6% hydrogen in air. The presence of helium changes the 
stoichiometric ratio because it displaces oxygen. For example, if there are equal volume percents 
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of hydrogen and helium, then the stoichiometric hydrogen concentration is reduced to 22.8%. 
The minimum oxygen concentration needed for combustion is 4% (NLJREGKR-2726). For a 
given oxygen and hydrogen concentration at higher initial gas pressures, the reaction is slowed by 
the increased amount of nonreacting atoms. The overall effect is to raise the minimum 
concentrations. 

4.3.1 Basis for Hydrogen Deflagration Caused by Radiolysis 

HNF-SD-SNF-TI-040, MCO Internal Gas Composition and Presmrt. during Interim 
Storage, predicts the possible range of MCO internal gas composition and pressure during a 
defined 40-year storage period at the CSB. Internal gas composition is a primary focus because 
of flammability concerns; pressure is a secondary focus because of a priori knowledge that the 
MCO design pressure will not be exceeded. Gas compositions are affected by CSB temperature, 
MCO decay power, the MCO inventory of gas-releasing compounds, and reactive surface area in 
an MCO. Uncertainties exist in the rates of decomposition of gas-releasing compounds and 
reaction rates between exposed uranium metal and gases. HNF-SD-SNF-TI-040 describes the 
expected range for each of the factors that influence gas composition and provides results for gas 
concentrations and total pressures for situations of greatest interest. The ranges and results are 
summarized in this section. For simplicity, HNF-SD-SNF-TI-040 focused on the time period 
when oxygen was present in an MCO and did not address subsequent H,O and H, gettering when 
oxygen was depleted. 

During storage of MCOs in the CSB, gas composition will evolve as a consequence of 
competing rates of gas formation by radiolysis (chiefly H, and 0,) and thermal decomposition 
(chiefly H,O), and rates of gas depletion by reactions with fuel (H,, 0,, and H,O). The potential 
for formation of flammable mixtures is therefore of interest, in particular for cases in which an 
MCO is at relatively low temperature or has relatively little reactive surface area. An oxygen 
content of 4% is recommended as the flammability limit for H,-0,-He mixtures. According to 
HNF- 1523, KRasin Particulate Water Content, Behavior, andlmpact, MCO pressure can be 
expected to be below design limits. 

The gas-releasing compounds considered are AI(OH), and uranium oxide hydrates. 
AI(OH), is found to decompose only by radiolysis under CSB conditions. Only about 4% of the 
AI(OH), cladding film inventory of an average power MCO can decompose over the 40-year 
storage period, and about 10% of the AI(OH), in canister particulate can decompose 
radiolytically. Uranium oxide hydrates can potentially partially thermally decompose from 
U0,.2H,O to UO,.H,O with further decomposition by radiolysis, but water vapor from free water 
evaporation would limit thermal decomposition. It is possible that thermal decomposition of 
UOI.H,O may also occur, but the rate may be comparable to that of radiolysis. In any event, it is 
conservative to assume radiolytic decomposition because this allows oxygen formation and yields 
more moles gas per mole solid. Fifty percent of the U0,.2H,O in an average power MCO can 
decompose by radiolysis over 40 years. 
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Water vapor and oxygen react with uranium at rates that have been measure and correlated 
but are subject to a range of uncertainty. N Reactor fuel has been observed to react at a rate up 
to 100 times the literature value for dry air at low temperature, but rate law enhancements to 
literature correlations, or “rate law multipliers,” are not considered. Oxygen is depleted before 
net water vapor depletion occurs, so all weight gain, applying literature correlations to MCO 
conditions at the CSB, corresponds to net oxygen consumption. 

Hydrogen reactions with clean uranium are observed to be as fast as oxygen reactions, but 
the rate is substantially decreased for oxidized uranium surfaces (otherwise hydrogen would not 
be an observed reaction product of water vapor and the metal) and is essentially unquantified. 
Hydrogen will react with fuel only after oxygen and water vapor are nearly depleted; hence this 
reaction may be neglected to calculate oxygen concentration and maximum pressure. 

Reaction rates vary strongly with temperature, but it is shown in HNF-SD-SNF-TI-040 that 
only about 20% to 50% increases in the time-average reaction rate occur when annual and diurnal 
variations are rigorously considered. Therefore, reaction rates may be simply specified by the 
lifetime average temperature experienced by an MCO; a conservatively small vault annual 
temperature variation of +12 “ C  was employed. 

Reaction rates are correlated per unit area, and the reactive surface area in an MCO is an 
uncertain parameter. The presence of a scrap basket in an MCO, if actually filled with scrap 
rather than intact fuel, ensures a best-estimate reactive area of about 1.9 m2, of which 1.7 m2 are 
from scrap and 0.2 m2 are from fuel baskets. A range of fuel and scrap areas is considered for 
MCO configurations with zero, one, and two scrap baskets. 

The inventory of water-bearing compounds is uncertain and varies with the number of scrap 
baskets. Reference bounding and best-estimate water masses are used in various cases. Only 
some MCOs from the K West Basin will contain AI(OH),, which would be present as a cladding 
surface film. The amount of uranium oxide hydrate varies from assembly to assembly but 
increases with increasing fuel damage. The uranium oxide hydrate is quantified in 
“F-SD-SNF-TI-040 using 0.05 kg/m2 of water from the adhering particulate source as a best 
estimate and 0.10 kg/mz as a bounding value for sensitivity. 

The key result of calculations in “F-SD-SNF-TI-040 is that when reference g(0,) values 
are used, the MCO oxygen concentration at 40 years is below the 4% flammability limit for best- 
estimate cases. This is true for any possible MCO power and a reactive area of at least 0.1 m2. 
For more information, see Appendix 4A. 

Configurations with no scrap baskets were considered because of the potential for low 
reactive area. There was no combination of high MCO power, water content, and 0.0 m2 reaction 
area that led to oxygen concentrations above 4% after 40 years, given nominal helium backfill. 
For best-estimate water inventories, the worst case was 0.75% oxygen at the low-bound (non- 
zero) area. All one and two scrap basket configurations examined had less than 4% oxygen at 
40 years, even with bounding high water and bounding low area. 
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Detailed results in HNF-SD-SNF-TI-040 indicate that the net rate of oxygen production can 
change significantly during storage. In particular it is possible for no oxygen to be present for 
many years, and then for oxygen to suddenly appear. This is because oxygen consumption 
declines faster than oxygen production in most cases, so at some point in time the net rate of 
production becomes positive. 

The best-estimate MCO pressure at 40 years is 2.1 atm (for an MCO having one scrap 
basket, average power, average reactive area, and 25% AI(OH), assemblies). The bounding 
MCO pressure at 40 years is 5.2 atm (for an MCO having two scrap baskets, 770 W*, 7.7 mz 
reactive area, zero AI(OH), assemblies, bounding canister, and adhering particulate), which is well 
below the design pressure of 30 atm (450 Ib/inz gauge). 

4.3.2 Basis for a Hydrogen Deflagration Caused by Oxygen in the Helium System 

The composition of the gas inside the MCO shortly after it arrives at the CSB is assumed to 
be only helium and hydrogen. The hydrogen is generated primarily by reaction between exposed 
fuel and water vapor. The radiolytic decomposition of water and hydroxides adds very little and 
is not considered. For a reaction to occur rapidly, there must be a large, exposed fuel surface 
area. The MCO with two scrap baskets is bounding. 

The bounding hydrogen content of an MCO with two scrap baskets will be estimated 
assuming the water reactions with uranium metal and uranium hydride occur at the same rate. 
From HNF-SD-SNF-TI-015, Spent Nuclear Fuel Project Tkchnicul Datahook, the enhancement 
factor for the metal reaction is IO while the enhancement factor for the hydride reaction is 12. In 
addition, the metal reaction produces I mole of hydrogen gas for every mole of water reacted, but 
the hydride reaction produces 1.75 moles hydrogen for every mole of water reacted. The 
combined effect is that the hydrogen generation increases by the factor 

over the amount expected from the uranium metal reaction alone 

The hydrogen gas that could be generated from the uranium metal is limited by the amount 
of water available to react. The bounding free water estimate is 200 g in crevices and cracks. In 
addition, uranium oxide dihydrate will lose one of the water molecules at normal MCO 
temperatures (HNF-1523). Much ofthis loss may occur during drying at the Cold Vacuum 
Drying Facility but, to maximize the hydrogen generation after drying, none will be assumed for 

"The bounding power is 776 W and the average power is 403 W ("F-SD-SNF-TI-015) 
Calculation inputs used 770 W and 396 W as bounding and nominal, respectively. These 
differences have no impact on conclusions. 
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this calculation. The bounding hydrated water estimate for two scrap baskets is 1,190 g water 
("F-SD-SNF-TI-015). Half of this amount is available to react with uranium fuel to form 
hydrogen. The total water mass of 795 g is equivalent to 44 moles of water. The hydride 
enhancement described above leads to the bounding production of 62 moles of hydrogen in the 
MCO. From the ideal gas law, this hydrogen has a volume of 1,520 L at reference conditions. 

The initial low helium inventory is 22.5 moles (conservative fill pressure of I .  1 atm). Thus, 
the gas in the MCO is 27% helium and 73% hydrogen. Chapter 5.0 shows that the reaction 
producing this hydrogen can proceed rather quickly so that by the time an MCO is sampled it is 
reasonable to assume the above hydrogen inventory has been realized. 

An MCO containing the bounding hydrogen gas inventory is vented at the samplindweld 
station and assumed to be completely depressurized so that recharge with helium is necessary. 
However, instead of charging the MCO with helium, a gas mixture containing oxygen is added 
and creates a flammable mixture of hydrogen and oxygen in the MCO. 

When the MCO is depressurized, the relative amounts of helium and hydrogen remain 
unchanged. The gas mixture is still 27% helium and 73% hydrogen. At a pressure of 1 atm and a 
temperature of 50 "C (122 O F ) ,  the MCO inventory is 18.9 moles total, or 13.9 moles hydrogen 
and 5.0 moles helium. This is below the bounding temperature to maximize the mass ofhydrogen 
in the MCO at the time of gas recharge. 

Adding a helium and oxygen mixture to the MCO increases the pressure in the MCO to 
129 kPa (1.27 atm or 4.0 Ib/in2 gauge). The amount ofgas added is calculated from the ideal gas 
law to be 5. I moles. The final total in the MCO is 24.0 moles. The hydrogen concentration 
decreases from 73% to 5 8 %  The oxygen concentration in the MCO depends on the oxygen 
concentration in the added gas. From the ideal gas law, the oxygen concentration in the MCO 
follows the absolute pressures. Thus, the final oxygen concentration is 0.2711.27. which is 0.213 
times the concentration of the added gas. If the added gas were 60% oxygen, then the oxygen 
concentration in the MCO would be 12.8%. 

To achieve a flammable mixture at atmospheric pressure, the oxygen concentration must 
exceed 4.0% in the MCO. Thus, the oxygen concentration of the added gas must be greater than 
19%. Note the oxygen concentration in air is 2 1 %  To achieve a mixture in the MCO that will 
produce shock waves, the oxygen concentration in the MCO must be at least 9 %  Thus, the 
flammable mixture in the MCO does not become very damaging until the oxygen concentration in 
the added gas exceeds 42%. 

4.3.3 Basis for Hydrogen Deflagration after an Air Ingress 

As discussed in Section 4.3.2, the low helium MCO contains a mixture of 73% hydrogen 
and 27% helium. When this mixes with air containing 21% oxygen and 79% nitrogen, the 
stoichiometric mixture of hydrogen and oxygen is reached after about 67% of the gas in the MCO 
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Gas A B c 
H* 4.959 - 1.96 E-04 4.76 E-07 

N2 4.470 1.39 E-03 -6.90 E-OS 

0 2  4.130 3. I7 E-03 -1.01 E-06 

H*O 5.149 2.64 E-03 4.59 E-OS 

He 3.020 0 0 . 

has been replaced with air. The final mixture is 5% helium, 28% hydrogen, 14% oxygen, and 
53% nitrogen. These determine the peak pressure during combustion. 

4.3.4 Estimating Peak Pressures Caused by Hydrogen Combustion 

When the hydrogen and oxygen react, water vapor is formed and energy is released. To be 
conservative, it is assumed that the energy released stays in the gas and none is lost to the MCO 
components. The heat capacity of the gases allows the final temperature to be computed. This 
final temperature, together with the number of moles of gases in the MCO and the ideal gas law, 
is used to calculate the final pressure resulting from the combustion. 

The heat of water vapor formation from hydrogen and oxygen gas is 57,800 caVmole at a 
temperature of about 300 K (27 "C). The heat capacity of various gases is calculated from a 
quadratic formula as listed in Table 4-1 

The final temperature of the gas mixture is found using the following formula (see 
Appendix 5A for details). The integration is between the initial temperature of the gas mixture 
before combustion and the final temperature of the gas mixture after combustion. The summation 
is over the types of gases present in the MCO after combustion. Because the final gas 
temperature is unknown hut determines the heat capacities, the temperature must be solved by an 
iterative process. 
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where 

H, = heat of formation ofwater from hydrogen and oxygen, 57,800 cal/mole formed as 
a vapor 

N,, = number of moles of water formed; computed as the smaller of the number of moles 
of hydrogen and twice the number of moles of oxygen (before combustion) 

To = temperature of the gas mixture before combustion, in degrees Kelvin 

T, = temperature of the gas mixture after combustion, in degrees Kelvin 

Cvi = heat capacity at constant volume of gas “I”; depends on the temperature of the gas 
(represented as a quadratic equation) 

Ni 

For a deflagration at the samplinglweld station resulting from air in the helium line, the gas 

= number of moles of gas “I” after the oxygen and hydrogen react 

added to the MCO is 21% oxygen and 79% nitrogen. The composition of the gas before 
combustion is 5.0 gmoles helium, 13.9 gmoles hydrogen, I .  I gmoles oxygen, and 4.0 gmoles 
nitrogen. The MCO pressure is 129 kPa (1.27 atm or 4.0 Ib/in2). The MCO gas temperature is 
323 K (50 “C). 

The combustion reaction uses 1.1 gmoles oxygen together with 2.2 gmoles hydrogen. This 
produces 2.2 gmoles water vapor. The final gas mixture in the MCO is 5.0 gmoles helium, 
11.7 gmoles hydrogen, 2.2 gmoles water vapor, and 4.0 gmoles nitrogen. The energy liberated by 
the formation of the water vapor is 124,000 cal. 

By an iterative process, the final temperature of the gas mixture is 1,408 K (1,134 “C) see 
Appendix SA for iterative process methodology). The corresponding pressure in the MCO is 
536 kPa (5.29 atm or 63 Ib/in2 gauge). This is well below the MCO design pressure of 450 Ib/in2. 
In addition, the sample line and connection are designed to withstand even greater pressure. 
However, the sample line could fail from the high gas temperatures. When the explosion occurs, 
the sample line can melt to the point that gases in the MCO rush out and carry particulate matter 
into the environment. 
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For an explosion at the samplindweld station resulting from impure helium, if the gas 
added to the MCO is 60% oxygen, then the composition of the MCO gas before combustion is 
7.1 moles helium, 13.9 moles hydrogen, and 3.0 moles oxygen. The MCO pressure at this time is 
129 W a  (1.27 atm or 4.0 Ih/inz gauge). The MCO gas temperature is 323 K (50 "C). 

The combustion reaction at the sampling/weld station uses 3.0 moles of oxygen, together 
with 6.0 moles of hydrogen. This produces an additional 6.0 moles of water vapor. The final gas 
mixture in the MCO is 7.1 moles helium, 7.9 moles hydrogen, and 6.0 moles water vapor. The 
energy liberated by the formation of the water vapor is 355,000 cal. 

By an iterative process, the final temperature of the gas mixture is about 3,060 K 
(2,790 "C). The corresponding pressure in the MCO is 1,060 kPa (10.5 atm or 140 Ih/inz gauge). 
According to SFPE Handbook of Fire Protection Engineering, the average pressure is a factor of 
2 higher because the oxygen concentration is high enough to form shock waves. Before welding, 
the MCO design pressure is 150 Ib/in2; therefore, the MCO is not expected to be damaged by the 
worst-case explosion. An MCO with mechanical closure is stable to an internal loading of 
340 Ih/inz, and the after welding rated pressure is 450 Ib/in2. In addition, the sample line and 
connection are designed to withstand even greater pressure. However, the sample line is assumed 
to fail from the high gas temperatures. When the explosion occurs, the sample line can melt 
enough that gases in the MCO rush out and carry particulate matter into the environment. 

The air ingress accident leads to a similar environmental release. When the gas mixture in 
the MCO burns, the adiabatic flame temperature reaches 2,910 K (2,640 "C). The pressure in the 
MCO is 785 kPa (7.7 atm or 99 Ih/inz gauge). Because the oxygen concentration is high enough 
that shock waves may form, the average pressure is a factor of 2 higher (SFPE 1992). Because 
the MCO is already open to the environment, the gases rush through the opening and carry 
particulate matter into the environment. 

4.3.5 Method Used to Determine Source Term 

For the internal hydrogen deflagration, the material at risk (MAR) (i.e., particulate available 
for release) depends on the amount of particulate generated between the time the fuel is washed at 
the K Basins and the time of the accident. HNF-SD-SNF-TI-015 provides a bounding estimate of 
the MAR for any time during the 40-year life of the facility. "F-SD-SNF-TI-015 identifies the 
safety basis or bounding value for the mass of particulate as 34.0 kg UO,, which contains 30.0 kg 
of uranium. Because of the conservative methodology used to calculate the bounding value, 
30 kg is considered representative of the 99th percentile. "F-SD-SNF-TI-01s also identifies a 
design or nominal value of 2.1 kg UO,, which contains 1.85 kg of uranium, 

The quantity of particulate actually released during an accident depends on the initial 
aerosol concentration, which includes that generated by accident forces, and subsequent 
particulate entrainment. This blowdown scenario would feature films of particles rather than deep 
powder beds. In such a situation, there would still be gas flow through the bed during 
depressurization, but according to Technical Report 11.6: Resuspension of'Ueyosiled Aerosols 
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FOlloWing I’rzrnary System or Containment Furlure (IDCOR 1984), the local velocity is simply 
not sufficient for entrainment. The pressurized powder venting source term is not applicable, and 
a source term based upon aerodynamic entrainment is used. 

Based on the data reported in DOE-HDBK-30 10-94, Airhorne Release I~kiction.s/I<ares 
and Respirahle ~ractio?zs/’Kate.s,for N(Jntvact(Jr Nuclear Fcici/i/ies, a bounding (95th percentile) 
airborne release rate (ARR) of 4 x 10.’ per hour and a respirable fraction (RF) of 1 .O were 
selected as bounding for the blowdown. The contents of the MCO are intact fuel elements tightly 
packed in fuel baskets and pieces of fuel elements housed in the scrap baskets. Particulate matter 
swept upward by streams of flowing gas within the MCO must take a tortuous path through the 
MCO and through the MCO shield plug to exit the MCO. For shielded powder, where the 
aerodynamic stresses are reduced by debris or exposure to static conditions, 
DOE-HDBK-3010-94 recommends an ARR of 4 x 10“ per hour and an RF of 0.2 for powder 
under debris. These values were selected as nominal (50th percentile). 

The initial pressure in the MCO at the start of the blowdown determines the fraction of the 
suspended particulate that is released. The range of pressure for an internal hydrogen deflagration 
varies with the composition of the initial flammable mixture. According to NUREGiCR-2726, the 
range of pressure from a hydrogen burn would be from 3 to 12 times the initial pressure. For the 
calculation of the source term, 5 atm is assumed to be the nominal pressure (50th percentile) with 
12 atm used as the 95th percentile pressure. This results in a nominal (50th percentile) leak path 
factor (LPF) of 0.8 for the MCO and a 95th percentile LPF of 0.92. 

The pressurized release from the MCO following the internal deflagration would flow most 
likely through a leak path with a flow area greater than or equal to the flow area through an MCO 
shield plug port. The duration of the blowdown depends on the flow area of the leak and the 
resultant pressure following the burn. The MCO depressurizes to atmospheric pressure in less 
than 1 minute, even for an MCO pressure of about 150 lb/in* gauge and a 0.25-in. hole. The 
MCO depressurizes in a much shorter time for lower pressures and larger leak paths. For the 
calculation of the source term, a nominal (50th percentile) value of 10 seconds and a bounding 
(95th percentile) time of 60 seconds were selected. 

The material released by aerosol entrainment can be calculated using the methodology 
described in Chapter 1 .O and the bounding and nominal values identified above. The bounding 
(95th percentile) value for the material released by aerodynamic entrainment is 2.0 x g, as 
shown in Table 4-2. 
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ARR 

Time 

Table 4-2. Aerodynamic Entrainment Source Term for the 
lnternal Deflagration Accident. 

I Nominal I Bounding I EF I Percentile 1 SNV I In(EF)/SNV I 

4.00 E-O6/h 4.00 E-O5/h 10.00 95 1.645 1.400 

10 s 60 s 6.00 95 1.645 1.089 

M I 4.1 E-06 g" I 2.0 E-04 gb I 

I RF I 0.20 I 1.00 I 5.00 I 95 I 1.645 I 0.978 I 

95 1.645 2.353 

ARR = airhome release rate. 
EF =error factor @e,, bounding value divided by nominal VdIIJe). 

ln(EF) =natural log ofEF. 
M = mass of material released. 
MAR = material at risk. 
IW =respirable fiilction. 
SNV = standard normal variable, 

The blast and shock from the hydrogen deflagration would suspend some of the particulate 
within the MCO. The powder at rest in the MCO could be ejected into the gas volume by the 
response of the underlying solid MCO and fuel substrate to the vibration and jolting induced by 
deflagration. According to DOE-HDBK-3010-94, the value of the airborne release fraction 
(ARF) under such circumstances should exceed the value of the ARF for aerodynamic suspension 
alone but be less than the value of the ARF for the free-fall of powder. The powder undergoing 
vibration shock is bounced into the gas while subject to the same gas velocities as those for 
aerodynamic entrainment, Based on the discussion in DOE-HDBK-3010-94, a bounding 
(95th percentile) ARF of 1 x IO-' and an RF of 1.0 were chosen for the suspension of powder-like 
surface contamination by blast and shock vibration. A nominal (50th percentile) value of 4 x IO'' 
was chosen for the ARF and a nominal (50th percentile) value of 0.2 was chosen for the RF based 
on the evaluation of the discussion in DOE-HDBK-3010-94. 
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The material released by shock impact can he calculated using the methodology described 
in Chapter 1.0 and the bounding and nominal values identified above. The bounding 
(95th percentile) value for the material released by shock impact is 1.8 g, as shown in Table 4-3. 

The bounding (95th percentile) source term for the internal hydrogen deflagration is 1.8 g, 
which is the sum of 1.8 g from vibration and shock and 2.0 x 
entrainment. 

g from aerodynamic 

Nominal Bounding 

MAR 1.85 kg 30 kg 

EF Percentile SNV In(EF)/SNV 

16.22 99 2.326 1.198 

ARF 

RF 

LPFM,,," 

4.00 E-04 1.00 E-03 2.50 95 1.645 0.557 

0.20 1.00 5.00 95 1.645 0.978 

0.80 0.92 1.15 95 1.645 0.083 

ARF = airborne relrase tinction. 
EF = error factor (i.e., bounding wlue divided by nominal value). 
LPF = lcak path factor. 
In(EF) =natural log of EF. 
M = mass of material released. 
MAK = material at risk. 
MCO = multi-canister overpack. 
RF =respirable fiaction. 
SNV = standard normal variable. 

M I 1.2E-O1gb I 1.8 g' 
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Receptor location 
(distance, direction) 

Onsite (with building effects) 
(100 m) 

Highway 240d 
(9,280 m W) 

Hanlixd Site boundary 
(17.390niE) 

4.4 CONSEQUENCE ANALYSIS 

The dose calculation equation and data from Section 3.4.1 of HNF-3553, Spent Nuclear 
Fuel Project Fznal Sqfety Analysis Report, are used to calculate the dose to the onsite receptor 

Evaluation guidelineb/ 
Duration Unmitigated dose” rclcase limits Mitigated drrsr 
(hours) rem (Sv) rem (Sv) rem (Sv) 

unlikely‘ 

3.0 10 
(3.0 E-02) (1.0 E-01) 

6.1 E-03 
(6.1 E-5) 

0.4 E-03 5.0 
(3 .4  E-05) (5.0 E-02) 

_ _  <I 

.. __ < I  

.. < I  

Donsite = M x - x x BR x UD x LPFhuilding 
Q’  

= (1.8 g U)(1.14 x IO-’ s/m3)(3.33 x 

= 3.0 rem (0.03 Sv). 

m3/s)(4.38 x 10’ r e d g  U)(l.O) 

where 

Donait, 
M 
xlQ’ 
BR =breathing rate (m3/s) 
UD 
LPF,,,,, = leak path factor from building. 

= committed effective dose equivalent (rem) 
= mass of respirable airborne material released (g U) 
= time-integrated atmospheric transport factor (s/m3) 

= dose per unit mass of uranium (remig U) 

The dose consequences at the remaining receptor sites are calculated in the same manner and are 
shown in Table 4-4. 

‘Fitty-year committed eftective dose equivalent. 
‘Evaluation guideline for onsitc (100 m) receptor only. 
‘Unmitigilted frequency for this event is unlikely 
“Provided Ihr information only. 

to 510-* per year) 
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APPENDIX 4A 

BASIS FOR USE OF NONSTOICHIOMETFUC PRODUCTION OF 
RADIOLYTIC OXYGEN FROM GAMMA IRRADlATlON 

OF HYDRATED SOLIDS 

The basis for use of nonstoichiometric production of radiolytic oxygen from gamma 
irradiation of hydrated solids is based on observations from solid materials in the literature. 
Examples of these observations are listed as follows. 

A. A. Garibov, M. M. Melikzade, M. Y.  Bakirov, and M. K .  Ramazanova, 
Radiolysis of Adsorbed Wuter Mo1ecule.s on the Oxides Al,O,, La$,, Er203, and 
R e 0  

“Analysis of the radiolysis products showed that they contained a H, and 0,. The 
[H,]/[O,] ratio of the products in all the samples was higher than the stoichiometric 
ratio, which indicates a trapping of the oxygen in the structures of the oxides.” 

M. Nakashima and Y. Aratono, Radiolytic Hydrogen Gas Formu/iorr,frorn Water 
Adsorbed on Type A Zeolites 

“In the SA-water system, 0, gas was not observed below 7 x 10’’ eV/U.S. of 
absorbed energy. Above 2 x IO2” eV/U.S. the ratio ofthe amount of 0, gas to that 
of H, gas (O,/H, ratio) was far below the stoichiometric ratio of 0.5 and it increases 
with increase of the p-value [U.S. = unit sample containing 1 g of dried zeolite and 
p g of physisorbed water]. In 3A- and 4A-water system, this ratio smoothly 
decreased from about 0.4 a t p  = 0.03 to about 0.2 a t p  = 0.21, and seems to 
approach to a definite value near saturation amount of adsorbed water 0, = 0.29). 
This tendency near saturation may be also the case in the 3A-water system, although 
thep-value dependence of the O,/H, ratios was very different from that in the 4A- 
water system. Thus, radiolytic production of oxygen gas in these systems is really 
complicated, and a reasonable explanation cannot be given at the present moment for 
the difference ofp-value dependence of O,/w, ratio among these three A-type 
zeolite-water systems.” 

M. Nakashima and E. Tachikawa, Radiolytic Gus Production from Trifiufed Wafer 
Adsorbed on Molecular Sieve 5A 

“In the present experiments, 0, gas was observed only in high-dose region of 
K-irradiation. The yields of 0, gas evolved increased with energy absorbed by the 
entire system. The relative ratio of the amount of 0, gas to that of H,(HT) gas 
(02/H,  ratio) is shown in Fig. 5 [this figure is found in Nakashima and Tachikawa 
(1987)]. The O,/H, ratio increases with increase ofthep-value and energy 
absorbed, but is far below the stoichiometric ratio of 0.5. The oxygen yield 
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extrapolated to the absorbed energy of 1 x loL9 eV per unit sample is less than 
I x IO” molecules/g and the O,/H, ratio is less than 0.1. Since this amount of 
0, gas is far below the detection limit in the present experimental conditions, it is not 
clear whether 0, gas is evolved in the low-dose region or not. However, these 
results at least indicate that reactions leading to oxygen formation gradually becomes 
pronounced with increase of energy absorbed and an appreciable amount of 0, gas is 
evolved in high dose region.” [An appreciable amount of 0, gas still did not mean 
stoichiometric quantities.] 

These observations indicate that the solid materials are capable of incorporating excess 
oxygen within the material crystal structure. Concern has been expressed that over long time 
periods, the crystal structure would “saturate,” leading to stoichiometric production of oxygen at 
some point in the future. To investigate this concern, the projected stoichiometry of materials at 
the end of 40 years of storage was investigated. 

The overall radiolysis stoichiometry can be described by the following general reactions: 

Based on the calculation methods in HNF-SD-SNF-TI-040, MCO Inlernal Gus C‘ompo.sition und 
Pre.s.wrc during Interim Storage, the fraction decomposition of aluminum hydroxide in cladding 
films and canister particulate, and the hydrated uranium compounds in films and canister 
particulate, were estimated for a range of MCO heat loads. Each MCO was assumed to contain 
two scrap baskets. The quantity of hydrogen and oxygen evolved from the MCO over 40 years of 
storage was calculated, assuming no guttering and databook radiolysis G-values, to estimate the 
predicted overall decomposition stoichiometry. The results are shown in Table 4A-1 for an MCO 
containing 776 W (bounding heat load), 600 W (approximates the expected maximum heat load 
produced), or 396 W (nominal heat load) at the beginning of the storage period. 
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AI(OH),, cladding film 9.47 

AI(OH),, cenister particulate 0.24 

110,.2H,O 20.7 

121.41 0.03566 6.5 0.7 

3.08 0.100 13 0.46 0.17 

64.29 0.29oxx 37.4 (1.4 

This results in the overall radiolysis stoichiometry shown in Table 4A-2 
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Table 4A-2. Estimated Overall Stoichiometry of Radiolysis in Multi-Canister Overpack 

Initial 
MCO heat 

I d  
(w) 

776 

600 

396 

Containing 'I 

Material 

Al(OIr), cliidding 
tilm 
AI(OH), canister 
,"lrticulatc 

110,~211,0 

AI(OII), cladding 
film 
AI(OH), canister 
particulate 

Al(OH), cladding 
film 
AI(OI.I)3 canister 

10 Scrap Baskets during Forty-Year Interim Storage. 

Overall stoichiometry 

2 h1203,15h .2.794ll 0+O.20h1I2 + 0 . 0 2 5 0  AI2U3 - 3 H , O L  

2.44 I H 2 0  + 0.559 H 2  + 0.22 I O 2  AI2lI3 .1H,O 

UQ(0Hg *H,O UO,,,,(OH),,,,.H,O+O YXH, + 0 . 1 7 0 2  

UO,(OH), 1 1 , C ~  UOi 276(OH)I1724 .U.658H20+0.YX H, +0.1710, 

2 

+ AI2O3, I 
a ,IJ .y 

to 

A I ~ o , . ~ I I , ~ ~ A I ~ ~ ~ , ~ ~ ~  -2.84 t i  2 O + I I . I ~  t1 2 + O . O I X O  2 

U02(OHX . H , O ~ U O ,  ,14(OHX,76* H,O+(I X 12H, + ( I  140, 

UQ(OH1 H,O&UQ ,,,(OHh 9,6* 0 72H20+0 8 1 W ,  +O 140, 
to 

U02(OHL *H,O &UO? ,,,(OH] 2,s.l).X H,O+O.SXW, +(l.102 

As indicated in Tables 4A-1 and 4A-2, complete decomposition of the hydrated materials is 
not projected over the 40-year storage period. As might be expected, the MCO containing the 
bounding heat load produces the largest quantity of excess oxygen that must be retained in the 
crystal structures due to the assumed nonstoichiometry G-values. 

The 40-year storage period is projected to result in, at most, 5% oxygen within the crystal 
structure. The overall stoichiometry of aluminum hydroxide radiolysis appears to be similar to 
either dehydration or dehydroxylation. Partially dehydrated aluminum hydroxides not only 
reversibly adsorb water, but also anions, hydrated cations, and a number of organic compounds 
(Wefers and Misra 1987). Partial dehydroxylation is equivalent to preparation of activated 
alumina, which has the capability to catalyze certain chemical reactions and chemisorb a variety of 
molecular and ionic species. Fully dehydroxylated, crystaline 1-A1,0, is not active, nor are the 
well-ordered trihydroxides and oxide hydroxides of aluminum. Activity is directly related to the 
defect structure of the transition forms resulting from partial dehydroxylation (Wefers 
and Misra 1987). Based on these properties and the projected partial dyhydation, or 
dehydroxylation, over the 40-year storage period, it is concluded that nonstoichiometric 
production of hydrogen and oxygen from aluminum hydroxide radiolysis is feasible. 
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The ability of hydrated uranium compounds to incorporate oxygen in the crystal structure 
could be c o f i s e d  by the shorthand method of writing the chemical formula (e.g., U0,3.2H,0), 
which does not describe the actual molecule structure. The uranium hydrate shorthand formula is 
more completely described by UO, (OH),*H,O, which dehydrates to UO,(OH),. As shown in 
Figure 4A-I, these compounds represent hydroxalation and hydration of the uranyl ion, which has 
the capacity to form multiple bounds with anions. 

Table 4A-1 indicates that approximately 50% of the uranium hydrate is expected to 
decompose over the 40-year storage time. Much of this decomposition results from alpha and 
beta radiolysis, which has been projected to produce stoichiometric evolution of oxygen. The 
overall stoichiometry of radiolysis does not produce a large increase in oxygen that must be 
incorporated in the crystal structure. Therefore, it is concluded that the nonstoichiometric 
G-values for hydrated oxides can be sustained throughout the 40-year storage period. 
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Figure A-1. Structure of Hydrated Uranyl Ions. 

0 
(a) UO,(OH),*HI,O (Simplified formula: U0,*2 H,O) 

0 
(b) UO,(OH), (Simplified formula: U0,-H,O) 

Note: This figure is based on I. 1. Chernyaev, 1964, Complex Compounds oflJranium, Academy 
of Sciences ofthe U.S.S.R., translated from Russian by L. Mandel, Israel Program for Scientific 
Translations, Jerusalem, 1966. 
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5.0 CALCULATIONS FOR MULTI-CANISTER OVERPACK 
EXTERNAL HYDROGEN DEFLAGRATION 

5.1 PURPOSE AND OBJECTIVES 

The potential consequences of hydrogen deflagrations outside the multi-canister overpack 
(MCO) are evaluated in this chapter. There are potential accident conditions during the handling 
of a cask-MCO in the Canister Storage Building (CSB) in which concentrations of hydrogen 
outside an MCO could he significant enough to lead to a deflagration. 

No thermal constraints on extended duration storage at the CSB have been identified 
beyond those identified in Chapter 7.0. HNF-SD-SNF-SAM-005, Mulli-~.’anisler Overpuck 
Topical Report, identifies a 234-hour window for shipping from the Cold Vacuum Drying Facility 
(CVDF) to the CSB. This chapter identifies this as an external cask-MCO hazard when the 
internal atmosphere of the cask is vented at the CSB. Analysis has shown that the hazards of this 
event are prevented by slow venting of the cask after positive pressure is detected within the cask. 

5.2 SCENARIO DEVELOPMENT 

In all postulated accident scenarios, hydrogen accumulates in an MCO because of 
processing delays, equipment malfunctions, or catastrophic events. The general sequence of 
events leading to a hydrogen deflagration is shown in SNF-4042, fivclluufion of Accidenf 
Frequencies at the Canister Storage Building. The accident sequence begins with the presence of 
enough hydrogen inside an MCO to form a flammable mixture with air outside the MCO. Three 
conditions necessary for hydrogen accumulation inside an MCO within a reasonable time frame 
are uranium metal and hydrides, water, and high temperatures. The uranium and water are 
reactants, and the elevated temperature speeds the reaction. 

In all external hydrogen deflagration scenarios, the accumulated hydrogen escapes the MCO 
and mixes with air to form a combustible mixture of hydrogen and oxygen. The mixture is then 
ignited. Because it takes very little energy to begin the hydrogen-oxygen combustion, it is 
assumed that ignition sources are present in the mixture. The combustion could be initiated by 
static electricity in ventilation ducting, a small particle of uranium hydride, static electricity in the 
spray nozzles in the water storage tanks, and other sources. The specific accident scenarios are 
described in the following subsections. 

5.2.1 Hydrogen Deflagration Caused by Drop from Transportation Trailer 

The cask-MCO is dropped while being removed from the transportation trailer The cask is 
not damaged by this drop, but the MCO may he damaged. lt is assumed that the MCO is 
breached and loses pressure. The gas leaving the MCO has considerable hydrogen so that a 
flammable mixture of hydrogen, helium, and air forms in the space between the outside of the 
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MCO and the inside of the cask. This flammable mixture ignites but the resulting pressure 
increase is not expected to damage the cask. 

5.2.2 Hydrogen Deflagration during Multi-Canister Overpack Cask Venting 

MCOs are transported from the CVDF to the CSB in sealed transportation casks. When a 
cask-MCO first arrives at the CSB, the MCO contains helium and hydrogen, and the cask 
contains air in the void space. The hydrogen in the MCO is liberated primarily by the reaction of 
water vapor with uranium and uranium hydrides and also by the radiolytic decomposition of 
water-containing compounds in the MCO. 

Hydrogen produced inside the MCO will increase the MCO pressure and could leak into the 
space between the MCO and the transportation cask. Rough handling or some other failure at the 
CVDF is assumed to cause a mechanically sealed MCO to leak much faster than the maximum 
allowed rate (e.g., 10,000 times faster than allowed). Within 4 days, enough hydrogen forms and 
leaks from the MCO and into the cask void volume to raise the gas pressure in the transportation 
cask. When the initial pressure check at the CSB discloses excessive pressure, the mobile service 
station tent is placed over the cask for contamination control. The excessive pressure required 
initiation of recovery action. Very little contamination will be release from the MCO to the cask 
with a leak this size. HNF-SD-SNF-HIE-001, Canisfer Sforage Building Hazard Analysis 
Report, identified this event as a worker safety concern only 

5.2.3 Hydrogen Deflagration from Receiving a Wet Cask-Multi-Canister Overpack 

A hydrogen deflagration from receiving a wet cask-MCO is a variation on the deflagration 
during cask venting in that the source of hydrogen in the cask is wet corrosion of the fuel When 
a cask-MCO is ready to leave the CVDF and go to the CSB, it looks the same as a cask-MCO 
that has just arrived at the CVDF for drying operations. It has been assumed that at the CVDF, 
one cask-MCO is dry and ready for shipment to the CSB at about the same time a water-filled 
cask-MCO arrives from K Basins. A process interruption causes the two casks to be mistaken, 
and the water-filled cask-MCO is sent to the CSB. An event tree for this scenario is provided in 
SNF-4042. This is a very low probability event. It will be recognized during the initial pressure 
check at the CSB and will therefore initiate a recovery action. The MCO full of water will release 
little contamination. The hazard analysis (HNF-SD-SNF-HIE-001) identified this event as a 
worker safety concern only. 

5.2.4 Hydrogen Deflagration during Multi-Canister Overpack Handling 

The MCO handling machine (MHM) transports MCOs within the CSB The space inside 
the MHh4 is filled with air and ventilated by a high-efficiency particulate air (HEPA) filtered 
exhauster located on the turret. The HEPA filter units are located at the same level as the 
operating platform. If there were a major equipment breakdown that trapped a leaking MCO in 

snf-1328.05 5-2 March 2000 



SNF-3328 REV 2 

the MHM for an extended period of time, then significant hydrogen could accumulate in the air 
around the MCO. 

A mechanically sealed MCO must leak significantly more than the maximum allowed rate 
following the MHM malhnction to be of concern. M e r  a few days, enough hydrogen has leaked 
from the MCO that potential flammable concentrations of hydrogen exist in the MHM A 
flammable mixture of air and hydrogen would also exists in the exhaust ducts and HEPA filter 

A spark would lead to a deflagration in the ducts and HEPA filter. Any personnel nearby 
could be injured. A deflagration also could lead to environmental release of the radioactivity 
accumulated on the MHM HEPA filter. The projected radiation dose to any individual downwind 
does not exceed the dose criteria 

5.2.5 Hydrogen Deflagration during Interim Storage 

MCOs are expected to be in interim storage for about 40 years Welded MCOs have a 
maximum allowable leak rate of 1 x IO-’ cm’/s, and mechanically sealed MCOs have a higher 
maximum allowable leak rate (1 x 1 0-5 cm’h). Over a long period of time, a high leak rate 
(greater than the maximum allowable) could produce flammable concentrations of hydrogen and 
air in the storage tube. 

Rough handling or some other failure is assumed to cause an MCO to leak much faster than 
the maximum allowed rate. Within a few weeks enough hydrogen has leaked from the MCO into 
the storage tube to create flammable concentrations. A deflagration of this mixture could damage 
the storage tube, but it is unlikely to exceed any safety criteria. 

5.2.6 Hydrogen Deflagration during Multi-Canister Overpack Gas Sampling 

Cover cap welding on selected MCOs will he delayed to allow for gas sampling at the CSB. 
An MCO that is to be sampled is moved to the sampling pit, and a sampling hood is placed over 
the MCO. Connections are made to the MCO sample port, and MCO gas is collected using the 
positive pressure of the MCO. If the connection to the MCO were to fail and discharge MCO gas 
into the sampling hood, a potentially explosive mixture of hydrogen and air could be formed in the 
hood. Because personnel normally are near the hood during this time, it is probable that an 
explosion in the sampling hood would cause a significant injury to the operator opening the MCO 
vent valve. An event tree for this scenario is provided in SNF-4042. This event is the design 
basis accident scenario presented in HNF-3553, #pent Nucleur Fuel Project Fimd Suj+ Amdysis 
Report, Annex A, “Canister Storage Building Final Safety Analysis Report,” for external 
hydrogen deflagrations. 
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Location 

Free volume inside MCO 

Free volume of cask 

Free volume of MHM 

Storage tube - one MCO 

Sampling hood 

Storage tube - two MCOs 

5.3 SOURCE TERM ANALYSIS 

Volume, L Volume, ft3 

500 17.7 

125 4.4 

1,170 41.3 

2,890 102.1 

1,530 54.0 

600 21.2 

The mathematical analysis of the identified postulated hydrogen deflagration accidents 
focuses on hydrogen concentration in a transportation cask, the MHM, or in a CSB storage tube. 
Before describing the accidents in detail, some general information relevant to all the external 
hydrogen accidents will be presented. 

5.3.1 Hydrogen Accumulation and Other Parameters 

Parameters and assumptions common to all, or most, of the postulated accidents are 
presented here. The values presented include gas volumes, helium inventory in the MCO, air 
inventory in the transportation cask, hydrogen content of the MCO after all the available free and 
hydrated water has reacted with the uranium, the corresponding MCO pressure, the MCO leak 
rate, and the peak overpressures due to hydrogen combustion. 

5.3.1.1 Volumes. The volumes of accumulated hydrogen are listed in Table 5-1. Because the 
shapes are somewhat irregular, the volumes are approximate. However, the conclusions are not 
sensitive to minor changes in the estimated volume. 

5.3.1.2 Helium and Air Inventory in the Multi-Canister Overpack. Before leaving the 
CVDF, the MCO is pressurized with helium. According to "F-SD-SNF-TI-015, Xpenl Nuclear 
Fuel Projecl lkchnicnl Datuhook, the MCO pressure after filling is I . 5  atm with a temperature of 
25 "C. From the ideal gas law, for an MCO volume of 500 L, 30.7 gmoles ofhelium are required 
to pressurized the MCO. The cask is filled at the CVDF with air at atmospheric pressure and a 
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temperature of 20 "C. With a cask annulus volume of 125 L, this corresponds to 5.20 gmoles of 
air (see Section 5.3.2). 

5.3.1.3 Bounding Hydrogen Gas in the Multi-Canister Overpack. The composition of the 
gas inside the MCO when it is received at the CSB is based on the assumption that there is only 
helium and hydrogen. The hydrogen is generated primarily by corrosion of fuel and reaction with 
uranium hydride. The radiolytic decomposition of water and hydroxides adds very little and has 
not been considered. 

The bounding hydrogen content of an MCO with two scrap baskets will be estimated 
assuming the water reactions with uranium metal and uranium hydride occur at the same rate. 
From HNF-SD-SNF-TI-015, the enhancement factor for the metal reaction is 10, while the 
enhancement factor for the hydride reaction is 12. In addition, the metal reaction produces 
1 mole of hydrogen gas for every mole of water reacted, but the hydride reaction produces 
1.75 moles of hydrogen for every mole of water reacted. The combined effect is that the 
hydrogen generation increases by the factor 

over the amount expected from the uranium metal reaction alone 

The hydrogen gas that could be generated from the uranium metal is limited by the amount 
of water available to react. The bounding free water estimate is 200 g in crevices and cracks. In 
addition, uranium oxide dihydrate will lose one of the water molecules at normal MCO 
temperatures according to HNF- 1523, K-Basins Parfrculute Wuter (.'onten/. Behavior. and 
Impact. Much of this loss may occur during drying at CVDF, but to maximize the hydrogen 
generation after drying none will be assumed. The bounding hydrated water estimate for two 
scrap baskets is 1,190 g (HNF-SD-SNF-TI-01 5 ) .  Half ofthis amount is available for 
temperatures less than 100 "C to react with uranium fuel to form hydrogen. 

5.3.1.4 Multi-Canister Overpack Leak Rate Calculation. Because of an off-normal 
condition, the MCO is assumed to leak much faster than the bounding leak rate for a mechanically 
sealed MCO. According to HNF-2155, Mulfi-(knister Overpack Combustible Gus Management 
Leak Test Acceptance Criteria, the bounding leak rate is 1.0 x 

reference conditions. Reference conditions are defined as an inside pressure of 101.3 kPa 
(14.7 Ib/in*) and an outside pressure of 1.013 kPa (0.147 Ib/in2), both at a temperature of 25 "C. 
The reference leak rate is based on volumes inside the container. A bounding formula follows to 
represent the leak rate at the postulated conditions outside the container. Note that no distinction 
is made between hydrogen and helium leak rates. The hydrogen is lighter than helium and could 
d i a s e  more rapidly through a small leak. The formula comes from the observation that the 
leakage rate is proportional to the pressure difference inside and outside the cask and also the 
density, which is represented as pressure. The temperature adjustment is included to adjust for 

cmg/s (8.64 x 10.' Ud) at 

snf-3328.05 5-5 March 2000 



SNF-3328 REV 2 

density change and to be consistent with the method used in the derivation of the leak rate criteria 
("F-2 155). 

where 

~ c o , o u I  = leak rate at the postulated conditions outside the MCO, in L/d (or L/h) 

Lx = proportionality constant based on the leak rate at reference conditions, in U d  
(or L/h) per kPa 

Pb,,o,m = pressure inside the MCO at postulated conditions, in kPa 

P,,,, = pressure outside the MCO at postulated conditions, in kPa 

P,,,,, = average pressure, (PMc,,m + P,,,,,,)/2, in H a  

T,,,, = temperature inside the MCO at postulated conditions, in degrees Kelvin 

T,,,,,,, = temperature outside the MCO at postulated conditions, in degrees Kelvin 

The constant, L,, takes the place ofmore complex parameters described in "F-2155.  
These parameters mainly depend on the leak diameter and are weakly dependent on gas 
temperature. The value for L, can be obtained using reference conditions inside the container. 
This is shown as 

where 

Lx = proportionality constant, in L/d (or L/h) per kPa 
L,ctin = leak rate at reference conditions inside, in Lid (or L/h) 
P,,, = pressure inside the MCO at reference conditions, 101.3 kPa 
Plsfour = pressure outside the MCO at reference conditions, 1.01 3 !&a 
PreZave = average pressure, (P,+ + PntOut)/2 = 5 1.16 Wa. 
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Gas 

The leak rates modeled with the described formulas are very low. Since small leak rates are 
associated with very small holes or cracks, the associated matter released due to suspended or 
entrained particulate is very small and will be ignored in the analysis of external hydrogen 
accidents. 

A B C 

5.3.1.5 Pressures Due to Hydrogen Deflagration. Mixtures of hydrogen in air are flammable in 
the range of 4% to 75% hydrogen by volume at atmospheric pressure and room temperature. 
Higher pressures and temperatures change the flammable concentration range, but these limits will 
be assumed for simplicity. According to NUREGiCR-2726, Light Water Ketrctov Hjdrogen 
Manual, higher pressure shock waves may be produced if the hydrogen concentration is between 
18 and 58 vol% in air. The stoichiometric ratio (2 moles hydrogen per I mole of oxygen) 
corresponds to 29.6% hydrogen in dry air. The presence of helium changes the stoichiometric 
ratio because it displaces oxygen. For example, if there are equal volume percents of hydrogen 
and helium, then the stoichiometric hydrogen concentration is reduced to 22.8%. 

When the hydrogen and oxygen react, water vapor is formed and energy is released. To be 
conservative, it is assumed that the energy released stays in the gas and none is lost to the MCO 
components. The heat capacity of the gases allows the final temperature to he computed. This 
final temperature, together with the number of moles of gases in the MCO and the ideal gas law, 
is used to calculate the final pressure resulting from the combustion. 

N2 

0 2  

H2O 

The heat of formation of water vapor from hydrogen and oxygen gas is 57,800 cal/mole at 
a temperature of about 27 "C. The heat capacity of various gases can he calculated from a 
quadratic formula as listed in Table 5-2. 

4.470 1.39 E-03 -6.90 E-OS 

4.130 3.17E-03 - I  .O 1 E-06 

5.  I49 2.64 E-03 4.59 E-08 

I H, 1 4.959 I -1.96 E-04 1 4.76 E-07 1 

I He I 3.020 I 0 I 0 I 
Values for the heat capacity at constant volume (in callnioleiK) are cuinputed 

from the formula Cv = A + B T  + C,'P, what: T is the tempcrdture of the gas. This 
method and paranieter \,slues are given in Whitwell and Toner, 1969, Consrrvulion of 
h<os.ass und Energy, Blaisdell Publishing Company, Willtham, Massachusetts. 

Thz heat capacity parameters shown on this tahlc xpply tu the Lcmperaturc riliigc 
of300 K (27 "C) to 1,500 K (1,230 "C). At higher temperatures, the hcat cirpacities are 
mer-estimated. 

snt'3328.05 5-7 

~~ 

March 2000 

-~ ~ 



SNF-3328 REV 2 

The final temperature of the gas mixture is found using the following formula. (The 
integration is between the initial temperature of the gas mixture before combustion and the final 
temperature of the gas mixture after combustion. The summation is over the types of gases 
present in the MCO after combustion. Because the final gas temperature is unknown but 
determines the heat capacities, it must be solved by an iterative process.) 

where 

HF = heat of formation ofwater from hydrogen and oxygen, 57,800 cal/mole formed as 
a vapor 

NNZo = number of moles of water formed; computed as the smaller of the number of 
moles of hydrogen and twice the number of moles of oxygen (before combustion) 

TI, 

T, 

Cvi 

= temperature of the gas mixture before combustion, in Kelvin 

= temperature of the gas mixture after combustion, in Kelvin 

= heat capacity at constant volume of gas “I”; depends on the temperature of the 
gas (represented as a quadratic equation) 

Ni 

The pressure pulse from a hydrogen explosion exists for only a fraction of a second, but 
may do considerable damage to the vessel containing it. An estimate of how long this pressure 
exists can be obtained from the following formula for the rate of pressure increase from SF‘E 
Handbook of Fire Protection Engineering (SFPE 1992). 

= number of moles of gas “I” after the oxygen and hydrogen react. 

(dP/dt),, = (K,)/(V1’3) 

where 

(dP/dt),,, = maximum rate of pressure increase, kpds 

K G  = parameter measured for explosions in spherical containers; for hydrogen this 
is 66,000 !&‘ads (SFPE 1992) 

V = volume of the container with the burning gases, m3. 
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Dividing the final pressure rise by the maximum rate of pressure rise leads to a bound on 
the shortest possible time in which the pressure could reach the peak. This minimum time is 
useful for estimating the motion of objects affected by the pressure pulse. As an example, an 
explosion in a storage tube could lift the storage tube plug. 

The momentum imparted to an object affected by the pressure pulse is computed as the 
time-integral of the force acting on the object. As a simple approximation, the pressure is 
assumed to rise linearly to the peak and then fall linearly back to where it started. The total time 
is twice the value for t,, given above. The force on the object is the product of the affected 
surface area and the pressure. Therefore, the momentum imparted to an object is the product of 
the peak pressure increase (Px-Po), the affected surface area, and the time for the pressure to rise 
to the peak (t-). The final speed of the object is this momentum divided by its mass: 

where 

U = speed of object affected by the pressure pulse, in d s  
P, = maximum pressure after completion of combustion of MH, in kPa 
P ,  = starting pressure before combustion, 101.3 Wa is used 
A = surface area affected by the pressure pulse, in m2 
t,, = minimum time for the pressure to rise to the peak value (P,), in units of milliseconds 
M = mass of object affected by the pressure pulse, in kg. 

ln the case of storage tube explosions, the speed of the object can be used to estimate how 
high the storage tube plug could rise following a hydrogen explosion (see Section 5.3 4). In the 
case of an explosion in the sampling hood, this speed could indicate the maximum velocity at 
which the hood view port could move toward the operator as a result of the explosion (see 
Section 5.3.5). 

5.3.2 Basis for Hydrogen Deflagration Caused by 
Drop from Transportation Cask 

Each of the assumed temperatures and pressures used in the analysis of this event has an 
allowable range. Values chosen are intended to maximize combustion and generate pressure in 
the cask. The calculation begins with assumptions about the amount of helium and hydrogen in 
the MCO at the time of the accident and the amount of air in the space between the cask and 
MCO. It also is assumed that 100% of the hydrogen is burned. The resulting pressure is 
calculated using a standard adiabatic model. 
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The initial amount of helium in the MCO depends on the filling pressure and temperature. 
It is assumed that the filling pressure is 1.5 atm and the gas temperature after filling is 298.15 K. 
The amount of helium in the 500-L MCO is calculated as follows. 

(1.5 atm) (500.L) 

(0.082057 L.atdgmole/K) (298.15 K) 
Hegmoles = 

= 30.7 gmoles helium 

The amount of hydrogen in the MCO at the time it arrives at the CSB is assumed to be the 
number of moles of hydrogen that would be formed by the reaction of 800 g of water (200 g of 
free water plus approximately 600 g of water from uranium hydrate [see Section 4.3. I]) with 
uranium metal to form uranium dioxide and hydrogen gas. The amount of hydrogen formed, 
including the hydride enhancement factor, is as shown below. 

(800 g H,O) (1 gmole H,) 

(18.015 g/gmole) (1 gmole H,O) 
H, gmoles = x 1.409 

= 62.6 gmoles H, 

The average temperature of the gas inside MCO when it arrives at the CSB is assumed to 
"C (333.15 K). The total number of moles of gas in the MCO is the sum of the moles of be 

helium and hydrogen, 93.2 gmoles. 

From the ideal gas law, the pressure is calculated as shown below 

(03 2 p o l e )  (0 082057 L,atni. gmole/K) ( 3 3 3  K) 

SO0 L 
h4CO pressure - 

- 5 I Lltlll 

The cask was filled with air at the CVDF at atmospheric pressure and a temperature of 
20 "C (293.15 K). The volume of the space between the outside of the MCO and the inside of 
the cask is assumed to be about 125 L based on information provided in 
HNF-SD-SNF-Sa-005.  Thus the cask initially contains 5.20 gmoles of air. The composition 
ofthe air is shown in Table 5-3. 
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I Type of gas 

Table 5-3. Composition of Air in the Cask Before the Accident. 

Amount 
(gmoles) Percent by volume 

I--  vapor I 0 46% I 0 02 - 1  
I N, I 17.76% I 4.04 I 
I 0, I 20.85% I 1 .os I 
I Ar I 0.93% I 0.05 I 
I Total I 100.00% I 5.20 I 

The assumed relative humidity is 20%. At 20 "C, the saturatcd pressure of water vapor is 
2.33XX !ih (0.02308 atm). 

At the time of the cask drop accident, the temperature of the air in the cask will have 
increased to 30 "C (303 K), as shown in Table 5-4. Using the ideal gas law, the pressure is 
calculated to have increased to 0.5 lbiin' gauge (1.034 atm). The MCO leak causes the MCO 
pressure to relieve to the cask. Eventually the pressures inside and outside the MCO are equal 
This condition determines what fraction of the MCO gas inventory leaks into the cask. 

Table 5-4. Composition of the Multi-Canister Overpack and Cask before the Drop. 

MCO = multi-canister overpack 

The equilibrium pressure (equalized pressure in cask and MCO) was found to be 4.2 atm. 
as shown in the calculation below and in Table 5-5. 
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1 (500 L)(5.1 atm) + (125 L)(1.03 atm) 
- - (333 K) (303 K) 

(333 K) (303 K) 
= 4.2 atm . 

PMco, VMco, and T,,, are the pressure (5.1 atm), volume (500 L), and temperature (333 K) 
of the MCO. 

P,,,, VCaa. and T,, are the pressure (1.03 atrn), volume, (123 L), and temperature (303 K) 
of the cask. 

P,, is the pressure in the cask and MCO after equalization. 

Table 5-5. Composition of the Multi-Canister Overpack and Cask after the Drop 

MCO = multi-vdnister overpack. 

The composition of the gas in the cask after it hums is shown in Table 5-6. All of the 
oxygen is assumed to react with the hydrogen to form water vapor. 
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Table 5-6. Composition of the Multi-Canister Overpack and Cask after Combustion 

MCO = multi-canislcr mwpdck 

The heat of formation of water vapor is 57,800 caligmole. Since 2.17 gmoles of hydrogen 
react to form 2.17 gmoles of water vapor, the energy liberated is 

(2.17 gmole) (57,800 caligmole) = 125,000 cal 

This energy raises the temperature of the post-combustion gas mixture to 1,550 K at most. The 
calculation of the final temperature is carried out by an iterative process described in 
Appendix SA. At this temperature, the gas pressure is about 290 lb/in2 gauge. This pressure 
exceeds the design pressure of the cask (1 SO Ib/in2 gauge). However, according to SNF-S679, 
Muximum Pressure Load Uelerminatiori,fi,r Multi-Cunisier Overpack ('ask (WMrLY-E(;lL-OI O), 
the cask is not expected to rupture because the design pressure includes a safety margin of at least 
2. The pressure in the cask rapidly decreases as gas is forced back into the MCO, the gases cool, 
and the steam condenses. All of the oxygen in the cask is consumed by the burn and no further 
combustion is possible in either the cask or the MCO. Thus the mixing of MCO and cask gases 
will not lead to a flammable mixture. 

5.3.3 Hydrogen Deflagration during Multi-Canister Overpack Handling 

Soon after arrival at the CSB, the pressure in the bounding MCO reaches about 5.1 atm if 
the MCO vapor space is oxygen free. The gas in the MCO is 67% hydrogen and 33% helium. It 
has been assumed that some accident occurs while an MCO is being transported from one 
location to another inside the CSB. The MHM is immobilized with the MHM ventilation system 
out of service. In addition, the MCO begins to leak much faster than the leak rate criteria. 

As gas slowly leaves the MCO, the pressure decreases. It is assumed that the gases leave 
the MCO at a rate proportional to their concentration. Diffusion effects are considered minimal 
compared to convective flow effects. The air space around the MCO is ventilated by natural 
circulation only. Thus, clean air continually enters the MHM air space while a mixture of air, 
hydrogen, and helium continually leaves. The representation of gas concentrations in the MHM 
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uses the equations below. Note that ail volumes have been converted to reference temperature 
and pressure conditions. 

According to  HNF-SD-TP-SARP-0 17, Safety Analysis Report for Puckuging (Onsite) 
Multicanister Overpack Cusk, the maximum leak rate from the MCO is 2.0 x I O 4  cm3/s at 5 atm. 
This is equivalent to 0.017 L/day. The volume ofthe MHM is 1,170 L. One air exchange per day 
with the MHM would five a flow rate of 1,170 Liday. The rate of change in volume fraction of 
H, in the MHM can be describe with the following equation: 

where 

xHz =volume fraction of hydrogen in the MHM 
LMCO = MCO leak rate 
Lm = MHM inflow rate 
VmM = MHM volume 
t = time. 

Use of a constant leak rate from the MCO overestimates the hydrogen concentration 
because it ignores the decrease in MCO pressure and the corresponding decrease in the leak rate. 

where 

H2 = volume fraction of hydrogen in MCO 

The maximum hydrogen concentration in the MHM is found at large times: 

For a natural circulation rate of 100% per day and the maximum MCO leak rate of 0.017 L 
per day, the maximum H, concentration is 
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MHM natural 
circulation 

(Liday) 

= 0.001% H,LMC" - (0.67) (0.017 Liday) 

LMCO + LMHM (0.017 Liday + 1,170 Liday) 

Peak hydrogen concentration 
(vol%) 

MCO leak rate x 1,000 MCO leak rate x 3,000 
(1 7 L/day) (52 L/day) ( I  73 L/day) 

MCO leak rate x 10,000 

Higher leak rates and lower natural circulation rates are needed to reach flammable 
concentrations in the MHM (see Table 5-7). It is assumed that the MHM is filled with air initially 
to provide the oxygen 

1,170 

Table 5-7. Peak Hydrogen Concentrations for Various Multi-Canister Overpack Leak Rates 
and Multi-Canister Overpack Handling Machine Circulation Rates. 

0 97% 2.8% 8.6% 

351 

1 I7 

3.1% 8.6% 22% 

8.6% 20% 40% 

Thirty hours after the start of the worst case in Table 5-7, the hydrogen concentration in the 
MHM would be about 10%. Thus, the mass of hydrogen present would be 9 6 g, which is 
equivalent to 274 g of TNT. Again, the damage from hydrogen is lower because of the greater 
volume affected and the slower rate of combustion The adiabatic flame temperature is 1,370 K 
(1,100 "C), which leads to a maximum pressure of436 !&'a (48 Ib/in2 gauge). 

A hydrogen deflagration in the MHM would cause transitory high pressures that would 
damage the MHM Because the MCO would not be damaged, the only available source of 
radioactivity is the HEPA filter units on the MHM turret These could fill with the hydrogen-air 
mixture and be affected by the deflagration. For personnel protection reasons, the pair would 
read less than 50 mR/h on contact. Thus, the worst-case explosion near them would have 
consequences no worse than the rupture of the containment tent exhauster during MCO venting. 
The potential for personnel injury exists because personnel normally are located near the MHM 
turret to operate the MHM. 
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0.017 

0.207 

0.864 

5.3.4 Hydrogen Deflagration during Interim Storage 

While an MCO is inside a storage tube at the CSB, an abnormal leakage rate could lead to 
flammable concentrations of hydrogen and air in the storage tube. The same equations derived to 
model the hydrogen accumulation in the MHM apply to the storage tube with the exception of 
differences in volume of the storage tube and ventilation rate. First, a storage tube containing a 
single, mechanically sealed MCO has a free volume of about 2,890 L. Second, the natural 
ventilation rate for the storage tube comes from the value for volumetric changes due to 
barometric pressure variations during the year. WHC-EP-065 1 ,  Hnrometric I’resmre Vnriatioris, 
gives the following value for this rate. 

dV,ildt/V,,,,,, = 1.69 per year = 0.463% per day 

As with the MHM, it will be assumed that the storage tube is initially tilled with air so that 
oxygen is present to react with the hydrogen leaking from the MCO. Because the ventilation rate 
is fixed, higher leak rates lead to higher peak concentrations of hydrogen in the storage tube. A 
summary of peak concentrations and times to reach those concentrations are shown in Table 5-8. 

x l  0.09 

x 12 I .o 
x 50 4.0 

Table 5-8 .  Peak Storage Tube Concentrations for Various 
Multi-Canister Overpack Leak Rates. 

Peak hydrogen 
concentration MCO leakage rate Factor 

(“/I &/day) 

N u t c  Thc MCO Ie&ege factol- times 1 E-05 cm‘/.i is the leak I-& at reli.nlnce 
conditions. 

MCO = multi-cenister overpack. 

It can be seen from Table 5-8 that a leak rate 50 times greater than the maximum is 
required to reach a flammable mixture in the storage tube. 

5.3.5 Hydrogen Deflagration during Multi-Canister Overpack Sampling 

To determine the composition of gases in an MCO, selected MCOs are moved from the 
storage tubes to the sampling/weld station for analysis. A sampling hood is placed over the MCO. 
The hood is connected to the HEPA-filtered exhaust system, and the flow rate through the hood 
is between 47 W s  and 11 8 L/s. Gas is vented from the MCO via a sampling line attached to the 
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MCO. If this connection were to fail, hydrogen and helium in the MCO would be vented to the 
hood and the exhauster. 

Higher flow rates will lead to greater hydrogen concentrations. The excess gas (air, 
hydrogen, and helium) is being forced out of the hood. Flow rates that are lower lead to lower 
hydrogen concentrations. The value chosen simply illustrates a flow rate that produces flammable 
mixtures in the hood. 

where 

Q,,,,r, = mass flow rate out the hole, in lbmis 

C , ,  = discharge coefficient, which is assumed to be 1 .O 

A = cross-sectional area of the hole, in in.' 

g = conversion factor, 32.17 Ibm-ft/sz/lbf 

M = average molecular weight of the escaping gas, 2.67 Ibmilb-mole 

R = ideal gas constant, 1,545 ft-lbf/lb-mole/"R 

T,,,, = absolute temperature ofthe gas in the MCO, 627 "R (75 "C) 

P,,.,, = absolute pressure of the gas in the MCO, 78 IbWin2 

Y = the ratio of the heat capacities at constant pressure and volume for the 
hydrogen-helium mixture. For monatomic gases like helium, y is 1.67; while for 
diatomic gases like hydrogen and air, y is 1.40. The weighted average y was 
computed for the hydrogen-helium mixture using the number of moles of each as 
the weighting factor, giving a value of 1.49. 

Under the above conditions, the peak hydrogen concentration in the hood is 16.7%, which 
is reached in 27 seconds. The lower flammability limit (4% hydrogen) is reached in 2.0 seconds. 
Notice the time scale is now in seconds rather than days. 

If the hydrogen concentration in the sampling hood were 10% at the time of the explosion, 
the hood would contain 4.9 g of hydrogen, which releases a thermal energy equivalent to 140 g of 
TNT. Again, the damage from hydrogen is lower because of the greater volume affected and the 
slower rate of combustion. The adiabatic flame temperature is 1,370 K, which leads to a 
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maximum pressure of 442 kPa (49 lb/in* gauge). Based on conservative assumptions, this 
pressure is high enough to damage the hood and injure any personnel nearby. The potential for 
personnel injury exists because personnel normally are located near the sampling hood during 
sampling operations. 

To quantifi the potential hazard to personnel, consider the effect of the explosion on the 
viewing window in front of the operator. Using the viewing window dimensions of 30 in. wide by 
18 in. tall, the peak pressure increase of 49 Ib/in2 applies a force of 26,700 Ib to the viewing 
window. Assuming the window is 0.5 in. thick and has a density of I ,  100 kg/m3, then its mass is 
4.87 kg (10.7 Ib). The peak pressure is reached in 4.4 milliseconds using the method presented in 
Section 5.3.1.5. If no energy is lost to breaking the window free of its mounts, the speed of the 
window is 106 d s  (237 mi/h). Ifthe hood window were to strike a nearby operator, the impact 
could possibly cause a fatality. If half the energy were needed to free the window, the speed 
would still be 71% of the maximum. Thus, there is a real possibility of serious injury or death 
from an explosion in the sampling hood. 

In addition to personnel injury, the hydrogen explosion in the sampling hood may break the 
sample line, resulting in a rapid depressurizing of the MCO. Radioactive contamination in the 
MCO and sampling hood HEPA filter can be released to the environment. The primary sources of 
radioactivity are (1) the HEPA filter near the sampling hood, (2) the dry particulate matter 
suspended inside the MCO by the explosion, and (3) the entrained particulate matter resuspended 
and carried out with the gases leaving the MCO. Of these three, the third source is estimated to 
provide nearly all of the activity released. Estimates of the amounts released are provided in 
Section 5.4. 

5.3.6 Method Used to Determine Source Term 

The material at risk (MAR) (i.e., the particulate available for release) depends on the 
amount of particulate generated between the time the he1 is washed at the K Basins and the time 
of the accident. HNF-SD-SNF-TI-015 provides a bounding estimate of the MAR for any time 
during the 40-year life of the facility. HNF-SD-SNF-TI-015 identifies the safety basis or 
bounding value for the mass of particulate as 34.0 kg UO,, which contains 30.0 kg of uranium 
Because of the conservative methodology used to calculate the bounding value, 30 kg is 
considered representative of the 99th percentile. HNF-SD-ShF-TI-015 also identifies a design or 
nominal (50th percentile) value of 2.1 kg UO,, which contains I .8S kg of uranium. 

In this accident, the MCO would blow down through the damaged sample line to relieve the 
pressure inside the MCO. However, such a blowdown scenario would feature films of particles 
rather than deep powder beds. In such a situation, there would still be gas flow through the bed 
during depressurization, but the local velocity is simply not sufficient for entrainment according to 
Technicul Report I I, 6: Resirspension of Deposited Aerosols Following Primary System or 
('ontainment Failure (IDCOR 1984). The pressurized powder venting source term is not 
applicable, and a source term based upon aerodynamic entrainment is used. 
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Based on the data reported in DOE-HDBK-3010-94, Airborne Release Fraction.s/Ku/e.s 
and Respiruhle Eiuc/ion.s/Ra/e.s,for Nonreactor Nucleur Fucilrties, a bounding (95th percentile) 
airborne release rate (ARR) o f 4  x IO5 per hour and a respirable fraction (RF) of 1.0 were 
selected. The contents of the MCO are intact fuel elements tightly packed in fuel baskets and 
pieces of fuel elements housed in the scrap baskets. Particulate matter swept upward by streams 
of flowing gas within the MCO must take a tortuous path through the MCO and through the 
MCO shield plug to exit the MCO. For shielded powder, where the aerodynamic stresses are 
reduced by debris or exposure to static conditions, DOE-HDBK-3010-94 recommends an ARR of 
4 x l o G  per hour and an RF of 0.2 for powder under debris. These values were selected as 
nominal (50th percentile). 

The pressurized release from the MCO following the external deflagration would flow 
mostly likely through a leak path with a flow area greater than or equal to the flow area through 
an MCO shield plug port  The duration of the blowdown depends on the flow area of the leak 
and the resultant pressure following the burn. The MCO depressurizes to atmospheric pressure in 
less than 1 minute, even for an MCO pressure of about 1 50 Ih/in2 gauge and a 0.2541 hole. The 
MCO depressurizes in a much shorter time for lower pressures and larger leak paths. For the 
calculation ofthe source term, a nominal (50th percentile) value of I O  seconds and a bounding 
(95th percentile) time of 60 seconds were selected. 

The material released by aerosol entrainment can he calculated using the methodology 
described in Chapter 1.0 and the bounding and nominal values identified above. The bounding 
(95th percentile) value for the material released by aerodynamic entrainment is 2 x 1 0-4 g, as 
shown in Table 5-9. 

A blast and shock could suspend some of the particulate within the MCO. The powder at 
rest in the MCO could be ejected into the gas volume by the response of the underlying solid 
MCO and fuel substrate to the vibration and jolting induced by deflagration. According to 
DOE-HDBK-3010-94, the value of the airborne release fraction (ARF) under such circumstances 
should exceed the value of the ARF for aerodynamic suspension alone but be less than the value 
of the ARF for the free-fall of powder. The powder undergoing vibration shock is bounced into 
the gas while subject to the same gas velocities as those for aerodynamic entrainment. Based on 
the discussion in DOE-HDBK-3010-94, a bounding (95th percentile) ARF of 1 x and an RF 
of 1 .O were chosen for the suspension of powder-like surface contamination by blast and shock 
vibration. A nominal (50th percentile) value of 1 x 10' was chosen for the ARF and a nominal 
(50th percentile) value of 0.2 was chosen for the RF based on the evaluation of the discussion in 
DOE-HDBK-30 10-94. 
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MAR 

.4RR 

Time 

Table 5-9. Aerodynamic Entrainment Source Term for the 
External Hydrogen Deflagration Accident 

1 Nominal I Bounding I EF I Percentile I SNV I In(EF)/SNV 

1.85 kg 30 kg 16 22 99 2.326 1.198 

4.00 E-06/h 4.00 E-O5/h 10.00 95 1645 1.400 

10 s 60 s 6.00 95 1645 1089 

RF 0.20 1 .oo 5.00 95 1.645 0.978 

ARR = airborne release rate. 
EF = error factor @e., hounding value divided by nominal value) 
In(EF) = natural log ofEF. 
M = mass of material released. 
M A R  = inaterial at risk. 
KF =respirable fraction. 
SNV = standard normal vdrkdble. 

M I 4.1 E-06 ga 1 2.0E-04gb I 48' 

As in the case of the gaseous release event, there is no clear dominating mechanism 
identified in this accident to provide the shock and impact to suspend particulate within the MCO. 
However, normal handling of the MCO by the MHM during transport from the storage tube to 
the sampling/weld station will produce some vibration and jostling of the fuel and suspend some 
material. For the purposes of this analysis, it is assumed that nominally 1% of the impact 
suspension concentration exists within the MCO at the start of sampling. Therefore a value of 1% 
is assumed for the 50th percentile. In addition, a value of 10% is assumed for the 95th percentile. 
The initial pressure in the MCO at the start of the blowdown determines the fraction of the 
suspended particulate that is released from the MCO. The range of MCO pressure for this 
scenario varies from a nominal (50th percentile) pressure of 2.0 atm to a maximum pressure of 
6 0 atm, which is assumed to be the 95th percentile pressure. These pressures equate to a 
nominal (50th percentile) leak path factor (LPF) of 0.5 for the MCO and a 95th percentile LPF of 
0.83 

95 1.645 2.353 
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MAR 

The material released by shock impact can he calculated using the methodology described 
in Chapter I .O and the bounding and nominal values identified above. The bounding 
(95th percentile) value for the material released by shock impact is 2.7 x 
Table 5-10, 

g, as shown in 

Nominal Bounding EF Percentile SNV In(EF)/SNV 

1.85 kg 30 kg 16.22 99 2.326 1.198 

Table 5-10. Initial Suspended Material Source Term 
for the External Deflagration Accident. 

RF 

Settling 

LPFMC,," 

0.20 1 .oo 5.00 95 1.645 0.978 

1% 10% 10.00 95 1.645 1.400 

0.5 0.83 1.61 95 1.645 0.3 11 

ARF I 4.00E-04 I 1.00E-03 1 2.50 I 95 I 1.645 I 0.557 I 

M I 7.4 E-04 g" I 2.7 E-02 g' I 3 6d 95 1.645 2.181 

ARF = airborne release fraction. 
EF = error hctor @e., hounding value divided by nominal value). 
InpF) = natural log <if EF. 
LPF = lcak path Sactor. 
M =mass ofmaterial released. 
MAR =material at risk. 
MCO = multi-canister overpack. 
KF = respirable fraction. 
SNV = standard noma1 variable. 

The external hydrogen deflagration also has the potential to damage the HEPA filters in the 
sample line and sampling hood exhaust system. For the HEPA filter blasts, the bounding release 
fraction is 0.01 with an RF of 1.0 (DOE-HDBK-3010-94, Section 5.2.2.2). The canister HEPA 
filter attached to the sampling hood is assumed to be bounded by 20 g of fuel (see Appendix 5B). 
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The amount of fuel released from the HEPA filter by the blast of the hydrogen deflagration is 
0.2 g. 

The bounding (95th percentile) source term for the external hydrogen deflagration is 
0.23 g, which is the sum of 2.0 x IO2 g from vibration and shock and 2.0 x g from 
aerodynamic entrainment, plus an additional 0.2 g from the damage to the HEPA filter. 

5.4 CONSEQUENCE ANALYSIS 

The downwind doses for each accident are computed in the following subsections. During 
cask venting, the containment tent HEPA filter is ruptured and releases a portion of its activity 
into the air. A hydrogen explosion in a storage tube or in the MHM is not expected to produce 
meaningful offsite consequences because there is no radioactive contamination nearby. The 
hydrogen explosion in the sampling hood leads to much larger releases due to the depressurization 
of the MCO. 

5.4.1 Consequences of Hydrogen Deflagration Caused by Drop from 
Transportation Trailer 

As noted in the source term analysis in Section 5.3.2, the 290 Ib/in2 gauge combustion 
pressure exceeds the 150 Ib/in2 gauge design pressure of the cask but the combustion pressure is 
not expected to damage the cask (SNF-S679). Thus, there are no radioactive emissions from the 
cask. 

5.4.2 Consequences of a Hydrogen Deflagration during 
Multi-Canister Overpack Handling 

High pressures caused by a hydrogen deflagration in the MHM could damage the MHM. 
No environmental releases of radioactivity from the MCO are expected because the MCO would 
not be damaged. The only other sources of radioactivity are the HEPA filter units on the MHM 
turret These filter units could fill with hydrogen-air mixture and be part of the deflagration. For 
personnel protection reasons, each filter would be expected to read less than 50 m N h  on contact. 
The onsite and offsite dose guidelines would not be exceeded. The potential for personnel injury 
exists because personnel will be located near the MHM turret to operate it. Therefore, 
safety-significant features may be required to mitigate this accident. 

5.4.3 Consequences of a Hydrogen Deflagration during Interim Storage 

The worst-case event in the storage tubes is when a tube containing a single MCO develops 
an explosive mixture of hydrogen and air. If this mixture were to detonate, it could seriously 
damage the storage tube and possibly lead to a misalignment that would prevent future removal of 
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the MCO by normal means. Any environmental release of radioactivity due to resuspension of 
surface contamination would be very small and would lead to onsite and offsite doses well below 
the guidelines for anticipated events. 

5.4.4 Consequences of a Hydrogen Deflagration during 
Multi-Canister Overpack Sampling 

High pressures caused by a hydrogen deflagration in the sampling hood could damage the 
sampling hood. A release of radioactivity from the MCO is expected because the sample line 
could also be damaged and allow the MCO to rapidly release its gaseous contents Some 
particulate matter contained in the MCO could be resuspended by the explosion and entrained in 
the exiting gases. 

The dose calculation equation and data from Section 3.4 1 of HNF-3553 are used to 
calculate the dose to the onsite receptor. 

= (0.23 g U)(1.14 x 10.’ s/m3)(3.33 x 

= 0 3 8  rem (3.8 x 

m3/s)(4 38 x lo5 r e d g  U)(l.O) 

Sv) . 

where 

Domite 
M 
X ~ Q ’  
BR = breathing rate (m3/s) 
UD 
LPF,,,, = leak path factor from building. 

The dose consequences at the remaining receptor sites are calculated in the same manner 

= committed effective dose equivalent (rem) 
= mass of respirable airborne material released (g U) 
= time-integrated atmospheric transport factor (s/m3) 

= dose per unit mass of radioactive material ( r e d g  U) 

and are shown in Table 5-1 1 
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Receptor location Dumtion 
(distance, direction) (hours) 

<I Onsitc (with building effects) 
(100 m E) 
Highway 240d 
(9,280 in W) 
I.Ianfird Site houndary 

< I  

< I  
(17,390niE) 

E\ uiuiitioii guidclmcl'/ 
linmiligiited dose" release l imi ts  Mitigatcd dose 

rcm (Sv) rcm (SV) rein [ Sv) 
unticipatcd' 

.. 0 3 x  1.0 
(3 .8 E-03) (1.0 E-02) 

__ ._ 7.8 %04 
(7.8 E-06) 
4.3 E 4 4  0.5 .. 

(5.0 E-03) (4.3 Ij.-Oh) 
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APPENDIX 5A 

CALCULATION OF ADIABATIC COMBUSTION PRESSURE 
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C LCULATION OF 

APPENDIX 5A 

DIABATIC COMBUSTION PRESSURE 

This appendix describes the calculation of adiabatic combustion pressure First the 
temperature rise of the final mixture is estimated by calculating the heat energy absorbed by each 
component of the gas mixture as it heats from the initial temperature to some undetermined final 
temperature. The method for performing this calculation is given in Section 5.3.1.5. Since the 
increase of heat capacity with temperature is represented by a quadratic formula, the integral of 
the heat capacity can be solved for each gas. This is shown below. 

H, = [A,.(Tf - TO) + B,.(TP - ToZ)/2 + C,.(TP - To3)/3].Nx 

where 

H, 
Ax,Bx,C, 

To 
Tf 
N, 

= heat energy added to a gas in the post-combustion mixture, cal 
= quadratic constants for each gas from Table 5-2 
= initial gas temperature (before combustion), 303.15 K 
= final gas temperature (after combustion), 1,859 K 
= number of moles of a gas in the post-combustion mixture. 

The heat energies added to each component of the final gas mixture are summed for 
comparison with the total heat energy released by the combustion reaction (97,600 cal). The 
determination of final gas temperature (Tf) is carried out by successive iterations until a final 
temperature is determined at which the energy liberated by combustion matches the energy 
absorbed by the gas. Three iterations of Tf assumptions are shown in Table 5A-1, The third case 
can be considered the solution. 
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Table SA-I. Final TemDerature in the Plume 

An illustration of how the absorbed energy is calculated for one gas (nitrogen) is shown 
below. The final gas temperature shown is the solution found by iteration. 

Hhc,,,=[(3.020)(1859 -303.1S)+(0.0)(18S92- 303.1S2)/2 
+ (0.0)(1859'- 3O3.1S3)/3](5.7SS gmole) 

= [(4,698.7) + (0.0) + (0.0)](5.7SS) = 27,041 cal 

ha,,,= [(S.149)(1859-303.1S)+(0.00264)(18S92-303.1S2)/2 
+ (4.59 E-08)(18593 - 303.15')/3](1.718 gmole) 

= [(8,011.1)+(4,440.5) + (97.9)](1.718) 

=(12,S49.5)(1.718) =21,560 cal 

H,,,,r,,gen = [(4.470)(1859 - 303.15) + (0.00139)(lS592 - 303. 1S2)/2 
+ (-6.90 E-08)(18S93 - 303.1S3)/3](4.849 gmole) 

= [(6,954.3) + (2,338.0) + (-147.1)](4.849) 

= (9,145.2)(4.849) = 44,345 cal . 
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H,,,=[(4.130)(1859 -303.15)+(0.00317)(18592- 303.1S2)/2 
+ (-1.01 E-06)(18593 - 303.153)/3](0.456 gmole) 

= [(6,425.7) + (5,331.9) + (-2,153.5)](0.456) 

= (9,604.1)(0.456) = 4,379 cal 

Ha,,,,,= [(3.020)(1859- 303.15) +(0.0)(1859*- 303.152)/2 
+ (0.0)(1859' - 303.15')/3](0.058 gmole) 

= [(4,698.7) + (0.0) + (O.O)](O.OSS) = 273 cal 

The total energy absorbed by the post-combustion gas mixture is the sum of the values 
shown above, namely, 97,598 cal. This is very close to the calculated energy release of 
97.600 cal. 

Note that the quadratic approximation for heat capacity is valid up to 1,500 K, but the final 
temperature is somewhat greater, 1,859 K. The extrapolation is still accurate because the mixture 
includes both overestimates and underestimates of energy absorbed, which tend to cancel out the 
departures from the true heat capacities. Hence, the final temperature of the post-combustion gas 
mixture is 1,859 K.  

Using the ideal gas law, the final pressure of the gas mixture is calculated to be 177 Ib/in2 
gauge (13.05 atm) as shown below. 

Pf = (12.835 gmoIes)(0.082058 L.atm/gmole/K)(I859 K)/(I50 L) 
= 13.05 atm 
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APPENDIX 5B 

ISO-PC OUTPUT TO ESTIMATE HIGH-EFFICIENCY 
PARTICULATE AIR FILTER LOADING 

Two high-efficiency particulate air (HEPA) filter units are of interest. The first is located 
on the portable exhauster. It is a 2-R by 2-ft by 12-in.-thick HEPA filter. The second is located 
on the samplingiweld system hood. It is a cylinder 6 in. in diameter and 12 in. tall. 

The dose rates near the filters were estimated using the safetyiregulatory basis spent fuel 
composition from HNF-SD-SNF-TI-0 15, ,Spent Nuclear Fwel TechnicalUutabook, and ISO-PC 
software Version 1.6. While this is not the current version of ISO-PC, 
WHC-SD-SQA-CSWD-303, Validution oflS0SHLD-11, documents the verification and 
validation tests that were completed. The program revisions since then have little effect on the 
computed dose rates for this geometry and shield thicknesses. 

As input to the ISO-PC program, it was assumed that the portable HEPA filter held a total 
of 1.4 g of spent nuclear fuel (SNF). The filter medium was homogenized throughout its volume 
at a density of 0.16 g/cm3, corresponding to a 2-R by 2-R by 12-in. filter weight of 18.1 kg 
(40 Ib). Concrete was used to represent the medium. The second filter was modeled using the 
same material except the geometry was a cylinder with a radius of 3 in. and a height of 12 in. It 
was assumed to hold a total of 0.28 g SNF. The dose points for both filters were 2 in. to the side 
of the HEPA filter, corresponding to a likely dose rate measurement point for weekly surveys by 
radiation protection technicians. Dose rates are measured with an ion chamber instrument that 
reads out in units ofmilli-roentgen per hour (mWh). Hence the calculated values are in 
milli-roentgen per hour also. 

The ISO-PC result for both HEPA filters is 51 d h .  The actual ISO-PC output file is 
listed at the end of this appendix. A major assumption regarding filter loading has been that the 
relative amounts of gamma-emitting and alpha-emitting nuclides are the same on the filters as they 
are in the fuel. Note that the gamma-emitting nuclides (e.g., 
measurable dose rate on the filters while the alpha-emitting nuclides (e+., 241Am) give essentially 
all of the internal dose when released into the environment. However, radioactive decay 
decreases the amount of cesium faster than the amount of alpha-emitters. In addition, it may be 
that the cesium dissolves more readily in water than the alpha emitters. Based on measured 
sludge compositions in the K Basins as well as various fuel compositions shown in 
”F-SD-SNF-TI-009, 10.5-K Basin Material D e s i p  Basis Feed I~e.scripliori,f?ir Spent Nuclear 
Fuel Project Facilities, Volume I ,  “Fuel,” and Volume 2, “Sludge,” it is concluded that a factor 
of I0 will bound the observed cesium depletion factors (HNF- 1777, Appendix B). Therefore, 
HEPA filter loadings will increase the ISO-PC value by a factor of I O .  

137 Cs) give essentially all ofthe 

In summary, the first HEPA filter must contain 14 g of SNF to read 50 d h ,  while the 
second HEPA filter must contain 2.8 g of SNF to read 50 mWh. 
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S t a r t  r u n  a t  0 7 : 2 1 : 5 9  1 0 / 2 6 / 9 9  

i 
ISOSHLD-PC ( R I B D  r e m o v e d )  1 
V e r s i o n  1 . 6 ,  December 1989 i 
f o r  I B M  & C o m p a t i b l e  P e r s o n a l  C o m p u t e r s  I 
N u c l e a r  S a f e t y  & R a d i o l o g i c a l  A n a l y s i s  I 

1 W e s t i n g h o u s e  H a n f o r d  Company 
1 R i c h l a n d ,  WA 99352 

C S B  S m a l l  H E P A  F i l t e r s  w i t h  S N F  F u e l  ( S a f e t y  S o u r c e )  

T a b l e  o f  S o u r c e  A c t i v i t y :  

S c a l e  F a c t o r  = 1 . 4 0 0 E - 0 6  

I s o t o p e  I n i t i a l  F i n a l  
Name V a l u e s  C u r i e s  
.............................. 

S R -  90  6.93E+03 9 . 7 0 2 E - 0 3  
Y - 90 6.93E+03 9 . 7 0 2 E - 0 3  
CD-113M 2.78E+00 3 . 8 9 2 E - 0 6  

r q - 1 3 7  9.66E+03 1 . 3 5 2 E - 0 2  
CS-134  6 .47€+00  9 . 0 5 8 E - 0 6  _ _  .~ 
BA-137M 9.14E+03 1 . 2 8 0 E - 0 2  
PM-147 1.09EC02 1 . 5 2 6 E - 0 4  
S M - 1 5 1  1.02€+02 1 . 4 2 8 E - 0 4  
EU-154 1.13E+02 1 . 5 8 2 E - 0 4  

C O -  60 2.09E+00 2 . 9 2 6 E - 0 6  
EU-155  1.06E+01 1 .484E-05  

S h i e l d  C o m p o s i t i o n ,  g / c c  

S h i e l d  1 S h i e l d  2 S h i e l d  3 S h i e l d  4 S h i e l d  5 
............................................................... 

O R D C O N C  1 . 6 0 0 E - 0 1  0.000E+00 0.000€+00 
A I R  0 .000E+00 1 . 2 0 0 E - 0 3  0.000E+00 
I RON 0.000€+00 0.000E+00 7.860E+00 

G r o u p  
. . . ~. . . 

A 

L i n e a r  
............ 

A t t e n u a t i o n  

3.445E+00 
5 . 6 1 0 E - 0 1  
1 . 5 5 9 E - 0 1  
1 . 0 8 0 E - 0 1  
6 . 9 5 2 E - 0 2  
5 , 3 0 4 E - 0 2  
4 . 3 2 5 E - 0 2  
3 . 6 4 8 E - 0 2  

4 . 1 0 6 E - 0 3  
6 . 0 7 2 E - 0 4  
3 . 2 5 2 E - 0 4  
2 . 5 2 0 E - 0 4  
2 . 2 3 2 E - 0 4  
2 . 0 8 6 E - 0 4  
1 .984E - 04  
1 . 9 0 2 E - 0 4  

...~.......... 

C o e f f i c i e n t s  
..........~~.. 

3.471E+02 4 .  
9 . 6 5 0 E i 0 1  6 .  
4 .468E+01 3 .  
2.071E+01 2 .  
1 .144E+01 2 .  
7.632E+00 2 .  
5.447E+00 2. 
3.948E+00 2 .  

~................~ 

( l a s t  r e g i o n  i s  a 
..............~~... 

424E-03  0.000E+00 
5 4 2 E - 0 4  0 .000E+00 
5 0 4 E - 0 4  O . O U U E + U O  
7 1 5 E - 0 4  0.000E+OU 
405E-04  0 .000E+00  
2 4 7 E - 0 4  0.000E+00 
1 3 7 E - 0 4  0.000E+00 
0 4 9 E - 0 4  0 . 0 0 0 E + 0 0  

i r )  
.....~.... 

U.000E+00 
0.000E+00 
0 .00UE+00 
0.000E+00 
O.U00E+OO 
0.000€+00 
0.000E+00 
U . O U O E + O U  
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9 
10 
11 
1 2  
1 3  
1 4  
1 5  
16 
1 7  
18 
1 9  
20  
2 1  
2 2  
2 3  
2 4  
2 5  

3 . 2 7 4 E - 0 2  
2 . 8 4 8 E - 0 2  
2 . 0 4 8 E - 0 2  
1 . 5 8 4 E -  0 2  
1 . 4 2 4 E - 0 2  
1 . 3 7 6 E - 0 2  
1 . 2 0 0 E - 0 2  
1 . 0 1 9 E - 0 2  
9 . 7 6 0 E - 0 3  
8 . 8 0 0 E - 0 3  
8 . 3 2 0 E -  0 3  
7 . 3 6 0 E - 0 3  
7 . 0 4 0 E - 0 3  
6 . 8 8 0 E - 0 3  
6 . 5 6 0 E - 0 3  
6 . 3 2 0 E - 0 3  
5 . 8 0 8 E - 0 3  

.............. 

1 . 8 4 2 E - 0 4  
1 . 6 0 1 E - 0 4  
1 . 3 6 8 E  - 0 4  
1 . 2 1 8 E - 0 4  
1 . 0 9 8 E - 0 4  
1 . 0 3 8 E - 0 4  
8 . 3 4 0 E - 0 5  
7 . 6 2 0 E - 0 5  
6 . 8 7 6 E - 0 5  
6 . 1 8 0 E - 0 5  
5 . 7 3  6 E -'0 5 
5 . 4 0 0 E - 0 5  
5 . 1 0 0 E - 0 5  
4 . 8 8 4 E -  0 5  
4 . 6 4 4 E - 0 5  
4 . 4 4 0 E - 0 5  
4 . 0 6 8 E - 0 5  

3 . 1 3 5 E + 0 0  
1 . 6 0 3 E + 0 0  
1 , 0 7 7 E + 0 0  
7 . 8 4 4 E - 0 1  
6 . 8 7 7 E - 0 1  
5 . 6 5 9 E - 0 1  
5 . 0 0 7 E - 0 1  
4 . 6 2 2 E - 0 1  
4 . 0 3 2 E - 0 1  
3 . 6 9 4 E - 0 1  
3 . 5 0 6 E - 0 1  
3 . 2 6 2 E - 0 1  
3 . 1 6 0 E - 0 1  
2 . 9 9 5 E - 0 1  
2 . 9 7 1 E - 0 1  
2 . 8 7 7 E - 0 1  
2 . 7 9 0 E - 0 1  

1 . 9 8 5 E - 0 4  O.OOOE+OO 0 . 0 0 0 E + 0 0  
1 . 7 2 5 E - 0 4  
1 . 4 7 4 E - 0 4  
1 . 3 1 2 E - 0 4  
1 . 1 8 3 E - 0 4  
1 . 1 1 8 E - 0 4  
8 . 9 8 6 E - 0 5  
8 . 2 1 0 E - 0 5  
7 . 4 0 8 E - 0 5  
6 . 6 5 8 E - 0 5  
6 . 1 8 0 E - 0 5  0 . 0 0 0 E + 0 0  0 . 0 0 0 E + 0 0  
5 . 8 1 8 E - 0 5  0 . 0 0 0 E + 0 0  0 . 0 0 0 E + 0 0  
5 . 4 9 5 E - 0 5  0 . 0 0 0 E + 0 0  0 . 0 0 0 E + 0 0  
5 . 2 6 2 E - 0 5  0 . 0 0 0 E + 0 0  0 . 0 0 0 E + 0 0  
5 . 0 0 4 E - 0 5  0 . 0 0 0 E + 0 0  0 . 0 0 0 E + 0 0  
4 . 7 8 4 E - 0 5  0 . 0 0 0 E + 0 0  0 . 0 0 0 E + 0 0  
4 ;  3 8 3 E - 0 5  0 . 0 0 0 E + 0 0  0 . 0 0 0 E + 0 0  
................................ 

2 ' x  2 '  H E P A :  2 "  t o  t h e  s i d e  

S o u r c e  S h i e l d s  D i s t a n c e  t o  D e t e c t o r ,  X = 6 . 8 7 2 E + 0 1  cm 
S1 a b  S1 ab Volume = 1 . 1 1 6 E + 0 5  c c  
T h i c k n e s s  = 6 . 1 0 0 E + 0 1  cm H e i g h t  = 6 . 1 0 0 E + 0 1  cm W i d t h  = 3 . 0 0 0 E + 0 1  cm 
I n t e g r a t i o n  S p e c s :  NTHETA = 1 9  N P S I  = 2 7  DELR = 2 . 0 3 3 E + 0 0  cm 

T o t a l  I n t e r v a l s :  1 . 5 3 9 € + 0 4  

S h i e l d  T h i c k n e s s ,  cm 6 . 1 0 0 E + 0 1  2 . 5 4 0 E + 0 0  1 . 0 0 0 E - 0 1  
T a y l o r  B u i l d u p  D a t a  f o r  S h i e l d  2 w i t h  E f f e c t i v e  A t o m i c  Number 

S o u r c e  S c a l e  F a c t o r  was 1 . 4 0 0 E - 0 6  

7.0 

G r o u p  
..... 

1 
2 
3 
4 
5 
6 
7 
8 
9 

1 0  
11 
1 2  
1 3  
1 4  
15  
16  
1 7  
18 
1 9  
20  

A v e r a g e  B r e m s s t r .  S o u r c e  T o t a l  E n e r g y  F l u x  Dose R a t e  
E n e r g y ,  M e v  p h o t o n s / s e c  p h o t o n s / s e c  M e v / s q . c m / s e c  R / h r  
.................................................................. 

1 . 5 0 0 E - 0 2  
2 . 5 0 0 E - 0 2  
3 . 5 0 0 E - 0 2  
4 . 5 0 0 E - 0 2  
5 . 5 0 0 E - 0 2  
6 . 5 0 0 E - 0 2  
7 . 5 0 0 E - 0 2  
8 . 5 0 0 E - 0 2  

1 . 5 O O E - 0 1  
2 . 5 0 0 E - 0 1  
3 . 5 0 0 E - 0 1  
4 . 7 5 0 E - 0 1  
6 . 5 0 0 E - 0 1  
8 . 2 5 0 E - 0 1  
1.000E+00 
1 . 2 2 5 E + 0 0  
1 . 4 7 5 E + 0 0  
1 . 7 0 0 E + 0 0  
1 . 9 0 0 E + 0 0  

9 . 5 0 0 E - 0 2  

1 , 2 6 Z E + 0 7  
7 . 1 2  1 E+06 
4 . 2 3 7 E + 0 6  
2 . 8 7 2 E + 0 6  
2 . 0 7 3 E + 0 6  
1 . 7 3 8 E + 0 6  
1 . 5 5 5 E c 0 6  
1 . 3 8 4 E + 0 6  
1 . 2 3 1 E + 0 6  
5 . 5 4 6 E + 0 6  
1 . 8 0 9 E + 0 6  
8 . 7 8 8 E + 0 5  
6 . 5 5 7 E + 0 5  
3 . 8 8 7 E + 0 5  
1 . 4 3 5 E + 0 5  
9 . 6 6 4 E + 0 4  
4 . 9 1 6 E + 0 4  
1 . 6  10E+04  
3 . 6 7 5 E + 0 3  
7 . 6 9 1 E + 0 2  

2 . 8 6 9 E -  1 9  
1 . 3 5 0 E - 0 8  
1 . 2 3 9 E - 0 5  
6 . 7 6 1 E - 0 6  
1 . 0 7 0 E - 0 5  
1 . 2 0 3 E - 0 5  
1 . 2 1 5 E - 0 5  
1 . 2 6 3 E - 0 5  
1 . 0 7 1 E - 0 5  
2 . 0 6 2 E - 0 4  
1 . 0 9 9 E - 0 4  
6 . 2 7 6 E - 0 5  
6 . 5 9 7 E - 0 5  
4 . 9 3 8 E - 0 2  
1 . 8 0 5 E - 0 4  
2 . 7 4 3 E - 0 4  
4 . 1 4 0 E - 0 4  
1 . 2 5 9 E - 0 5  
2 . 4 8 5 E - 0 5  
1 . 7 5 1 E - 0 7  



SNF-3328 REV 2 

2 . 1 0 0 E t 0 0  4 . 4 7 4 E + 0  1 5 .473E+02  6 . 2 3 5 E - 0 2  1 . 3 1 8 E - 0 7  
0 . 0 0 0 E + 0 0  

2 1  
2 . 3 0 0 € + 0 0  O.OOOE+OO 0 . 0 0 0 E + 0 0  0 . 0 0 0 E + 0 0  

O . O O O E + O O  
2 2  

2 . 5 0 0 E + 0 0  0 . 0 0 0 E + 0 0  0 . 0 0 0 E + 0 0  0 . 0 0 0 E + 0 0  2 3  
0 . 0 0 0 E + 0 0  O . O O O E + O O  0 . 0 0 0 E + 0 0  0 .000E+00  2 4  2 . 7 0 0 E + 0 0  

2 5  3 . 0 0 0 E + 0 0  0 .000E+00 O . O O O E + O O  0 .000E+00 0 . 0 0 0 E + 0 0  

5 . 1 6 0 E + 0 6  2 , 4 4 9 E t 0 4  5 . 0 8 1 E - 0 2  
.......................................................................... 

TOTALS 4 . 4 4 2 E + 0 7  
N o t e  t h a t  5 . 0 8 1 E - 0 2  R / h r  = 3 . 6 4 1 E - 0 9  amp/kg 

S a m p l e / W e l d  Hood HEPA: 

S o u r c e  S h i e l d s  D i s t a n c e  t o  D e t e c t o r ,  X = 1 . 3 2 0 E + 0 1  cm 

2 "  t o  t h e  s i d e  

C y l i n d r i c a l  Cy1 i n d r i  c a l  Volume = 5 . 3 0 1 E + 0 3  c c  
S o u r c e  L e n g t h  = 3 . 0 0 0 E + 0 1  cm D i s t a n c e  A l o n g  C y l i n d e r ,  Y = 1 . 5 0 0 E + 0 1  cm 
I n t e g r a t i o n  Specs :  NTHETA = 1 9  N P S I  = 2 7  DELR = 5 . 0 0 0 E - 0 1  cm 

T o t a l  I n t e r v a l s :  7 . 6 9 5 E + 0 3  

S h i e l d  T h i c k n e s s ,  cm 7 . 5 0 0 E + 0 0  5 . 0 0 0 E - 0 1  1 . O O O E - 0 1  
T a y l o r  B u i l d u p  D a t a  f o r  S h i e l d  2 w i t h  E f f e c t i v e  A t o m i c  Number 

S o u r c e  S c a l e  F a c t o r  w a s  2 . 6 0 0 E - 0 7  

G r o u p  
..... 

1 
2 
3 
4 
5 
6 
7 
6 
9 

1 0  
11 
1 2  
13 
1 4  
1 5  
1 6  
1 7  
18 
1 9  
20  
2 1  
2 2  
2 3  
2 4  
2 5  

~ ~ ~ . .  

.. 

A v e r a g e  
E n e r g y ,  Mev 

. . . . . . . . . . 

1 . 5 0 0 E - 0 2  
2 . 5 0 0 E - 0 2  
3 . 5 0 0 E - 0 2  
4 . 5 0 0 E - 0 2  
5 . 5 0 0 E - 0 2  
6 . 5 0 0 E - 0 2  
7 . 5 0 0 E - 0 2  
8 . 5 0 0 E - 0 2  
9 . 5 0 0 E - 0 2  
1 . 5 0 0 E - 0 1  
2 . 5 0 0 E - 0 1  

4 . 7 5 0 E - 0 1  
3 . 5 0 0 E - 0 1  

6 . 5 0 0 E - 0 1  
8 . 2 5 0 E - 0 1  
1 . 0 0 0 E + 0 0  
1 . 2 2 5 E + 0 0  
1 . 4 7 5 E + 0 0  
1 . 7 0 0 E + 0 0  
1 . 9 0 0 E + 0 0  
2 . 1 0 0 E + 0 0  
2 . 3 0 0 E t 0 0  
2 . 5 0 0 E + 0 0  
2 . 7 0 O  E+OO 
3 , 0 0 0 E + 0 0  

... 

B r e m s s t r .  
p h o t o n s / s e c  

2 . 5 2 3 E + 0 6  
1 . 4 2 4 E + 0 6  
8 . 4 7 4  E+05 
5 . 7 4 4 E + 0 5  
4 . 1 4 6 E + 0 5  
3 . 4 7 6 E + 0 5  
3 . 1 0 9 E + 0 5  
2 . 7 6 9 E + 0 5  
2 . 4 6 3 E + 0 5  
1 . 1 0 9 € + 0 6  
3 . 6  1 9 E t 0 5  
1 . 7 5 8 E + 0 5  
1 . 3 1  1E+05 
7 . 7 7 4 E + 0 4  
2 . 8 7 1  E+04 
1 . 9 3 3 E + 0 4  
9 . 6 3 2 E + 0 3  
3 , 2 2 O E + 0 3  
7 . 3 5 1  E+O2 
1 . 5 3 6 E + 0 2  
8 . 9 4 6 E + 0 0  
O . O O O E + O O  
O.OOOE+OO 
0 . 0 0 0 E + 0 0  
0 . 0 0 0 E + 0 0  

.....-..... 

...-......-. 

S o u r c e  T o t a l  
p h o t o n s / s e c  
.~ 

7 . 7 4 5 E + 0 6  
5 . 9 5 5 E + 0 5  
4 . 1 4 6 E t 0 5  
3 , 4 9 3  E+05 
3 . 1 0 9 € + 0 5  
3 . 1 2 0 E + 0 5  

3 . 7 8 6 E + 0 5  
5 . 0 0 5 E t 0 5  
1 . 3 4 5 E + 0 4  

0 . 0 0 0 E + 0 0  

E n e r g y  F l u x  
M e v / s q . c m / s e c  

3 . 7 3 5 E - 1 5  
............. 

1 . 6 9 3 E - 0 3  
3 . 6 4 0 E + 0 0  
3 . 5 1 3 E + 0 0  
6 . 3 6 0 E + 0 0  
7 . 4 2 2 E + 0 0  
6 . 7 7 1  E+OO 
5 . 6  13E+00  
4 . 7 0 8 E t 0 0  
1 . 2 4 8 E + 0 2  
5 . 5 5 9 E + 0  1 
2 . 9 4 7 E + 0 1  
3 . 1 0 9 E + O l  
2 . 3 6  5E+04 
9 . 2 5 3  E+01 
1 . 4 6 9 E + 0 2  
2 . 3 4 3 E + 0 2  
7 . 4 9 2 E + 0 0  
1 . 5 1 6 E + 0 1  
1 . 1 0 2 E - 0 1  
8 . 6 2 4 E -  0 2  
0 , 0 0 O E + 0 0  
0 . 0 0 0 E + 0 0  
0 .000E+00 
0 .000E+00  

TOTALS 8 . 8 8 3 E + 0 6  1 . 0 3 2 E + 0 8  2 . 4 4 2 E + 0 4  
N o t e  t h a t  5 . 0 6 7 E - 0 2  R / h r  = 3 . 6 3 1 E - 0 9  amp/kg 

... 

7.0 

Dose R a t e  
R / h r  

3 . 0 7 4 E - 1 9  
3 . 2 7 5 E - 0 8  
2 . 4 3 8 E - 0 5  
1 . 1 5 2 E - 0 5  
1 . 4 5 7 E - 0 5  
1 . 4 0 4 E - 0 5  
1 . 1 6 0 E - 0 5  
9 . 0 7 7 E - 0 6  
7 . 5 4 6 E - 0 6  
2 . 1 5 6 E - 0 4  
1 . 0 9 0 E - 0 4  
6 . 0 7 1 E - 0 5  
6 . 3 4 2 E - 0 5  
4 . 9 1 9 E - 0 2  
1 . 8 5 1 E - 0 4  
2 . 8 3 6 E - 0 4  
4 . 3 1 2 E - 0 4  
1 . 3 1 9 E - 0 5  
2 . 5 9 3 E - 0 5  
1 . 8 2 9 E - 0 7  
1 . 3 6 0 E - 0 7  
0.000E+00 
O . O O O E + O O  
0 . 0 0 0 E + 0 0  
0 . 0 0 0 E + 0 0  

5 . 0 6 7 E - 0 2  

.......... 

.~.......- 
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***> T h i s  i s  t h e  end  o f  t h e  s m a l l  H E P A  Cases ! !  

F i n i s h  r u n  a t  0 7 : 2 2 : 0 9  1 0 / 2 6 / 9 9  

C o n t e n t s  o f  I n p u t  f i l e ,  HEPA-CSB 

0 2 C S B  S m a l l  HEPA F i l t e r s  w i t h  SNF F u e l  ( S a f e t y  S o u r c e )  
2 ' x  2 '  HEPA: 2 "  t o  t h e  s i d e  

& I n p u t  IGeom= 1 0 ,  SLTH= 3 0 ,  Y =  6 1 ,  T= 6 1 , 2 . 5 4 , 0 . 1 ,  X =  6 8 . 7 2 ,  
NShld= 3 ,  JBu f=  2 ,  NTheta= 1 9 ,  NPs i=  2 7 ,  DelR= 2 . 0 ,  
S F a c t =  1 . 4 E - 6 ,  W e i g h t ( 4 7 2 ) =  2 . 0 9 ,  N e x t =  1, 
W e i g h t ( 8 2 ) =  6 9 3 0 , 0 , 6 9 3 0 ,  W e i g h t ( 2 0 6 ) k  2.78, 
W e i g h t ( 3 1 9 ) =  6 . 4 7 ,  W e i g h t ( 3 3 5 ) =  9660,  9 1 4 0 ,  
W e i g h t ( 3 8 8 ) =  109,  W e i g h t ( 4 0 3 ) =  1 0 2 ,  
W e i g h t ( 4 1 5 ) =  1 1 3 ,  W e i g h t ( 4 1 8 ) =  1 0 . 6  & 
H E P A  1 6  0 . 1 6  
a i r  3 0 . 0 0 1 2  

1 d u c t  9 7 . 8 6  
Samp le /We ld  Hood H E P A :  2 "  t o  t h e  s i d e  

T h i s  i s  t h e  end  o f  t h e  s m a l l  HEPA Cases ! !  

& I n p u t  N e x t =  4 ,  IGeom= 7 ,  SLTH= 30,  Y =  1 5 ,  

& I n p u t  N e x t =  6 & 

S F a c t =  2 . 8 E - 7 ,  DelR= 0 . 5 ,  T= 7 . 5 , 0 . 5 ,  X= 1 3 . 2  & 

N o t e :  T h e r e  i s  an a i r  gap  b e t w e e n  t h e  f i l t e r  and  t h e  h o u s i n g ,  
The s o u r c e  a c t i v i t i e s  a r e  f o r  one  m e t r i c  t o n  u r a n i u m  ( 1 E 6  gU) .  

sn1'3328.05 5B-I 
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6.0 CALCULATIONS FOR THERMAL RUNAWAY REACTIONS 
WSIDE THE MULTI-CANISTER OVERPACK 

6.1 PURPOSE AND OBJECTIVES 

A thermal runaway reaction is only possible at the Canister Storage Building (CSB) if fuel 
temperatures are extremely high in combination with excessive water or oxygen available in the 
multi-canister overpack (MCO). Chemical reaction rates increase and produce more gases and 
heat as fuel temperatures increase Pressure inside the MCO increases as a result If pressure 
inside the MCO continues to increase to the point that the MCO pressure boundary is challenged. 
then the MCO could fail and release radioactive particulate and hydrogen gas into the surrounding 
environment. 

The deterministic calculations summarized in this chapter demonstrate that a thermal 
runaway fuel reaction accident is not physically possible at the CSB if the MCOs satisfy dryness 
tests (<200 g of water) at the Cold Vacuum Drying Facility (CVDF) and if the aluminum 
hydroxide thermal decomposition data, based on an initial quantity of 9.47 kg provided in 
HNF-SD-SNF-TI-015, Spent Nuclear Fuel Project Technical Ihiahook, for a two-scrap basket 
MCO, and decomposition rate of the aluminum hydroxide (Figure 6-1) remain valid and 
representative. Because these results indicate that high fuel temperatures (;.e., thermal runaway) 
do not occur, no detailed accident scenarios were documented. The bounding conditions used in 
this analysis are described. For these conditions, a thermal runaway event was determined not to 
occur at the CSB. It should be noted that with extreme ambient temperatures (MCO wall 
temperatures > 1 I 5  "C) and complete shear of an MCO allowing large quantities of air as an 
oxidant, high fuel temperatures could occur in the upper MCO scrap basket. 

6.2 SCENARIO DEVELOPMENT 

There are two primary chemical reactions in an MCO at the CSB: (1) the reaction of water 
with uranium and uranium hydride (UH,), and (2) the reaction of oxygen with uranium and 
uranium hydride. 

There are two bounding scenarios involving the reaction of water with uranium and 
uranium hydride. The first scenario (Case 1) assumes all free water, including moisture in the 
MCO atmosphere, is available for reaction. The second scenario (Case 2) includes all free water 
plus the amount of water that is thermally freed from the aluminum hydroxide and therefore 
bounds the first scenario (Case 1). The analyses of Cases I and 2 are described in Section 6.2.1 
No thermal runaways result in either case. 

There are also two bounding scenarios involving the reaction of oxygen with uranium and 
uranium hydride. In the first scenario (Case 3), an MCO is accidentally injected with oxygen, and 
in the second scenario (Case 4). an MCO sustains a complete shear while at a high temperature 
(MCO wall temperatures equal to 11 5 "C). The analyses of Cases 3 and 4 are described in 
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Section 6 2.2 All oxygen scenarios are bounded by Case 4 with one exception. The exception is 
the extreme case of a completely sheared MCO with wall temperatures greater than I 1  5 "C and 
the air temperature greater than 102 "C, which is discussed as a beyond design basis evaluation 
(Section 6.2.2.3) .  Case 3 describes an accident that is initiated when the MCO is accidentally 
tilled with oxygen at the sampling/weld station. The MCO was determined not to overpressurize 
at bounding MCO temperatures. Because releases do not occur, offsite release limits and onsite 
evaluation guidelines are satisfied. The unmitigated scenario is brought to a stable state by 
ongoing MCO inerting and/or cooling at the sampling/weld station and the natural consumption 
of the oxygen. Case 4 evaluates the impact of a hypothetical complete shear of an MCO to 
initiate a thermal runaway reaction. However, Case 4 does not result in a thermal runaway, even 
though there is an unlimited supply of air to support the reaction 

6.2.1 Thermal Runaway Reaction from Water 
Reacting with Uranium and Hydride 

In the following subsections, the chemical reactions from water are briefly described, the 
amount of water required to breach the MCO (depending on gas temperature and gas reaction) is 
estimated, and the amount ofwater available in an MCO for chemical reactions is detailed. Values 
show that there is not enough water to pressurize an MCO beyond its capable limits. 

6.2.1.1 Chemical Reactions with Water. Depending on temperature and steam pressure, water 
(liquid or vapor) will react with uranium and form uranium dioxide particulate and hydrogen gas, 
liberating heat during the reaction: 

U + 2.H20 - UO, + 2.H, + heat 

Water will also react with uranium hydride (UH,) to form uranium dioxide and hydrogen, 
liberating heat during the reaction: 

UH, + 2H,O - UO, + 3.5H2 + heat 

6.2.1.2 Water Mass Required to Reach the Multi-Canister Overpack Pressure Rated 
Design Limit. According to HNF-SD-SNF-DR-003, Multi-Canister Overpack Design Report, 
the rated design pressure of an MCO before the cover cap is welded in place is 150 Ibiin' 
(1 I .2 atrn absolute). According to HNF-SD-SNF-SARR-005, Multi-Canister Overpack Topical 
Report, this rated pressure has a large margin to failure (Le., no leakage is expected for even 
larger pressures) and is stable to internal loading of 340 Ibiin' gauge. The design pressure of the 
mechanically sealed MCO is 450 Ibiin* (3 1.6 atm absolute) after the cover cap is welded onto the 
MCO at the CSB sampling/weld station. According to HNF-33 12, MCO Morriforirg Acfivioi 
Description, and HNF-33 54, MCO Moniloring Issue Closrue Puckuge, six MCOs will be 
monitored and sampled and not have their cover caps welded. The MCOs reserved for sampling 
have significant time to pressurize before the MCO cover cap is welded in place, and all of the 
other MCOs have less time to pressurize. 
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According to SNF-2356, Spent Nuclear Fuel Project Cold Vacuum Drying Facility 
Olpevatzons Manual, each MCO is pressurized to approximately 1.5 atm with helium before 
leaving the O F .  The average temperature of this helium is conservatively assumed to be 25 "C 
because the MCO wall temperature is cooled to 25 "C at the CVDF before the MCO is shipped 
to the CSB. Using the ideal gas law, the initial helium inventory in an MCO is estimated to be 
about 33 gmoles: 

NIL, (p)(W(R)/(T) 

where 

N,,, = number of gram-moles of helium in the MCO 
P = helium pressure inside the MCO, 1.5 atm 
V = gas volume of the MCO, 538 L 
R = ideal gas law constant, 0.082057 L.atm/moleK 
T = temperature of the gas inside the MCO, 25 "C. 

The number of moles of gas required to increase the MCO pressure (before the MCO and 
cover cap are welded together) to 1 I .2 atm ( 1  50 Ib/in2 gauge) and 3 1.6 atm (450 Ib/in* gauge) 
also can be computed from the ideal gas law if a gas temperature is assumed. For an MCO gas 
temperature of 150 "C (423 K), which is very conservative and beyond the bounding value of 
125 "C  (HNF-SD-SNF-TI-015) about 173.5 moles of gas must be present in the MCO to 
achieve a pressure of 1 1.2 atm (I50 Ib/in2 gauge). With about 33 moles of helium in an MCO at 
the time of arrival at the CSB, approximately 140.5 moles of other gases would need to be 
created at the CSB to reach 11.2 atm (1 50 lbiin' gauge) at an MCO gas temperature of 150 "C. 
A bounding 5.13 kg of uranium hydride are available at the CSB (HNF-SD-SNF-TI-015). Hence, 
the hydride mass would consume 765 g ofwater before being depleted, producing 74.5 moles of 
hydrogen. This leaves 66 moles of gas that need to be generated to reach 1 1.2 atm. For the 
uranium-water reaction, 66 moles of hydrogen gas are produced from 66 moles (1,190 g) of 
water consumed. Adding the water consumed by the two reactions ( I ,  I90 g plus 765 g) yields 
about I .96 kg ofwater, which is the amount of free water needed to pressurize the MCO to 
1 1.2 atm ( 1  50 Ib/in2 gauge) at a 150 "C MCO gas temperature. 

The same simple calculation is performed for the 31.6 atm (450 Ibiin'gauge) MCO pressure 
rated limit as well as for two lower gas temperatures. The results are shown in Table 6- 1. After 
the water is consumed, hydrogen should react with uranium to form uranium hydride (hydrogen 
gettering). For purposes of this analysis, no hydrogen gettering is assumed to conservatively 
bound the MCO pressure. 
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High best estiiiiatc Bounding 
Chemical reaction gas temperature, gas Lciiipcrature, 

100 "C 125 IC 

Bcyoiid design basis 
gas temperature, 

1 5 0  "C 

Bounding uranium-hydride I 2.38 kg 

I Uranium-water I 2.95 kr I 2.13 ke I 2.53 kp I 
2.15 kg 1.96 kg 

Bounding uranium-hydride 
mass* plus uranium 

I mass* PIUS uranium I I I I 

8.83 kg 8.20 kg 7.65 kg 

Water mass rcquircd to reach 3 1.6 atni (450 I b h ?  gauge) 1 

Table 6-1 lists the total free water required to reach gas pressures of 11.2 atm (150 Ib/in2 
gauge) and 31.6 atm (450 lbiin' gauge) for water reactions and their combined weighted average 
(weighted towards the uranium-water reaction) at three different MCO gas temperatures. The 
bounding uranium hydride mass is based on 0.765 kg of water is needed to consume the 5.13 kg 
of hydride, the bounding value for an MCO with two scrap baskets (HNF-SD-SNF-TI-015). The 
125 "C gas temperature is the maximum MCO gas temperature anticipated for CSB storage 
(HNF-SD-SNF-TI-0 15). 

If the newly created gas is a stoichiometric mixture of hydrogen and oxygen due to 
radiolysis of water and the gas temperature is 150 "C, only about I .69 kg of water needs to be 
available for a pressure of 11.2 atm to be attained. The radiolysis process is very efficient in 
producing gas because it can generate up to 1.5 moles of gas for every mole of water. This 
production rate is not as efficient as the hydride-water reaction (1.75 moles of hydrogen per 1 .O 
mole of water) but is more efficient than the uranium-water reaction (1 .O mole hydrogen per 
1 .O mole of water). However, HNF-SD-SNF-TI-040, MCO Irrterifd Gas Conipositiun atid 
Pressure During Interim Storuge, demonstrates that the radiolysis process is very slow, even for a 
period of 40 years. For a period of 1 year or less, the amount of water radiolytically decomposed 
has been shown to be less than 0.5% of the water available in the free and hydroxide phases and 
less than 5% ofthe water in uranium hydrate (1.19 kg) (see Chapter 5.0). Because this analysis 
focuses on thermal behavior and resulting high pressures of the MCO at the CSB during the first 
year, the slowly occurring radiolysis process is not considered. Radiolysis is considered in 
Chapter 5.0 for flammability potential and high pressure concerns over the entire 40-year 
projected storage period of an MCO at the CSB. 
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6.2.1.3 Bounding Water Mass and its Availability for Reactions in Multi-Canister 
Overpack. Water ("F-SD-SNF-TI-015) in the bounding MCO can be classified into four 
groups: ( I )  free water (200 g), (2) water chemically hound in uranium hydrate ( I .  19 kg), 
(3) water chemically bound in aluminum hydroxide (3.32 kg) for MCOs containing fuel stored in 
aluminum canisters, and (4) water chemically bound in aluminum and iron hydrates (0.13 kg). 

The projected bounding inventory of free water in an MCO received at the CSB is 200 g 
according to HNF- 185 1, Cold Vacuum Dving Residual Free Water Test Description, and 
HNF-SD-SNF-TI-015. The bounding MCO is assumed to he dried at the CVDF, with less than 
200 g of free water remaining in cracks after the dryness tests at the CVDF. In addition to  the 
200 g offree water in an MCO with two scrap baskets and three fuel baskets, there is a hounding 
value of about 1.19 kg of water in the uranium hydrate that is part of the uranium oxide 
particulate matter, as reported in HNF- 1523, K-Basirzs Purticulate Water Content, Behuvior, and 
Impact, and in HNF-SD-SNF-TI-015. However, this water would not be initially available to 
produce hydrogen. Some of the hydrate water would he removed at the CVDF. Based on 
information provided in FAI/98-40, Hanfod Spent Nucleur Fuel Safe@ Ana&siis Model 
H A N S  1.2: User 'sManua1, water molecules bound in the uranium hydrate (UO,.2H20) are 
freed at temperatures above about 60 "C. Half the hydrate water (the first water molecule) 
liberates fairly easily, while the other half (the last water molecule) requires higher temperatures. 
Hydrate decomposition depends on the relative humidity as well as temperature in the 
surrounding gas, with dry gases promoting faster decomposition and saturated gases inhibiting 
decomposition. The reaction for the two stages of hydrate decomposition is 

U0,.2H20 - UO,.H,O + H,O - UO, + 2H20. 
(if temperature >60 "C) (if temperature >100 "C) 

The MCO with the bounding water content contains two scrap baskets and three fuel 
baskets. Up to 3.32 kg of water are contributed by the bounding quantity of aluminum hydroxide 
on the fuel cladding with an additional 0.13 kg of water in aluminum and iron hydrates in the 
canister sludge (HNF-1523, HNF-SD-SNF-TI-015). Bound water, like the uranium hydrate 
water, is available initially. Very little ofthe hydroxide water is expected to he freed from the 
thermal decomposition of the aluminum hydroxide based on current data (about 5% of the water 
is freed for h e 1  temperatures less than 200 "C [HNF-1523, Rev. 1, Appendix B], and essentially 
no water is freed for fuel temperatures less than 150 "C). Earlier decomposition data from 
Oxides andHydroxides ofillurninurn ('COA 1987), reported in Revision 0 of HNF-1523, 
Appendix B, and reproduced in Figure 6-1, show more thermal decomposition at lower 
temperatures. This figure illustrates loss of water, porosity, internal surface area history, and 
change in density as a function of temperature. Weight loss is plotted on the right-hand side. 
About 20% of the hydroxide mass is lost (water) between 200 "C and 400 "C, and about another 
10% is lost between 400 "C and 600 "C. The ALCOA (1987) thermal decomposition rates are 
more conservative at lower temperatures than the more recent data (HNF-1523, Rev. 1 ,  
Appendix B) and they are used for thermal decomposition. ALCOA (1987) decomposition data, 
expressed as water loss fraction of total hydroxide mass, which is 35% water, is converted to loss 
fraction of total water. At temperatures around 200 "C, the ALCOA (1987) data show the 
amount of water freed from decomposition is about 15% of the total water (5% of the total 
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hydroxide mass, Figure 6-1). For normal operations at the sampling/weld station, the MCO fuel 
temperatures will be less than 100 "C according to HNF-2256, Simulafion ofh'vrmalawd Oj$ 
Normal Multi-Canister Overpack Behavior. However, it is assumed that severe off-normal 
conditions at the station could result in MCO fuel temperatures above 100 "C. Hence, partial 
thermal decomposition of aluminum hydroxide is considered in the off-normal event calculations. 
The reaction is shown as: 

2.AI(OH), - M,O, + 3.H20. 
(if temperature >lo0 "C) 

The bounding amounts of water in an MCO from all sources on arrival at the CSB and the 
availability of the water for reactions are shown in Table 6-2 as a function of fuel temperature. If 
the MCO fuel temperatures reach values close to 300 "C, then the thermal decomposition of 
aluminum hydroxide, along with hydrate decomposition and initial free water, could supply about 
3.32 kg of water. This total is based on 57% thermal decomposition of the bound water from 
aluminum hydroxide and aluminum and iron hydrate (HNF-SD-SNF-TI-O15), 100% thermal 
decomposition of the uranium hydrate, and 0.2 kg of free water. Because the iron and aluminum 
hydrate mass is small relative to aluminum hydroxide mass, both compounds are assumed to 
decompose at the same rate as the aluminum hydroxide. 

The bounding water mass numbers in Table 6-3 are derived from the required water 
amounts identified in Table 6-1 and the available water amounts identified in Table 6-2. Table 6-3 
shows the additional free water that would be needed at different gas temperatures for MCO 
pressures to increase to 11.2 and 3 1.6 atm (150 and 450 lbiin' gauge). It is assumed in Table 6-3 
that the peak fuel temperatures will not he more than 50 "C higher than the gas temperatures, 
which has been shown in HNF-SD-SNF-CN-023, 7herrnd Anulysis ofcold Vacuum Drying of 
Spent Nuclear Fuel, to be true for most conditions. The peak fuel temperatures occur on the 
innermost fuel assemblies or scrap and are less than 50 "C higher than the average gas 
temperature; whereas, the peripheral fuel elements or scrap are cooler than the average gas 
temperature. It is shown in Section 6.2.1.4 that if no fuel reactions are occurring (lack of 
oxidants), then the maximum fuel temperature is only 15 "C higher than the wall temperature. 

Table 6-3 shows that, under normal conditions, at least 7.83 kg of additional free water are 
needed in an MCO at the CSB for the MCO pressure to reach the 31.6 atm (450 Ib/in2 gauge) 
design pressure after the cover cap is welded in place. Even under conditions that are beyond the 
bounding temperature causing more bound water to be liberated, at least 5.74 kg of additional 
free water would need to be available, which is more than the 4.84 kg total water that could be 
available in an MCO (HNF-SD-SNF-TI-015). Hence, if all the water (4.84 kg, Table 6-2) in the 
free, hydrate, and hydroxide phases were available for chemical reactions, the MCO pressure still 
would stay below the 450 Ib/in2 gauge design pressure after the cover cap is welded in place. 
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walrr miss 
(maximum Sire 

water is in an MCO Source ol  water 

Table 6-2. Bounding Water Mass and Availability for Reactions in 
Multi-Canister Ovemack for Thermal Runawav Reactions from Water. 

(Thermal decomposition, pei-cent of total water mess) 

I I 

Availabilitv of water fix reactioiis I I Total possible [ 

Free water in cracks 

with 2 scrdp baskets Furl 1 100°C Fuel T = 2()(]"C Fuel 'r = 1(](]"c 
2nd 3 fuel baskets) 

0.2(1 kg 0.20 kg 0.20 kp 0.20 kg 

Water in iirenium hydratr 

Water in aluminum 
hydroxide* 

1.19 kg O.hO kg 1.1Ykg ILI9kg 
(50 %I) (1 00 1%) ( I  (10 Y") 

(6%) (15%) (57 I%) 
3.32  kg 0.20 kg 0.50 kg 1 .YO kg 

I I I 

'TOTAL 4.84 kg I 0 kg 1 9 1  kp 1 3 6  kg 

*These data are from ALCOA, 1987, Oxides und Hydroxiden of'Abminum, AL.COA 'Technical Paper 
No. 19, Revised, ALCOA Laboratories, Pittsburgh, Pennsylvania. 
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Water balance description 
High best estimate MCo Beyond dcsign basis gas lcmperature, 

125 " C  
(HNF-SD-SNF-TI-0 15)" 

gas tcmperature, 
150 "C 

gas temperature, 
100 "C 

I 1.96 kg I 2.15 kg I 2.38 kg I Total water required to reach I 150 lbhn2 gauge (Table 6-1) 

Total free water available 
(Table 6-2) 

Additional water needed to 
reach 150 Ib/in2 gauge (water 
shortage at the CSB) 

Safety margin 

1 .0 kgb <1.91 kg' 1.91 kg" 

1.38 kg >0.24 kg 0.05 kg 

138% >13% 3% 

Total water required to reach 
450 Ib/iii2 gauge (Table 6-1) 

Free water available 
(Table 6-2) 

8.83 kg X.20 kg 7.65 kg 

1 .0 kgb 1.91 kg' 1.91 kgc 

Additional water needed to 
reach 450 Ib/in2 gauge 
(water shortage at the CSB) 
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Table 6-3 shows there is insufficient water in the MCO to exceed the MCO rated pressure 
of 1 1.2 atm ( 1  50 Iblin’ gauge) before the cover cap is welded in place. The additional water 
needed is 0.24 kg to pressurize the MCO to 11.2 atm at the CSB under bounding conditions. 
This indicates that activating the cooling system of the shield wall or removing the MCO from the 
samplindweld station when the MCO temperature exceed 100 “C is prudent. There is additional 
margin in the MCO rated pressure of 1 I .2 atm, because no release is expected for pressures 
below 340 Ib/in2 gauge (HNF-SD-SNF-SARR-005). 

6.2.1.4 Analysis Results of High-Temperature Scenarios. The HANSF code, Version 1.2 
(FAIi98-40) was used to simulate four of the bounding events (Cases 1 through 4) with high 
temperature boundary conditions, as reported in HNF-SD-SNF-CN-023, 7hermal Analysis of 
C‘old Vacuum Drying ofspent Nuclear F’i4el. The HANSF code has been used extensively for 
analyses of CVDF processes, and its quality assurance has been documented 
(HNF-SD-SNF-CN-023). The key parameters for these cases are identified in Appendix 6A. The 
newer HANSF version 1.3.2 (SNF-3650) is compared with HANSF version 1.2 in SNF-5226, 
Comparison Caxs Simulated with HANSF 1.3.2 lhai Supp’lement the Thermrd Ardyses  
Documented in HNF-SD-SNF-CN-023. The comparison shows that the results from HANSF 
version 1.2 are more conservative than the results from HANSF version 1.3.2 for the cases in this 
analysis. The models developed for the code include the inner and outer fuel elements in each fuel 
assembly and 54 fuel assemblies per fuel basket. The models also include the scrap basket, which 
is physically modeled like a porous bed of gravel. HANSF version 1.3.2 was used to model the 
case related to air ingress (Case 5) .  The input parameters for this calculation are identified in 
SNF-5226. 

The high-temperature scenario analysis was motivated by the high-temperature calculations 
documented in CSB-HV-00 14, Lung Term MCO Temperature Without Cooling in the Sampling 
Station. Those calculations analyzed an MCO in the samplingiweld station without active cooling 
for about two months. The MCO handling machine (MHM) also was assumed to be unable to 
remove the MCO from the sampling/weld station. For this unmitigated scenario, a 132 “ C  MCO 
wall temperature (design limit) was calculated to occur in about 40 days (CSB-HV-0014). 

There were two high-internal MCO gas temperature cases with water-based reactions 
analyzed with Version 1.2 ofthe HANSF code (FAIi98-40). The key input parameters are given 
in Appendix 6A. The simulations used a bounding MCO with one scrap basket and four fuel 
baskets. However, to maximize the water content and available reactant for the thermal runaway 
reactor, the simulated water content of this MCO was equivalent to that of a bounding MCO with 
two scrap baskets and three fuel baskets. An MCO with two scrap baskets has the maximum 
hydrate water (1 . I 9  kg) and total water (4.84 kg) in the free, hydrate, and hydroxide phases (see 
Table 6-2). The MCO with one scrap basket has more decay heat than the MCO with two scrap 
baskets because a fuel basket has more heat (or mass) than a scrap basket. To maximize the 
results and minimize the number of simulations, a hypothetical MCO was modeled with decay 
heat of an MCO with one scrap basket and the water content of an MCO with two scrap baskets. 
The temperature results of the single scrap basket represent the behavior of a second scrap basket. 
Five fuel baskets would have about 35 W of decay power more than four fuel baskets and one 
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scrap basket. However, 35 W of decay is insignificant when compared to the potential chemical 
heat rate in one scrap basket. 

The total reaction surface area is not maximized for the entire MCO. The total reaction 
surface area is not important at the CSB because the reaction is limited by oxidants (water or 
oxygen), not by reaction rate or reaction area. After the CVDF, water is very limited and air is 
not present in an MCO. For air ingress scenarios, a single scrap basket with a 4.5 m2 bounding 
surface area will determine the bounding temperature results for a second scrap basket, if present. 
The second scrap basket would compete with the first basket for oxidants such that the first 
basket would not heat as much, which is less conservative. All of the following results are 
obtained with this bounding, hypothetical MCO, except for the first two cases which use a lower 
decay power associated with aluminum hydroxide coated fuel. 

6.2.1.4.1 Case I (CHOTSCEN). The MCO with the maximum water is one with 
aluminum hydroxide on the fuel cladding, which provides a potential water source. The bounding 
decay heat for aluminum hydroxide fuel is 528 W according to HNF-3035, MCO Gas 
Composifion,for Low Heuctive Surfuce Areas. A bounding temperature MCO is in the 
sampling/weld station for at least 40 days without active cooling. The calculated fuel temperatures 
are consistent with the 132 "C MCO wall temperature. Simulations for this case assumed initial 
fuel temperatures of 125 "C and calculated the temperatures for two days. It was assumed that 
the 1.5 atm of helium injected at the CVDF included water. The water was assumed to be 2% 
(saturated steam at 25 "C) of the injected helium, which amounts to about 9 g of water mass. 
Steady-state temperatures for this case were attained in less than a day of simulated time (see 
Figures 6-2 and 6-3). 

The fuel temperatures for Case 1 are shown in Figures 6-2 and 6-3 as a function of time. 
The hottest fuel temperature for Case I occurs on the inner fuel element nearest the center post of 
the MCO. This maximum temperature is about 145 "C for the fuel baskets and is steady. The 
hottest temperature for the scrap fuel is about 140 "C with a steady-state value of 135 "C. The 
scrap fuel is cooler than the fuel elements because the scrap basket copper tins effectively conduct 
heat toward the MCO wall and because some heat escapes from the scrap to the shield plug. 

The MCO gas temperature reaches about 140 "C in the fuel baskets and about 132 "C in 
the scrap basket. The time in Figures 6-2 and 6-3 starts after the MCO wall temperature reaches 
132 "C, which would be at least 40 days after the bounding MCO is placed in the samplinglweld 
station (CSB-HV-0014) with no active cooling for the shield wall. The initial helium temperature 
is 25 "C when it is injected into the MCO at a pressure of about 1.5 atm at the CVDF. In the 
simulation the gas heats up in about two or three minutes, due to the low heat capacity of the gas, 
and causes a rapid pressure increase. The MCO gas pressure reaches 7.0 atm in two days and is 
remaining steady. It is not expected that the fuel temperatures will heat up to these temperatures 
because the MCO wall temperatures were expected to be made cooler than 132 "C 

6.2.1.4.2 Case 2 (CHOTSCR2). Case 2 investigates the effects of aluminum hydroxide 
water on MCO fuel reactions as a continuation of Case 1 .  Case 2 uses the final results of Case 1 
for all initial conditions. This simulation adds 0.52 kg of water, which is about 15% of the water 
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contained in aluminum hydroxide and the aluminum and iron hydrates in the canister sludge 
(HNF-SD-SNF-TI-015, HNF-1523, Rev. 0). ALCOA data (ALCOA 1987) indicate that as much 
as 15% of the hydroxide water can be freed by thermal decomposition for temperatures up to 
200 "C, and about 57% can be freed for temperatures up to 300 "C (HNF-I 523, Rev. 0). In 
Case 1, the maximum fuel temperature was 146 "C, at which temperature less than 6% of the 
water in aluminum hydroxide is expected to be freed by thermal decomposition. Because thermal 
decomposition of aluminum hydroxide is not part of the HANSF code, additional water vapor 
(steam) was added as a source to simulate the water from aluminum hydroxide on temperatures 
and pressure. To be conservative, 15% or 0.52 kg of hydroxide water was added to the MCO 
fuel baskets over a 10,000 second interval. The kinetic disposition rate was not modeled 
explicitly because of the conservatism and the assumed rapid source rate. 

In the simulation, the freed hydroxide water was added only to the fuel baskets, which is 
more conservative than evenly distributing the water to all the baskets. The added water from 
hydroxide causes the maximum fuel temperature to increase from 146 "C to about 155 "C in less 
than three hours (shown in Figure 6-4). All of the temperature and pressure results for this case 
are shown in Figures 6-4 and 6-5. The fuel and gas temperatures decrease after three hours 
because no more water is available to continue the chemical reactions. In less than two days, the 
maximum fuel temperature reaches a lower steady-state value of 145 "C. The hydroxide water- 
fuel reaction creates hydrogen gas, which has a very high thermal conductivity, and heat is 
removed from the MCO faster. The scrap fuel does not heat up, indicating that no steam enters 
the scrap basket from the top fuel basket. The MCO pressure rises to about 10.0 atm (133 Win2 
gauge), which is below the MCO design pressure of 11.2 atm (150 Win' gauge). The maximum 
fuel temperature does not rise above 155 "C and the gas temperature does not rise above 140 "C, 
indicating that the helium'cover gas provides good thermal conductivity, thereby keeping the 
temperatures stable in the MCO at the CSB. 

6.2.1.5 Conclusions and Conservatisms. The simulations show that MCO temperatures will 
remain stable even under very severe external thermal conditions. The maximum gas pressure will 
stay below 1 I .2 atm. This behavior occurs even with many conservatisms included in the 
evaluation. The main conservatisms used in the computer simulations are itemized in the 
following list. 

No hydrate water is removed at the CVDF, leaving all hydrate water available for 
thermal decomposition and reaction at the CSB. 

No hydride mass is consumed at the CVDF and the CSB, as the hydride reaction rate 
multiplier was kept at 12 (HNF-SD-SNF-TI-015) for all simulations at all times. 

MCO wall temperature is conservatively chosen to be 132 "C as the result ofbeing in 
the samplindweld station pit without active cooling for 40 days; whereas the wall 
temperature is only 126 "C at 40 days (CSB-HV-0014). 

Steam mass of 9 g is added to the MCO to account for the CVDF helium supply, 
possibly being contaminated with 2% steam. 

snf-332X.06 6-1 1 March 2000 



SNF-3328 REV 2 

Fifteen percent of aluminum hydroxide water is released at fuel temperatures 1150 “ C  
instead of 200 “ C  (HNF-1523, Rev. 0) for Case 2, and this water is added only to the 
hotter he1 baskets instead of evenly distributing the water source over both scrap and 
fuel baskets. 

No hydrogen gettering takes place, which maximizes the gas pressure; if hydrogen 
gettering was allowed to take place, the hydrogen gas fraction in the MCO would be 
significantly reduced, thereby lowering the MCO pressure. Hydrogen gettering is 
expected to occur aRer all of the free water has been depleted; this process could 
lower the MCO pressure by as much as 80%. 

6.2.2 Thermal Runaway Reaction from Oxygen Reacting 
with Uranium Hydride and Uranium 

Heat also can be generated in an MCO when oxygen (or air) enters as the result of an 
off-normal event or as the result of radiolysis and reacts with the uranium metal fuel. This section 
examines the entrance of oxygen or air as the result of an off-normal event. Chapter 5.0 examines 
the long-term effects of radiolysis and flammability issues. Any oxygen that enters the MCO will 
react with uranium hydride and uranium to liberate heat, depending on the temperature 
(“F-SD-SNF-TI-0 15). These reactions are as follows: 

W3 + 1.750, - UO, + 1.5H,O + heat 

U + 0, - UO, + heat. 

A high-pressure condition in an MCO is impossible with an air ingress event because 
pressure decreases when oxygen is consumed. However, as heat is liberated in these uranium- 
oxygen reactions, a thermal excursion may be possible with sufficient quantities of oxygen for 
reaction and sufficiently high fuel temperatures. Furthermore, because reactions with oxygen 
liberate heat and increase the fuel and gas temperatures, additional water could decompose from 
the uranium hydrate and aluminum hydroxide. This would increase the pressure and temperature 
in the MCO. The reactions with oxygen will be followed by the reactions with water after the 
oxygen is consumed. All of these reactions are coupled and interrelated. The HANSF code 
(FAV98-40) was used to simulate the air ingress case. 

The HANSF code (FAI/98-40), was used to evaluate the effect of competing reactions and 
to determine if a thermal runaway occurs for two different bounding air entry cases. Full realistic 
scenarios were not developed because no thermal runaways are expected even for very 
conservative or extremely off-normal conditions. 

6.2.2.1 Case 3 (COXY2SC4). An MCO is charged with pure oxygen instead of helium at the 
CSB sampling/weld station during gas sampling (i.e., helium cylinders accidentally tilled with 
oxygen or oxygen cylinders accidentally used in place of helium). In obtaining a gas sample from 
one of the monitored MCOs, the helium pressure in the MCO is accidentally reduced to 1 .O atm. 
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Hence, when oxygen, instead ofhelium, is accidentally injected into the MCO to 1.5 atm, 0.5 atm 
(about 33%) of the total pressure is due to oxygen. It is also assumed that only passive cooling is 
available in the sampling/weld station such that the air temperature and MCO wall temperature 
are both 132 "C. This maximum steady-state temperature is reached only after at least 40 days in 
the sampling/weld station with no active cooling (CSB-HV-0014). In the HANSF simulation, all 
fuel temperatures are conservatively assumed to be 153 "C, which is the maximum bel 
temperature calculated for a 132 "C MCO wall and bounding decay power of 776 W for 5 he1 
baskets (HNF-SD-SNF-TI-015). 

A very high bel temperature was used to assess margin. If oxygen reactions at high 
temperatures do not cause significant thermal excursion, then no thermal excursion would result 
for oxygen reactions at lower temperatures. This scenario is very conservative and may not be 
credible, but the maximum fuel temperature bounds the fuel temperatures in all air entry cases 
(except the complete shear of an MCO at elevated temperature MCO) and cases with helium 
bottles contaminated with air or oxygen. This case bounds all air ingress events, without 
complete shear, at the sampling/weld station because 100% oxygen is postulated to be injected 
and air has an oxygen content of only 21%. Air ingress through a single orifice (around 1 in. in 
diameter) cases are bounded by this scenario because very little air can flow into the MCO against 
the gas being generated within and flowing out of the MCO. A more representative air ingress 
case was simulated in Case 5 (Section 6.2.2.3). Also, no natural circulation with air ingress is 
possible at the CSB because natural circulation requires two openings, one for air entry and one 
for gas exit, and two openings are not available in the MCO at the CSB. However, the effects of 
one very large opening, such as in a complete shear is different (see Section 6.2.2.2). The 
complete shear scenario was simulated in Case 4 because it represents a physical situation with an 
unlimited amount of oxidant reaching the fuel. 

The temperature and pressure results for Case 3 are shown in Figures 6-6 and 6-7. The 
design basis accident for air ingress was chosen to be Case 3, with oxygen instead of helium 
injected at the gas sampling station. For Case 3, the innermost fine scrap fuel has a thermal 
increase up to almost 440 "C before the oxygen is depleted in the scrap basket and the fuel cools 
rapidly (see Figure 6-6). This temperature increase occurs because the fine scrap he1 has a high 
surface-area-to-volume ratio and is initially conservatively at 153 "C. This is hot enough to 
rapidly oxidize the uranium hydride in the scrap fuel and dramatically increase the fine scrap 
temperature. The oxygen-hydride reaction at this high temperature rapidly consumes the oxygen, 
depleting it within an hour. There is not enough water available to continue the chemical 
reactions. As such, a sustained thermal runaway reaction does not occur. If aluminum hydroxide 
is included, only a small amount of water is expected to be freed by thermal decomposition 
because elevated temperatures exist for less than an hour and are restricted to only part of the 
innermost fine scrap, which represents less than 3% of the total fuel and cladding mass. 

The maximum MCO pressure of about 6.2 atm is far below the 1 1.2 atm (1 50 Ib/in2 gauge) 
MCO rated pressure before the cover cap is welded in place. This maximum pressure is lower 
than that found in Cases 1 and 2,  as expected, because the oxygen reactions do not produce as 
much gas as the water reactions. The pressure is also lower because the temperatures are 
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generally not as high and the hydrates do not completely decompose, providing less water for 
reaction. 

6.2.2.2 Case 4 (CAIR2SC). In Case 4, the MCO is in the MHM without the MHM extract 
system cooling fan turned on. An analysis by the MHM manufacturer showed that the MCO wall 
temperature can reach a steady-state temperature of I 15 "C and an MWM air temperature of 
102 "C. Case 4 uses these temperatures and assumes that the MHM completely shears off the 
top, providing a large opening for air to enter the MCO. The scrap fuel and in-tact fuel assembly 
temperatures are conservatively assumed to be 125 "C. Under these hot conditions, the oxygen in 
the air reacts with both the uranium fuel and uranium hydride at a high enough rate to slowly 
increase the fuel temperatures. The scrap basket has better heat rejection than the fuel basket, 
especially because it is exposed to 102 "C air above it. Hence, the scrap fuel does not heat up as 
fast as the inner fuel elements, which reach high temperatures very rapidly after 18 hours (shown 
in Figure 6-8). The maximum temperature reached by the innermost fuel assemblies is about 
540 "C, which is still below the uranium-iron eutectic temperature of 725 "C 
("F-SD-SNF-SAM-005). 

To prevent a thermal excursion during a shear accident, the fuel temperatures must he kept 
below 125 "C. This can be achieved by keeping the MCO wall below 115 "C. Also, with 
interlocks, switches, and sensors in the MHM, shears are not credible. 

6.2.2.3 Case 5 (AWNGRS). Case 5 is a more credible air ingress scenario for a drop at the 
CSB than Case 3 or Case 4. The air enters the top of the MCO through a breach in the MCO. 
Air entry is maximized if the breach is located at the top of the MCO even though any potential 
breach would more likely be located toward the bottom of the MCO. The-cross sectional area of 
the air entry is conservatively taken to be 5.07 x m2, which is equivalent to an orifice with a 
diameter of 1 in. (0.0254 m). The MCO is stored in a storage tube at the CSB under hot weather 
conditions such that the storage tube air temperature is 92 "C and the MCO wall temperature is 
108 "C ("F-SD-SNF-TI-015). These temperatures were used to determine the initial fuel 
temperatures of the MCO at the start of the breach and air ingress. Version 1.3.2 of the HANSF 
code (SNF-3650) was used to simulate these initial conditions and the resulting air ingress 
scenario. As in the other cases, there is one scrap basket and four fuel baskets with 200 g of 
residual water plus the water from the uranium hydrates. M e r  the breach of the MCO, the 
ambient outside air temperature is conservatively kept at 92 "C, which is the maximum storage 
tube air temperature under closed conditions. 

Air enters through the top of breached MCO and reacts with the scrap fuel in the top 
basket. Even though hydrogen has accumulated in the top scrap basket (-49% of gas volume 
initially and around 40% immediately after breach), the oxygen starts reacting with the scrap fuel 
immediately and is almost completely consumed. As a result, the maximum oxygen content is 
always less than 0.50/;, ofgas volume in the scrap basket, which is below flammable conditions 
(see Figure 6-9). The amount of hydrogen expelled from the MCO at the time of breach is about 
40 g over a few seconds (see Figure 6-1 0). The consequences of the expelled hydrogen are 
bounded by the external hydrogen release in the sampling hood (see Chapter 5.0). More 
hydrogen is generated during the accident from the water freed during the thermal decomposition 
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of the uranium hydrate. All of the water vapor pressure shown in Figure 6-1 1 is from the 
dehydration water. 

The air enters the MCO at a rate of about 16 mgis about an hour after the initial blowdown 
release. The oxygen in this air, which is consumed by the scrap fuel, is enough to raise the 
maximum temperature of scrap fuel from about 120 "C to about 145 "C within 48 hours (see 
Figure 6-10). The temperature curves for each of the fuel baskets shown in Figures 6-10 
and 6- 1 1 indicate the fuel temperatures have essentially leveled off after 24 hours, and the scrap 
basket has the hottest fuel. The maximum fuel temperature in the all of non-scrap fuel baskets is 
below 145 "C. Since nitrogen enters the MCO and replaces the helium and hydrogen, the 
conductivity of the MCO gas decreases causing higher fuel temperatures, which reach an 
equilibrium value within 48 hours. Since some hydrogen is generated during the accident, the 
hydrogen concentration does not decline as much as the helium concentration. During the first 
few seconds after the blowdown, some oxygen gets past the scrap basket because of the 
blowdown cooling the gas left in the MCO, but the scrap basket consumes all of the entering 
oxygen after a few minutes. The amount of oxygen entering is enough to generate about 135 W 
of power from reacting with the fuel. 

In summary, air ingress into the MCO if breached results in stable fuel temperatures and 
flammability conditions are not reached inside the MCO. 

6.2.2.4 Beyond Design Basis Accident. In Case 4 at the MHM without its fan on, the air 
temperature is 102 "C, based on a previous analysis. Calculations for a complete shear of an 
MCO at MHM have shown that if the air temperature in the MHM was higher than 102 "C (e.g., 
11 5 "C), then the scrap fuel would start burning rapidly within 8 hours of a complete shear and he 
completely oxidized in about 10 additional hours. This 100% scrap fuel burn (oxidation) 
generates about 1,000 kg of UO,, which is the approximate material at risk in the scrap basket. 
This material at risk can produce an airborne source term of about I kg of UO,, given the 
respirable airborne release fraction of 1 x I O 3  for oxidizing uranium provided in 
DOE-HDBK-3 0 10-94, Airborne Relecise I~ruction.sil(trfes crnd Xespiruhle Fr~ctions:Rutes,for 
Nonreucior Nuclear Fucilifies. This source term results in an oRsite dose of about 1 rem over a 
12-hour period. The fuel in the MCO and the air in the MHM should never be hot enough ( 5  102 
"C) to cause a large fuel burn, as is demonstrated in Case 4. Hence, the conditions required for a 
large fuel burn are beyond the design basis accident for a complete shear providing unlimited 
oxidant for fuel reactions. 

6.2.2.5 Conclusions and Conservatism Temperatures remain stable even under very severe 
external thermal conditions However, the MCO pressure could get very close to the MCO 
pressure design limit This could be a problem, but there are many conservatisms in the 
evaluation The main conservatisms and/or margins over bounding parameter values assumed in 
the computer simulations are itemized as follows 

No hydrate water is removed at the CVDF, leaving all hydrate water available for 
thermal decomposition at the CSB 
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No hydride mass is consumed at the CVDF and the hydride reaction rate multiplier 
was kept at 12 ("F-SD-SNF-TI-015) for all times, which keeps the hydride-oxygen 
reaction going. In reality, much of the hydride would be consumed at the CVDF and 
not be available at the CSB. 

MCO wall temperature is 132 "C for Cases 1 through 4 because the MCO is placed 
in the sampling/weld station for 40 days without active cooling. MCO wall 
temperature is 108 "C for Case 5 because MCO is in storage tube. 

All fuel (center and peripheral) temperatures start at the maximum fuel temperature 
except in Case 5 ,  which is initialized with a simulation. 

Even with all of the above margins in the simulations, the calculated MCO gas pressure stays 
below the MCO design pressure of 11.2 atm (150 lbiin' gauge) before the cover cap is welded in 
place. The fuel temperatures also are stable after an increase in the innermost tine scrap fuel due 
to oxidization of the uranium hydride and the large area-to-volume ratio of the fine scrap. Even 
for a complete shear of a moderately high-temperature MCO, the fuel temperatures stay below 
guidelines (HNF-SO-SNF-SARR-005). 

6.3 SOURCE TERM ANALYSIS 

Detailed analyses show there is not enough heat, air, or water to have a credible thermal 
runaway reaction at the CSB. 

Because there is no release expected even under severe off-normal conditions, no source 
term was estimated. 

6.4 CONSEQUENCE ANALYSIS 

Detailed analyses show there is not enough heat, air, or water to have a credible thermal 
runaway reaction at the CSB. 

Because there is no release expected, even under severe off-normal conditions, the 
inhalation dose consequences are zero. 
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Figure 6-1. Thermal Decomposition of Aluminum Hydroxide. 
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Figure 6-2. Temperature Versus Time for Multi-Canister Overpack 
Components for Case 1, CHOTSCEN. 
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Figure 6-3. Temperature Versus Time for Multi-Canister Overpack Components in Bottom Fuel 
Basket and Pressure Versus Time for Case 1. CHOTSCEN. 
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Figure 6-4. Temperature Versus Time for Multi-Canister Overpack 
Components for Case 2,  CHOTSCR2 
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Figure 6-5. Temperature Versus Time for Multi-Canister 0verpa.ck Components in Bottom 
Fuel Basket and Pressure Versus Time for Case 2, CHOTSCR2. 
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Figure 6-6. Temperature Versus Time for Multi-Canister Overpack 
for Case 3, COXY2SC4. 
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Figure 6-7. Temperature Versus Time for Multi-Canister Overpack Components in Bottom 
Fuel Basket and Pressure Versus Time for Case 3, COXY2SC4. 
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Figure 6-8. Pressure Versus Time for Multi-Canister Overpack 
for Case 4, CAIRZSC. 
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Figure 6-9. Gas Concentrations Versus Time for Multi-Canister Overpack 
for Case 5 ,  AIRINGRS 
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Figure 6-10. Gas Concentration, Purged Gases, and Temperatures Versus Time for 
Multi-Canister Overpack for Case 5 ,  AIRINGRS. 
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Figure 6-1 1. Temperatures and Pressures Versus Time for Multi-Canister Overpack 
for Case 5, ALRTNGRS 
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APPENDIX 6A 

KEY INPUT PARAMETERS FOR THERMAL RUNAWAY FUEL REACTIONS 
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Parameter 

APPENDIX 6A 

Value Reference 

KEY INPUT PARAMETERS FOR THERMAL RUNAWAY FUEL REACTIONS 

Scrap fuel reaction surface area 

Fuel reaction area 

Reaction rate multiplier 

Key input parameters used in the analysis for the bounding multi-canister overpack (MCO) 
with Mark IV &el under off-normal events at the Canister Storage Building (CSB) are shown in 
Table 6A-I. Notes are provided following the table. Most parameters are for one scrap basket 
and four fuel baskets, but some of the key data, like water content in the uranium hydrate, is for 
two scrap baskets and three fuel baskets in order to provide bounding MCO conditions. 

4.5 mz "F-SD-SNF-TI-0 15 

3 16mZ HNF-SD-SNF-TI-0 15 

I O  HNF-SD-SNF-TI-0 15 

Rate multiplier for uranium hydride 
(bounding hydride mass for MCO with 
two scrap baskets) 

I 

HEt\T CiENEKAIlOY PAR4METERS. power. reaction area. reaction rate 

Fuel basket 12 "F-SD-SNF-TI-015 
Scrap basket 12 Note 2 

(5 13 kg per MCO) 

740.8 W per MCO HNF-SD-SNF-TI-015 I fuel baskets) I I Note 1 
Bounding decay power (776 W for five 

Scrap fuel emissivity 

Cladding emissivity 

0.7 HNF-SD-SNF-TI-015 

0.43 HNF-SD-SNF-TI-OI 5 
Note 3 

Inner shield plug emissivity 0.3 1 HNF-SD-SNF-TI-015 

Cask, MCO bottom, and outer shield 
plug emissivity 

View factors and gap distances between 
fuel rods and MCO wall 

I MCO wail emissivity I 0 .3 1 HNF-SD-SNF-TI-015 I 
0.25 FA1198-40 

Note 4 

8 by 8 matrix FAW98-40 
Note 5 

I I 

('ON111 ICTION ttE.4T TRAYSFER PAKAhlEI'ERS. 
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Stainless steel mass density at 100 "C 

Maximum fuel mass load 
(Mark IV fuel) 

Table 6A-I. Key Input Parameters for Canister Storage Building 
Thermal Runaway Analysis. (2 sheets) 

8,000 kg/m3 TID 26666 

Scrap basket 980 kg HNF-SD-SNF-TI-015 
Fuel basket 1,268 kg 

6,052 kg per MCO 

Note 8 

I Parameter I Value I Reference 

Stainless steel thermal conductivity 

Effective fuel-cladding and uranium 
specific heat 

Stainless steel specific heat 

vacuum drying, arriving at CSB 
Free residual water in cracks after cold 

I 19,000 kg'm3 I Ho1den1958 Note 7 
I Uranium (scrap) mass density at 100 "C 

16.0 WI& TID 26666 

122.67 J/kg/K Note 10 

500.0 J/kg/K TID 26666 

0.2 kg per MCO "F-SD-SNF-TI-OI 5 

Water in uranium hydrates, U0,.2H20 

Water in aluminum hydroxide, and 
alumium-tiron hydrates in sludge 

Bounding MCO wall temperature 

1 Effective fuel/clad thermal conductivity I 24.2 W / d K  1 Note 9 

1 19 kg per MCO 
(two scrap baskets) Note I 1  

3 32 kg per MCO 
(two scrap baskets) 

HNF-SD-SNF-TI-015 

HNF-SD-SNF-TI-015 

132 "C CSB-HV-0014 

Scrap basket gas volume 0 I53 m3 Note 12 

Upper fuel (two fuel baskets) volume 

Lower fuel (two fuel baskets) volume 

Fine scrao oorositv 
~ 

I Course scrap porosity 

0.186 m' Note 13 

0.199 m' Note 14 

0.40 Note 15 

I 0.723 I Note 16 

1 Flow area in scrap basket bottom I 0.013 m2 I Note 17 
CSB =Canister Storage Building 
MCO = multi-canister overpack. 
SB = scrap husket. 

Note 1 Bounding decay heat rate - The bounding decay power (i.e., decay heat rate) is 
given as 776 W per MCO with five Mark 1V fuel baskets (155.2 W per fuel basket or 
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620.8 W for four fuel baskets), so the specific heat rate is 0.1224 WikgU for Mark IV 
fuel (HNF-SD-SNF-TI-015). The scrap basket for Mark IV fuel has a maximum fuel 
loading of 980 kg (HNF-SD-SNF-TI-O15), so the scrap basket has a maximum decay 
power of about 120 W (980 kgU x 0.1224 W/kgU). Hence, the bounding decay 
power (i.e., decay heat rate) is 740.8 W per MCO (620.8 W + 120 W) with four 
Mark IV fuel baskets and one Mark 1V scrap basket. 

Rate multiplier for uranium hydride (UH,) - Oxygen (and water) reacts faster with 
uranium hydride than with just uranium metal. The current hydride model 
(HNF-2256) calculates the enhanced reaction rate by increasing the effective surface 
area of reaction through the use of a rate multiplier. In the current hydride model, the 
hydrides in the MCO are strongly coupled thermally to the uranium fuel. Hence, any 
increase in hydride temperature is dissipated in the larger uranium h e 1  mass, resulting 
in a temperature increase for the entire fuel element. This analysis uses hydride rate 
multipliers that are shown in HNF-SD-SNF-TI-0 15, Spent Nuclear f+irel f'rt?jecl 
T~chnicrilD~taho~ik. The bounding mass loading of UH, in the MCO is 5.13 kg 
(1.97 kg in three fuel baskets, 3.16 kg in two scrap baskets) (HNF-SD-SNF-TI-015). 
The computer simulations used a constant rate multiplier of 12 in the simulations for 
all time, which means that the hydride mass consumption was turned o f f  in the 
simulations in order to be conservative and not count on a depleting hydride mass for 
safety. 

Cladding emissivity - Cladding emissivity is used for the combined hel-cladding 
composite heat element in the model because the cladding covers the h e 1  element on 
the outside, keeping the uranium fuel hidden. The emissivity of Zircaloy-2 ranges 
from 0.43 at high temperatures or thin oxide coating to 0.7 ("E-SD-SNF-TI-015) 
at normal temperatures and thicker zirconium oxide layers. The more conservative 
lower value of 0.43 was chosen, which will cause less heat to radiate from the 
fuel-cladding heat elements to the wall. 

Cask, MCO bottom, and outer shield plug emissivity - The emissivity of the cask, 
MCO bottom plate, and the outer shield plug was decreased to 0.25 from 0.30 in 
HNF-SD-SNF-TI-015 in order to conservatively reduce the heat removal rate from 
the MCO ("F-2256) and cask. 

View factors and gap distances between fuel rods and MCO wall - The view factors 
and gap distances between the fuel rods in the fuel basket and the MCO wall, which 
are used in the radiative heat transfer model and convection heat transfer model for an 
MCO fuel basket, are documented in the HANSF code document (FAI/98-40). 
However, the view factors used in this analysis differ slightly from those in the code 
document. The view factors for this analysis, and for the two-scrap basket report 
("F-2256), are described in detail in Appendix D of HNF-SD-SNF-CN-023, 
Thermal Analysis OJ'CoW Vacuum Drying ofSpen1 Nuclear Fuel. 

Note 2 

Note 3 

Note 4 

Note 5 
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Note 6 Effective fuel-cladding mass density - Since the cladding volume is merged with the 
fuel volume in the HANSF code (FAU98-40), an effective mass density is needed for 
the combined fuel and cladding. To simplify the derivation, the inner fuel element and 
cladding are assumed to have the same effective mass density as the outer fuel 
element and its cladding. The total volume for the fuel elements and cladding in the 
HANSF code is 0.3 1752 m' (FAI/98-40). Since the maximum fuel mass for 216 
Mark IV elements (four fuel baskets) is 5,072 kg (23.48 kg per element 
[HNF-SD-SNF-TI-O15]), the volume of the fuel is about 0.26695 m3, which is 
calculated by dividing the volume by the he1 density, 19,000 kg/m3 at 100 "C 
(Holden 1958). The cladding volume is found by subtracting the fuel volume from 
the total volume: 

- Vcla'l~ibE - V,,,, - V,,, = 0.31752 m3 - 0.26695 m3 = 0.05057 m3 

Multiplying the density of the Zircaloy-2 cladding, 6,54 1 kylm' (UNI-M-6 I) ,  by the 
volume of cladding gives a cladding mass of 330.8 kg: 

M,,,,, = 6,541 kg/m3 x 0.26695 m3 = 330.8 kg 

For thermal calculations, it is essential that the effective mass (and density) and 
specific heat product be conserved and, therefore, equal to the sum of the fuel and 
cladding parts: 

where Cp.,c, = 122.67 J/kg/K (HNF-SD-SNF-TI-015) and CI,.dadding - - 306.1 J/kg/K 
(WCAP-3269-41) . 

For convenience, the effective specific heat is set equal to the specific heat of uranium 
and the effective mass calculated, which can be done since it's the product that must 
be conserved. Hence, the equation above becomes the following after dividing by the 
uranium specific heat: 

MCE = Mhcl + M,,d'b, c,,,',,$c,>-~",, 
= 5,072 kg + 330.8 kg x (306.1 J/kg/K + 122.67 J/kg/K) 

= 5,897.4 kg . 

Since the Zircaloy-2 cladding has a higher heat capacity than uranium, the effective 
mass (in regards to mass times heat capacity product) is larger than just the sum of 
the masses. Using the calculated effective combined mass of the fuel and cladding 
above, the effective density of the fuel-cladding composite is simply the effective 
mass divided by the total volume: 
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= 5,897.4 kg/0.31752 m3 

= 18,573.3 kg/m3. 

The temperature dependence of densities, specific heats, and conductivities is ignored 
in the analysis because the HANSF code does not have the capability to handle 
temperature-dependent material properties (FAIi98-40). In order to be consistent, 
the material parameter values were chosen at around 100 "C and rounded off 

Uranium mass density - The mass density of uranium is about 19,000 kg/m3 at 
100 "C. Since the HANSF code (FAI/98-40) does not include temperature- 
dependent material parameters, approximate values are used. The standard reference 
temperature of 100 "C was chosen because it's higher than normal operating 
temperatures but lower than most temperatures during off-normal conditions. 

Stainless steel mass density - The mass density of 304L stainless steel is about 
8,000 kgim? at 100 "C (TID 26666). See the discussion above in Note 10 about 
temperature-dependent material properties. 

Effective hel-cladding thermal conductivity - Since the fuel elements and cladding 
are combined in the model, an effective thermal conductivity is needed to represent 
the combined materials. Although the cladding has a lower conductivity, the 
conductivity of both metals is high, so the calculation of an effective thermal 
conductivity is not important to the calculational results. 

The effective thermal conductivity, K , ,  was estimated using the following equation, 
which is valid for conductors connected in series such as the fuel and cladding in the 
radial direction: 

Note 7 

Note 8 

Note 9 

where 

Kfu,, = thermal conductivity of spent fuel (26.9 W/mK [Kaufman 19621) 

Kcladding = thermal conductivity of Zircaloy-2 cladding (13.4 W/mfK 
[WCAP-3269-4 11) 

x,,,, = total radial thickness of he1 element and cladding ( xfvrl + x ~ ~ ~ ~ ~ , ~ , ~ ~ J  

Since the cladding mass is ahout 7% of the spent fuel mass (HNF-SD-SNF-TI-015) 
and the cladding density is about one-third of the fuel density, the cladding was 
estimated to have about 20% (-7% x 3) of the combined fuel-cladding volume for 
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Note 10 

Note 1 1  

Note 12 

Note 13 

Note 14 

Note 15 

both inner and outer fuel elements on the average. The thickness is proportional to 
the volume, therefore the cladding thickness is estimated to be 0.2 x xRlel, making the 
total thickness 1.2 x xfual. Substituting these values into the equation above, the value 
of K,,ris derived to be 24.2 W/m/K, which is close to fuel conductivity value. 

Effective fuel-cladding (and uranium) specific heat - As discussed in Note 9, which 
derived the effective mass density, the effective specific heat for the combined fuel 
and cladding elements was chosen to be equal to the uranium specific heat, 122.67 
UkgK at 100 "C (Kaufman 1962). This choice was in conjunction with the effective 
mass density calculation since it is the product of mass density and specific heat that 
must be conserved (Le., the specific heat of the cladding is included in the effective 
mass density [see Note 91). 

The water in hydrates was increased to 1. I6 kg for this report in order to provide 
extra margin over the hydrate water reported elsewhere (e.g., 0.65 kg 
[HNF-SD-SNF-TI-0151). However, for the "normal" suite of 13 runs, case 0, which 
simulates a complete drying cycle with tests, the hydrate water was reduced to 
0.72 kg (HNF-1527) because the decomposing hydrates can affect the rebound 
pressure tests after vacuum drying. 

Scrap basket volume - Based on the latest design drawings 
(HNF-SD-SNF-DR-003), the scrap basket has a free volume of 0.153 m3 when it 
contains 980 kg of uranium metal and no cladding. This volume includes the 
0.0533-m (2. I-in) gap between the scrap basket and the bottom of the MCO 
assembly (below the shield plug) and 0.0159 m3 void space (manifold) in the MCO 
assembly ("F-2833) that is always open to the MCO on top. The scrap basket 
volume excludes the volume of the stainless steel parts, support post inner volumes, 
and insert inner volume. The total length of the inner MCO is 3.6 m (141.85 in.) 
which includes a 0.0533-m (2.1-in.) gap above the scrap basket and a 0.0381-m 
(1.5411) gap between the bottom fuel basket and the top of MCO bottom plate. The 
inner radius ofthe MCO is 0.2921 m (1 1.5 in.). 

Upper fuel volume (two fuel baskets) - The two upper fuel baskets are combined 
into one control volume in the HANSF model (FA1/98-40). The free volume for the 
two fuel baskets, excluding the stainless steel volume and inner volume of support 
posts and insert, is 0.186 m3 based on the design drawings (HNF-SD-SNF-DR-003). 

Lower fuel volume (two fuel baskets) -The bottom two fuel baskets have a 
combined free volume of 0.199 m3. This volume includes the 0.0381-m (1.5411) gap 
below the bottom fuel basket and above the MCO bottom plate with a volume of 
0.013 m3 and excludes the stainless steel volume and inner volume of support posts 
and insert. 

Fine scrap porosity - The porosity of the tine scrap fuel (0.25 in. to 1 in. maximum 
dimension) in the scrap basket is the void or gas space fraction (void volume divided 
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by total volume) in the total scrap volume when the scrap is completely dry. The 
porosity of porous media such as a course sand is about 0.35 to 0.45. The porosity 
of fine scrap was calculated to be in the same range (“F-SD-SNF-CN-017). A fine 
scrap porosity of 0.40 was chosen for this analysis. 

Course scrap porosity - The largest dimension of the course scrap will not be less 
than 1 in. or greater than 3 in. The total open volume of an empty scrap basket is 
0.16762 m’ (total inner volume minus the insert and copper fin volumes). The fine 
scrap volume is 0,01592 m7, and the course scrap volume is 0.1517 m’. The total 
solid scrap volume is calculated by dividing the total bounding scrap mass, 980 kg, by 
the fuel mass density, 19,000 kg/m’, resulting in a total solid volume of 0.051 58 m’. 
The solid (fuel) volume in the fine portion is 0.6 (I-porosity) times the total fine scrap 
volume, 0.01592 m’, resulting in 0.009552 m’. Hence, the coarse scrap solid volume 
is 0.05158 m3 minus the fine scrap solid volume, 0.009552 m3, for a value of 
0.042028 m3. Dividing the coarse scrap solid volume by the total coarse scrap 
volume gives the solid fraction of 0.042028 m3 f 0.15 I7  m’ = 0.27707 for the coarse 
portion. Hence, the porosity of the coarse scrap is just 1.0 - 0.27707 for a coarse 
scrap porosity value of 0.72293 

Flow area in scrap basket bottom - The flow area at the bottom of the scrap basket 
is the only flow area available for the scrap and the total gas release out of the top of 
the MCO during vacuum drying. Since copper shims have been added between the 
outer scrap basket and MCO wall, the upward flow has nowhere to go except 
through the bottom ofthe scrap basket. The scrap basket bottom has 108 open 
0.5-in. diameter holes (HNF-SD-SNF-DR-003) in it. Hence, the total flow area is 
calculated as follows: 

Note 16 

Note 17 

A,, = 108 x 3.14159 x (0.5 x 0.0254/2)2 m2 

= 108 x 1.2668 x 10-4m2 

= 0.0137 m2 

which was truncated to 0.013 m2 in order to constrict the gas flow through the scrap 
basket a little more to account for the wire screen covering part ofthe holes. 
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7.0 CALCULATIONS FOR VIOLATlON OF 
DESIGN TEMPERATURE CRlTERlA 

7.1 PURPOSE AND OBJECTIVES 

Heat is produced in the multi-canister overpack (MCO) from radioactive decay energy 
release and energy released from chemical reactions that occur between the fuel and water or 
gases. The MCO and Canister Storage Building (CSB) have been designed to provide for ample 
heat transfer away from the MCO so that an unacceptably high temperature will not be reached 
during normal handling and storage of the MCO at the CSB This analysis investigates possible 
situations where normal heat conduction may be reduced in such a way or for such a length of 
time as to result in potential overheating of the MCO and/or surrounding structures. 

7.2 SCENARIO DEVELOPMENT 

Both radioactive decay and chemical reactions within the MCO generate heat. The 
bounding situation in which the heat transfer from the MCO to the outside environment is reduced 
enough to lead to a violation of temperature criteria have been identified by 
"F-SD-SNF-HIE-00 I ,  C'unisfer Sforuge Building Haztcrd Anulysis Keport. In this case, the 
natural convective cooling air flow to the vault is disrupted and the design temperature for the 
concrete vault structure is exceeded. This case bounds extended storage of an MCO and MCO 
effects due to convective heat transfer at other locations in the CSB. It should be noted that the 
loss of active cooling of an MCO at the weld station is not considered a serious hazard because 
there are no impacts for loss of cooling for more than 40 days. 

7.2.1 Multi-Canister Overpack and Vault Concrete Temperatures 
During Vault Passive Cooling Disruption 

Unacceptable wall temperatures may be reached if the passive cooling of the CSB vault is 
significantly reduced such that the MCOs in interim storage and vault structure overheat. If the 
vault intake and/or exhaust stacks are partially or fully blocked, the natural convection of air 
through the vault will be reduced or lost. Significant blockage of the flow could result from many 
different, unlikely causes, including debris being trapped in the inlet or frost forming over the 
inlet. Without the passive vault convective air cooling, temperatures within the vault will rise 
above design temperature criteria for the vault walls and ceiling and for the MCO centerline. 
High temperatures could cause the concrete operating deck and vault walls to suffer structural 
degradation, thereby compromising their safety functions. The MCO temperature could exceed 
design temperature criteria, which could cause loss of MCO safety functions to confine and 
control the geometry of the spent nuclear fuel. 

ACI-349, (lode Ueyuiremenf.s for Nuclear Sufety Related Concrete Slructirres, provides 
limitations for concrete temperatures during normal operation or any long-term period. The 

snf-3328.07 7-1 March 2000 



SNF-3328 REV 2 

temperatures shall not exceed 150 "F (66 "C) except for local areas, such as around penetrations, 
which are allowed to have increased temperatures not to exceed 200 O F  (93 "C). For an accident 
duration or any short-term period, the concrete surface temperature shall not exceed 350 "F 
( 1  77 "C). 

Bounding calculations documented in CSB-HV-0003, Spent Nuclear Fue l  Vault Loss of 
(.~oo/ingAnulysis, assess the effect of loss or partial loss of vault convective cooling flow upon 
MCO and vault temperatures. These calculations assume that the vault is full of MCOs and that 
the corresponding total heat load is 191.6 kW as provided in HhF-SD-SNF-TI-015, ,Spen/ 
Nuclear Fuel Project Technicul Datahook. The outside air temperature available to cool the 
vault is assumed to be 11 5 "F (46 "C), and the surrounding ground temperature is assumed to be 
60 "F (16 "C). Given these conditions, the maximum initial temperature of the MCO wall (with 
no blockage of vault air flow) is expected to be about 252 "F (122 "C) and the maximum vault 
concrete ceiling surface temperature is expected to be 132 "F (56 "C). Calculations in 
CSB-HV-0003 indicate that if the intake stack cross-sectional area is instantly reduced to 25% of 
normal (i.e., is 75% blocked), the MCO wall temperature would reach 268 "F (131 "C) and the 
ceiling temperature would reach 15 1 "F (66 "C) in 72 hours. Both temperatures continue to rise. 
If the vault inlet stack were somehow completely blocked, the MCO wall temperature would 
reach the 270 "F (132 "C) CSB limit in about 15 hours and would continue to rise in temperature 
at a rate of about 1 degree per hour. If 50% or less of the inlet area were blocked, the vault air 
flow rate and MCO and ceiling temperatures will be nearly equal to those expected for zero 
blockage. 

The bottom of the inlet area of the vault intake structure is more than 19 m above the 
surrounding grade. A vertical grating surrounds the opening to the intake stack on four sides. 
This grating consists of a heavy gauge (0.13-in. wire diameter) interwoven stainless steel screen 
with 0.75-in. square openings supported by more widely spaced steel cross members. The overall 
dimensions of this grating are about 15.5 ft by 17 ft on two sides and 15.5 ft by 18 f t  on two 
sides, giving a total flow area for all four vertical inlet grates of about 1,080 A'. Inlet air flows 
through this grating and down the inlet stack to a second horizontal grate inside the inlet stack 
that serves a safeguards and security hnction. This horizontal grating is composed of a metal 
lattice with perpendicular members spaced 6 in. apart. While it is possible for objects to partially 
block the intake by accumulating on either ofthese gratings, objects will not easily be able to 
reach and accumulate on them. Blowing debris, such as tumbleweeds or garbage, will 
occasionally be lifted to the height of the upper vertical grating and become lodged. 

The intake stack horizontal cross-section is rectangular, with minimum interior dimensions 
of 16 ft  by 10 ft, 8 in. producing a flow area of 172 ft'. Because the intake outer grating is open 
on all sides and the opening is quite large, it is improbable that a significant portion (>SO% 
blockage) ofthe intake could become blocked. Both the intake and exhaust are significantly 
above grade. Over a long period of time, it is conceivable that some debris could accumulate over 
the opening or pass through the outer grating and accumulate on the inner horizontal grating. 
Because the openings in the vertical inlet grate are significantly smaller than those of the 
horizontal grate, it is not considered possible for significant debris to accumulate on the horizontal 
grate. Because the vertical inlet grating has a total flow area that is more than 6 times that of the 
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horizontal cross-section of the inlet, about 92% of the vertical grating area must become hlly 
blocked before more than SO% of the inlet cross-section area will be blocked Given that such a 
large percentage of the four-sided vertical inlet must become fully blocked and that this inlet is 
located at such a great height above the existing grade, it is judged incredible for the inlet to block 
such that an unacceptable passive cooling condition will exist. While it would be prudent to have 
an infrequent but regular program to visually inspect the inlet for blockage caused by accumulated 
debris, no such inspection is relied upon. Such an inspection would also ensure that the vertical 
screen was still intact so that large debris could not pass into the stack. 

7.2.2 Multi-Canister Overpack Temperature at the Sampling/Weld Station 
without Active Cooling 

Another possible situation in which unacceptable temperatures may be reached is one in 
which the MCO is located at the sampling/weld station for an extended period of time without 
active cooling. Because the MCO is tightly confined at the sampling/weld station, the 
surrounding steel and concrete act to insulate it from adequate heat transfer once the thermal heat 
flux through the immediately surrounding materials has reached equilibrium. Calculations 
documented in CSB-HV-00 14, Lung Term MCO Temperature Wiihout Cooling in /he Sumple 
Stutioi7, and CSB-S-0043, HC'SA Deck Design - Coqfirmatirin, show that if the initial maximum 
temperature ofthe sampling/weld station pit shielding wall is 29 "C (85 OF), the design criteria 
temperature for the maximum heat generation MCO shell is exceeded in about 50 days and the 
design criteria temperature for the concrete is exceeded in about 40 days without active cooling. 

It should be noted that if a bounding decay heat MCO is indefinitely left in the pit the 
maximum resulting wall temperature is not expected to exceed 138 "C (280 OF). No adverse 
effects to the MCO are expected from temperatures slightly above the MCO design temperature. 
From a safety perspective, wall temperatures above the MCO design temperature do not 
necessarily damage the safety hnction of the MCO outer wall or cause damage to MCO 
internals. See HNF-SD-SNF-SARR-005, Multi-Cunister Overpack Topical Report, Chapter 4.0, 
for thermal limitations. 

Calculation CSB-S-0043 evaluates the thermal effects on a concrete structure of an MCO 
left in the samplingiweld pit for 40 days. Using the thermal gradients shown in CSB-HV-0014, 
the deck and the pit meet all design criteria (worst-case demand-capacity ratio is 0.99 [vertical 
reinforcing on inside face of the tubular portion of the pit]). The calculation considered concrete 
strength degradation from thermal exposure by reducing the concrete strength from 4,000 lbiin' to 
3,000 Ibiin'. This approach is conservative and has been used in other CSB structural calculations 
to account for concrete degradation. 

Since the bounding decay heat MCO can remain in the weld station for more than 40 days 
without impact to the concrete or the MCO shell, this hazard has been evaluated as being 
bounded by the loss of vault cooling event. 
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7.3 SOURCE TERM ANALYSIS 

The scenario described above could lead to the damage of safety-class equipment or 
structures such that their safety hnction could be compromised. DOE Order 6430. IA, General 
Design Criteria, indicates that safety-class controls are required to prevent conditions that would 
lead to the damage of safety-class equipment or structures that would impede their ability to 
perform their safety function. Because the development of radiological source term and dose 
consequences could not lead to more restrictive safety classification and controls, no source term 
is developed. 

7.4 CONSEQUENCE ANALYSIS 

Loss of the vault convective cooling could lead to temperature increases over a long period 
of time, resulting in potential gradual damage to the vault and operating deck concrete. Heat 
damage to the concrete would continue slowly once it began. Ample time would be available to 
identify and correct any loss of air flow condition in the vault. Because the outer vertical inlet 
screens are so large and are located so far above the existing grade, it is not considered credible 
for sufficient blockage of the inlet to occur and result in a temperature violation These 
temperature criteria violation scenarios will be prevented so that no safety-class structures or 
equipment will be damaged. 
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