SANDIA REPORT

SAND2001-1187
Unlimited Release
Printed April 2001

Investigation of Mass Distribution in a
Stabilized Plume for Various Lofting
Energies and Meteorological Conditions

Julie J. Gregory and Frederick T. Harper

Prepared by
Sandia National Laboratories
Albuquerque, New Mexico 87185 and Livermore, California 94550

Sandia is a multiprogram laboratory operated by Sandia Corporation,
a Lockheed Martin Company, for the United States Department of
Energy under Contract DE-AC04-94AL85000.

Approved for public release; further dissemination unlimited.

@ Sandia National Laboratories



Issued by Sandia National Laboratories, operated for the United States Department
of Energy by Sandia Corporation.

NOTICE: This report was prepared as an account of work sponsored by an agency
of the United States Government. Neither the United States Government, nor any
agency thereof, nor any of their employees, nor any of their contractors,
subcontractors, or their employees, make any warranty, express or implied, or
assume any legal liability or responsibility for the accuracy, completeness, or
usefulness of any information, apparatus, product, or process disclosed, or represent
that its use would not infringe privately owned rights. Reference herein to any
specific commercial product, process, or service by trade name, trademark,
manufacturer, or otherwise, does not necessarily constitute or imply its endorsement,
recommendation, or favoring by the United States Government, any agency thereof,
or any of their contractors or subcontractors. The views and opinions expressed
herein do not necessarily state or reflect those of the United States Government, any
agency thereof, or any of their contractors.

Printed in the United States of America. This report has been reproduced directly
from the best available copy.

Available to DOE and DOE contractors from
U.S. Department of Energy
Office of Scientific and Technical Information
P.O. Box 62
Oak Ridge, TN 37831

Telephone: (865)576-8401

Facsimile: (865)576-5728

E-Mail: reports@adonis.osti.gov

Online ordering: http://www.doe.gov/bridge

Available to the public from
U.S. Department of Commerce
National Technical Information Service
5285 Port Royal Rd
Springfield, VA 22161

Telephone: (800)553-6847

Facsimile: (703)605-6900

E-Mail: orders@ntis.fedworld.gov

Online order: http://www.ntis.gov/ordering.htm



mailto:reports@adonis.osti.gov
mailto:orders@ntis.fedworld.gov

SAND2001-1187
Unlimited Release
Printed April 2001

| nvestigation of Mass Distributionsin a Stabilized Plume for
Various L ofting Energies and Meteor ological Conditions

JulieJ. Gregory
Mission Analysis and Simulation Department

Frederick T. Harper
High Consequence Assessment and Technology Department

Sandia National Laboratories
P.O. Box 5800
Albuquerque, NM 87185-0977

Abstract

In support of the Cassini Misson Fina Safety Analyss Report (FSAR), Sandia National Laboratories
(SNL) was requested by L ockheed Martin Corporation (LMC) to investigate for various scenarios, the
digtribution of aerosol and particulate massin a stabilized buoyant plume created as aresult of afirebal
exploson. Theinformation obtained from these caculations is to provide background information for
the radiological consequence andysis of the FSAR. Specificaly, the information is used to investigate
the mass didribution within the “ cap and sem” portions of theinitid firebdl plume, a modding festure
included in the SATRAP module in the LMC SPARRC code. The investigation includes variation of the
plume energy and the gpplication of severd meteorologicd conditions for atotal of seven sengtivity case
sudies. For each of the case Sudies, the caculations were performed for two configurations of particle
meass in the plume (totd mass and plutonium mass).
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1.0 Executive Summary

In support of the Cassini Misson Find Safety Analysis Report (FSAR) [LMC, 1996], Sandia National
Laboratories (SNL) was requested by Lockheed Martin Corporation (LMC) to investigate for various
scenarios, the distribution of aerosol and particulate massin a stabilized buoyant plume cregted as a
result of afirebal exploson. The information obtained from these calculaionsis to provide background
information for the radiologica consequence analyss of the FSAR. Specificaly, the information is used
to investigate the mass digtribution within the “cap and gem” portions of the initid firebal plume, a
modding festure included in the SATRAP module in the LMC SPARRC code. The investigation
includes variation of the plume energy and the application of several meteorologica conditions for atota
of seven sengitivity case studies. For each of the case studies, the ca culations were performed for two
configurations of particle mass in the plume (total mass and plutonium mass).

Atmospheric disperson of the plume was predicted by using the PUFF and MCK modules of the
ERAD code [Boughton, 1992]. The ERAD code was developed a SNL to smulate the atmospheric
dispersd of radioactive materid when involved in a high explosive detonation. The PUFF code module
isan integral plume rise code for high explosive detonations. The MCK module calculates particle
dispersion as a stochastic process by applying a discrete time Lagrangian Monte Carlo method. In
addition to the ERAD code modules, this study also implemented the SNLL Firebal code [Dobranich,
1996], to smulate the fireball and aerosol physics of a postulated launch explosion that involves
radioisotope thermoel ectric generators (RTGs), which contain PuO..

The cdculations for this study were performed for two plume particle mass configurations:
1) totd plume mass—which includes particles of PUO,, soot, entrained dirt and duminum
oxide (if duminum structures involved in the accident are predicted to vaporize); and
2) PuO, mass only —which includes only particles of PuO..
In addition to the two particle mass configurations, the calculations were performed for seven senstivity
cases in which meteorology and the energy available for therma rise were varied.

The results of this study suggest two basic models of the mass digtribution in the cap and stem in alofted
plume. Thefirg isthe classca modd of acap and stem, for which the percentage of the plume mass
contained in the cap and stem is about 80% and 20%, respectively. The second isa uniform
digtribution of the mass throughout the plume.  Because of particle dengity differences, the mass
digtribution mode s indicated for the total plume mass configuration are different from the PUO, particle
meass configuration (for this study, less than 0.1% of the plume massis PuO,).

In this study, the classical mode of a cap and stlem isindicated for four sengtivity casesfor the tota
plume mass configuration, and for two sengtivity cases for the PUO, mass configuration. Fairly uniform
digtributions are indicated in the remaining sengtivity cases for both the totd and PUO, mass
configurations. For mogt of the cases for uniform PuO, mass digtributions, a subgtantid amount of the
PuO, mass in the plumeis deposited on the ground (roughly 10%). The cap and stem modd that is
appropriate for each case not only depends on the particle density (heavy PuO, particles vs. lighter
particlesin the total plume) but also appears to depend on the H/D ratio. The H/D ratio is a measure of
1



the mixing layer penetration by the plume, where H isthe smulated cloud height, and D isthe mixing
layer depth. Inlight of the results of this study, some suggested distributions were formulated to
characterize the uncertainty associated with the fraction of PUO, massin the plumethat is contained in
the sem. The suggested digtributions are provided in Table 1.1 in terms of two specifications:

1. without a dependence on the H/D ratio, and

2. for threeranges of H/D ratios (H/D < 3, between 3-10, or > 10).
Also liged in Table 1.1 is the uncertainty distribution that was adopted in the Cassini FSAR.

Table 1.1 Digributionsfor the Fraction of PuO, Mass Contained in the Stem

Fraction of PuO, Mass in Stem
Suggested Updated Distributions
Percentiles |cassini FSAR
C no H/D
distribution H/D<3 3<H/D<10 H/D > 10
dependency

Oth 0.03 0.05 0.2 0.05 0.15
5th 0.1 0.2 0.3 0.1 0.3
50th 0.2 0.6 0.7 0.2 0.4
95th 0.5 0.8 0.8 0.3 0.6
100th 0.6 0.9 0.9 0.5 0.75

In summary, this study indicates that consderation of the dengity of particlesin alofted plumeis
important in determining the digtribution of mass within the plume. Compared to plumes with lighter
particles, plumes with particles of higher density are predicted to accumulate more massin lower
eevations of the plume (Sgnificant amounts of the higher density particles may even be deposited on the
ground). This study dso indicates that the energy of the release relative to the mixing layer depth
impeacts the vertical mass distribution in alofted plume. When the energy is sufficient to both penetrate
the inverson layer and gtill loft the plume to eevations that are between about three and ten times the
mixing layer depth, then the classical cap and stem gpproximation is deemed to be adequate. If the
energy ismore or less than sufficient, then it is better to assume amore uniform vertica distribution of
the massin the plume.



2.0 Method of Calculation

The gpproach used in this study was to cdculate atmospheric dispersion of the plume by using two
modules of the ERAD code [Boughton, 1992]. The ERAD code was developed at SNL to smulate
the atmospheric dispersal of radioactive materia when involved in a high explosive detonation. The
ERAD code module, PUFF (Version 3.6S.3, 9/3/96) was modified by B. Boughton of SNL for
gtabilized plume studies in support of the Cassini Mission safety andyses. The PUFF code moduleis an
integral plume rise code for high explosive detonations. Another ERAD code module, MCK (Version
3.6.1S.1, 9/3/96), was a0 gpplied in this study. MCK calculates particle dispersion as a stcochagtic
process by applying a discrete time Lagrangian Monte Carlo method. 1n addition to the ERAD code
modules, this study aso implemented the SNL Fireball code (Version 1.2, 8/8/96) [Dobranich, 1997],
which was developed a SNL specificdly to support the Cassini Misson safety analyses. The SNL
Firebdl code smulaesthefirebal and aerosol physics of a postulated launch explosion that involves
radioi sotope thermoel ectric generators (RTGs); the code smulation cgpability includes thermodynamics,
chemigtry, heat and mass transfer, vaporization, condensation and agglomeration.

The dataflow diagram for the software code modules that were implemented in this anadlyssis presented
in Figure 2.1. The PUFF code module smulates the plumerise for a given set of amospheric
conditions and is executed once for each of the seven sengitivity cases. A senstivity case numbered ‘X’
Isdesignated in Figure 2.1 as‘case-x’. The SNL Firebdl code is executed a sngle time for this study,
providing the particle Size trandformation for the particles involved in afirebdl exploson. Information
can be obtained from the SNLL Firebal code output that describes the find fireball particle sze
digtribution in terms of ether the total plume mass or the plutonium dioxide mass. Both the total mass
and the plutonium dioxide mass configurations were utilized in this sudy and implemented as the two
particle mass configurations.

The MCK code module requires the information generated by both the PUFF code module and the
SNL Firebdl code. The PUFF output can be utilized directly asinput by MCK. The distribution of
particle mass and size provided as SNL Fireball code output, however, is transformed into three
digtributions for each of the two particle mass configurations to be used asinput by MCK. Thethree
MCK input digtributions for the ‘# particle mass configurations are designated in Figure 2.1 as
‘Pmcil, ‘pmcH2, and ‘pmc#3.” Thus, the input for a single execution of MCK consists of one set of
three particle mass digtributions from the SNL Fireball code and one sensitivity case output file from the
PUFF module (the MCK input is discussed in more detall in Section 6.1). The information from the
three MCK output filesis then combined for each sengitivity case and each particle mass configuration
to formulate the results of thisandyss.
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Figure 2.1 Cassini Sensitivity Analysis Dataflow Diagram.



3.0 Particle Mass Configuration and Sensitivity Case Definition

The caculations for this sudy were performed for two plume particle mass configurations:
1) totd plume mass—which includes particles of PUO,, soot, entrained dirt and duminum
oxide (if duminum structures involved in the accident are predicted to vaporize); and
2) PuO, mass only —which includes only particles of PuO..

Thetotd plume massis utilized in this study to determine the overadl applicability of acgp and sdem
mode to alofted plume. Theincusion of the second configuration of PUO, mass only serves two main
pUrpoOSses:
1) to dudy the effect of particle density upon mass digtribution within the plume (PuO, particle
dengty is about five times greater than the average densty of dl particles), and
2) toinvedtigate the location of the plutonium oxide particles within the lofted plume (and thus,
the location of the particles that result in radiation exposure).

Both particle mass configurations are obtained from asingle execution of the SNL Firebal code (a
separate SNL Firebdl execution is not performed for only the PuO2 particles because inclusion of al
particlesin the firebal better represents actud accident conditions).

In addition to the two particle mass configurations, the calculations were performed for seven sengtivity
cases in which meteorology and the energy available for therma rise were varied. The seven cases
were designed to be consstent with other andyses performed for the Cassini Misson FSAR, and were
specified by N. Deane of LMC [Deane, 1996]. Table 3.1 provides a summary of the seven senditivity
cases by ligting the sengitivity case number, a short quditative description of the meteorology and the
lofting energy available for thermd rise.

Table 3.1 Summary Description of the Sensitivity Cases.

Sensitivity Case Summary
Lofting Energy
Case Description of Meteorology  |Available (fireball type
designator)

1 Maximum plume rise day High (T2)
2 Minimum plume rise day Moderate (T3)
3 Average plume rise day High (T2)
4 Maximum mixing height day Moderate (T3)
5 Minimum mixing height day Moderate (T3)
6 Minimum wind shear day Moderate (T3)
7 Maximum mixing height day High (T2)




Two discrete |lofting energy levels were goplied in this study, the two levels rdate to ground core fireball
types T2 and T3, which are a corefireba | and a space vehicle firebal, respectively, as defined in the
Cassni Misson FSAR. Thefirebdl type T2 involves higher rdlease energy. Case 7 actudly utilizes the
same meteorology as Case 4, but implements the dternate lofting energy.  More quantitative details
regarding the sengtivity cases are provided in Section 5.1, which discusses the PUFF module inpuit.



4.0 SNL Fireball Code Analysis

The SNIL Firebal code determines the quantity and size digtribution of plutonium-bearing particles
released to the atmosphere that originate from the radioisotope thermoel ectric generators (RTGS)
consumed in afireball explosion created during alaunch accident. The SNL Firebal code provides an
integrated Smulation capability for modeling the many and varied processes involved in such an event,
including: thermodynamics, chemigiry, heat and mass trandfer, vaporization, condensation, and
agglomeration. Thefirebal physics modd predicts temperature, composition, Size, and rise velocity of
the firebal by gpplication of asingle uniformly-mixed control volume. Thefirebal initiates as @ther a
hemisphere a ground leve or aspherein arr, and then rises while including buoyancy, drag, and volume
effects, aswell as combustion, air entrainment and heet loss. The SNL Firebdl Code Verson 1.2
(8/8/96) was implemented in this Study.

4.1 SNL Fireball Code Input Parameters and Assumptions

A single execution of the SNL Firebal code was performed for this sudy, i.e., the output from one
caculation gpplied to al the sengitivity cases. Inputs to the code were designed to be consistent with
other analyses performed for the Cassini Misson FSAR, and were specified by C. Chang of LMC
[Chang, 1996]. The Firebal calculation was performed for aground leve firebal with 10 grams of
PuO, involved in the accident. Sdlected input parameters implemented in this sudy are listed in Table
4.1.

The Welbull digribution noted in Table 4.1 is used in the SNL Fireball code to provide the initial
particle mass fractions for each particle bin. The Weibull digtribution parameters are not code inputs but
are assgned within the codeitself. For this study, the Weibull distribution parametersa and b were set
to the values as specified for the Cassini Misson FSAR LASEP-T Welbull parameters. The Wehbull
cumulative digtribution function, F(w) is expressed as.

Fw) = 1—exp(-(w/b)?), OEWEY¥
Where:
w = aerosol diameter, cm
b = 0.322297 * escfrac * rupture
ecfrac = fraction of PuO, particles with diameter < rupture that escape
rupture ;rlligture diameter

=1cm

a = 0.9976



Table4.1 Fireball Calculation Input Parameters

Selected Parameter Inputs to the Fireball Code
mass of PuO; injected into fireball (RTG mass) 10g
rupture diameter lcm
fraction of PuO, particles w/ diameter < rupture that escape (1.0
ambient temperature 298 K
fireball combustion product pressure 1 atm
initial elevation of the center of the fireball 0.0 cm
||initia| mass of soot added to the fireball 100 g
||diameter of generated soot particles 2.2e-5cm
||tota| aluminum alloy structural mass in fireball 1.58e7 g
||diameter of generated aluminum oxide particles 5.0e-6 cm
linitial mass of dirt injected to the fireball 0.0g
||diameter of entrained dirt particles 5.0e-5cm
dynamic shape factor of all particles 1.2
volumetric PuO, heat generation rate 2.65 W/cm®
PuO, melt temperature 2698 K
||number of aerosol particle bins 14
||number of rock particle bins 7
||min aerosol particle diameter 1.0e-6 cm
||max aerosol (or min rock) particle diameter 1.0e-2 cm
max rock particle diameter 1.0cm
\Weibull distribution parameters LASEP-T

The CETSUB module of the SNL Firebdl code smulates the combustion chemistry and
thermodynamics of the launch accident. The CETSUB moduleisamodified verson of the CET89
computer code developed by NASA [McBride, 1989]. The reactant mix input parameters to the
CETSUB module are listed in Table 4.2 (C. Chang of LMC aso specified the reactant mix inputs).
The burn duration time input to CETSUB is5.04 seconds.



Table 4.2 Fireball Reactant Mix

Reactant Mix for Fireball Calculation, Burn Duration =5.04 s

Chemical | Inventory | Enthalpy ,
Reactant Name Fuel/Oxidant

Formula (mol) (J/mol) Hewx
Nitrous Oxide N,04 1.34E+06 | -1.96E+04 (@)
Unsymmetrical Dimethyl Hydrazine
(UDMH) C,HsN; 1.10E+06| 4.98E+04 F
Liquid Oxygen 0O, 5.43E+05| -1.30E+04 @)
Liguid Hydrogen H, 1.72E+06| -9.00E+03 F
Monomethyl Hydrazine (MMH) CHeN, 2.45E+04| 5.40E+04 F
Hydrazine NoH,4 4.15E+03| 5.06E+04 F
4.2 Fireball Calculation Results

The SNIL Firebd| code assgns a particle to abin based on itsdiameter. Initidly, dl particlesin each bin
are assgned the geometric mean diameter of the bin, but the particle bin diameters change as
vaporization (particle Sze decreases) and condensation (particle size increases) occur. If the minimum
or maximum particle Size boundaries of abin are crossed, then the massin the bin is moved to a higher
or lower particle bin. The SNL Firebal code aerosol bin assgnment is based on the defined aerosol
and rock boundaries listed in Table 4.1, a geometric congtraint on bin boundaries, and the number of
bins. Table 4.3 ligs the minimum, maximum, and geometric mean diameter of the aerosolsin each bin,
as determined by the SNL Fireball code.

Thefireball cdculation terminates at asmulated time of 33 seconds. Theinitid firebal radiusis
cadculated as 1.36 m, thefireball radius at 33 secondsis caculated as 194 m. Thefind eevation of the
center of thefirebdl is944 m. The cdculation predicts the generation of about 10,8009 of soot within
the firebal and the entrainment of about 15009 of dirt over the smulation time.

The temperature of the auminum structures remains below the dloy meting temperature and thus there
IS no duminum aloy vaporized during the smulation. The SNL Fireball code assumes 7075-T6
aduminum aloy with ameting temperature of 933.2 K. Ouit of the five duminum aloy sructures, only a
sngle structure is predicted to attain temperatures that approach the melting temperature a the

9




termination of the amulation.

Table 4.3 Fireball Aerosol Binsfor this Study

Fireball Aerosol Bin Classification

Bin Min Dia (cm) Max Dia (cm) Geom((l\:/lrﬁin Dia
1 1.00E-06 1.93E-06 1.39E-06
2 1.93E-06 3.73E-06 2.68E-06
3 3.73E-06 7.20E-06 5.18E-06
4 7.20E-06 1.39E-05 1.00E-05
5 1.39E-05 2.68E-05 1.93E-05
6 2.88E-05 5.18E-05 3.73E-05
7 5.18E-05 1.00E-04 7.20E-05
8 1.00E-04 1.93E-04 1.39E-04
9 1.93E-04 3.73E-04 2.68E-04
10 3.73E-04 7.20E-04 5.18E-04
11 7.20E-04 1.39E-03 1.00E-03
12 1.39E-03 2.68E-03 1.93E-03
13 2.68E-03 5.18E-03 3.73E-03
14 5.18E-03 1.00E-02 7.20E-03

Theinitid and find digribution of tota massin the firebal is shown for the 14 particle binsin Figure 4.1
on alinear scale and in Figure 4.2 on alogarithmic scale. Theinitia and findl distribution of PUO, mass
in the firebdl is shown for the 14 particle binsin Figure 4.3 on alinear scde and in Figure4.4 on a
logarithmic scale.

Initidly, the total massin thefirebal conssts of the soot in bins 5 and 6 plus the PUO, masswhichis
digtributed across dl the particle bins by applying the specified Weibull digtribution as discussed in
Section 4.1. The PuO, mass s vaporized out of bins 1 through 6 during the first timestep of 1x10°
seconds, when the firebal temperature is at its peak of ~2850 K. At about 6 secondsinto the
amulation, al the particle bins experience an increase in PUO, by heterogeneous condensation, with the
bulk of the PuO, particle mass at this point favoring bins 14, 13, 5 and 1 (in that order). The addition of
more soot particles, the entrainment of dirt particles, and agglomeration of smaler PuO, particles with
soot and dirt then adds many particlesinto bins5 and 6. At the end of the smulation (33 seconds), the
bulk of the total mass (mosily soot and dirt) is concentrated in bins 5 and 6 (~100%). (Recdll that a
the end of the smulation, more than 12,0009 of the massin the firebal is attributable to soot and dirt,
whereas only 10g of massis attributable to PuO,.) At the end of the smulation, the bulk of the
PuO,mass (61%) is concentrated in bins 13 and 14. Most of the remainder of the PUO, mass (32%)

10



resdesin bin 5 where heterogeneous condensation and agglomeration with other particles has occurred.
Figure 4.5 providestheinitia and find average densty of the particlesin the bins. Figure 4.5 illudrates
that the bins that contain mostly non-PuO, particles are bins 5 and 6 initidly, and bins 5 through 8 at
amulation end. Essentidly al the partidesin the remaining bins are PUO, particles (density of 9.8
glont).

11
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Figure 4.1 Initial/Final Distribution of Total Fireball Mass (linear scale)
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5.0 PUFF Code Module Analysis

The PUFF code module is an integra plume rise code for high explosive detonations. The governing
equations in PUFF are obtained by integrating the three-dimensond partid differentid conservation
equations for mass momentum and energy across the cloud cross-section. Theintegral equations are
samplified to a set of coupled ordinary differential equations based on the cloud centerline varigbles, by
neglecting some of the interna details of the plume and modding only the macrascopic characteristics of
the plume. The smulated cloud is composed of an equilibrium mixture of dry air, water vapor and liquid
water; particulate materid and gases are neglected since they condtitute a very smdl fraction of the
therma mass. The physica and thermodynamic properties of the gaseous cloud are moddled as
functions of time, while accounting for dengity dratification in the ambient atmaosphere and wind cross
flow.

5.1 PUFF Input Parameters and Assumptions

The input required for PUFF includes the energy in the plume available for thermd rise aswell asthe
meteorologica conditions such as: roughness length, ground-level pressure, rdlative humidity, height of
lowest inversion, precipitation rate, and ambient temperature and wind speed profiles. N. Deane of
LMC provided the input data specifications for the PUFF module to SNL. Table 5.1 summarizes some
quantitetive information included in the PUFF input for the seven sengitivity cases. For al sengtivity
cases, the surface roughness length is specified as 5 cm, the precipitation rate is 0.0 mm/hr, and the
release devation isa 0.0 m above ground level. The lofting energiesinclude two discrete energy levels,
5.0x10" Jand 7.1x10° J, which relate to the LMC fireball types T2 and T3, respectively. The
meteorological conditions specified for each sensitivity case are actua data from the Kennedy Space
Center (KSC) ste for specific dates and times. The datafor dl cases are obtained from daysin
October (cases 1, 3-7) and November (case 2), at times of 3am. (cases 4, 6, 7) and 7 am. (cases 1,
2,3, 5). Case 7 actudly utilizes the same meteorology as Case 4, but implements the aternate lofting
energy. The ambient temperature and wind profile datain the input files extend to an eevation of 28000
m above ground leve, dthough for this application, eevations below about 7000 m are of interest.

5.2 PUFF Results

The PUFF module smulates the plume rise until the time that the cloud becomes stabilized (vertica
velocity component islessthan 0). Information that can be obtained from the PUFF module output
includes atime higtory of cloud physica size and location, such as height, radius, horizontal position
(E/W and N/S location), and vertica velocity. The PUFF module provides thermodynamic properties
of the cloud such as density, temperature, mass fraction dry air, and quality. Additional meteorological
summary information can aso be obtained in terms of the mixing depth caculated in PUFF, and
information to obtain the Pasquill ability class.
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Tableb5.1 Selected PUFF Input Data

PUFF Module Input Information

Loftin Wind speed at elev above ground
Case Description of Energ%/ Surface | Relative |Inversion
Meteorology Avail (J) | 0m elev |200 m elev 106(|)ng Temp. (C)| Humidity [Height (m)
1 | Maxplume | oo, 2.2 4.72 8 19.4 0.992 145
rise day
o | Minplume |- -09] 15 6.59 5.26 126 | 0.734 135
rise day
3 | Avaplume | o op 09 7.2 7.98 6.73 21.1 0.585 485
rise day
4 | Maxmixing | - qe 09| 9712 20.9 16.2 22.2 0.903 884
height day
5 | Minmixing | 5,09 0.9 5.85 6.72 23.7 0.931 77
height day
6 Minwind - 1 - g 5.3 7.66 8.09 26.3 0.828 406
shear day
7 | Maxmixing | g 5e 99 | 190 20.9 16.2 22.2 0.903 884
height day

IAll cases: surface roughness lenth = 5 cm, precipitation rate = 0.0 mm/hr, release at 0.0 m elevation

Table 5.2 provides some summary information obtained from the PUFF module output for esch
sengtivity case. The Pasquill gtability classis shown for two methods of determination, the inverse
Monin-Obukhov length (Inv M-O) and the vertica temperature gradient (dT/dz). The PUFF code
module applies Monin-Obukhov surface layer smilarity theory, and thus implements the inverse Monin-
Obukhov length in its calculations (the vertical temperature gradient is provided here as additiond
information to the reader). The stability classesfor cases 1, 3, 4, 6 and 7 are indicated as neutra to
dightly stable; wheress, for cases 2 and 5, the stability classes are indicated as moderatdly stable to
gable. For convective and neutral conditions, PUFF modd s the mixing layer depth as the height of the
lowest inversion, however, in astable boundary layer, buoyancy forces suppress turbulence, reducing
the mixing depth to a height less than that of the ground-based inverson. Thisis demondrated in Table
5.2, wherefor al cases except 2 and 5, the depth of the mixed layer is equa to the lowest inversion
height indicated in Table 5.1, and for cases 2 and 5, the mixed layer depth isless than the lowest
inverson height.
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Table 5.2 Sdlected PUFF Output Data

Selected PUFF Output
Pasquill
o Lofing | Stability |pepthof| PUFF |Purrinif TUFF | PUFF 1 cgyq | Stem
Description of cl . . . final plume column
Case Energy ass Mixed [simulation| plume ) center, )
Meteorology | Ayail () Layer (m)|time (sec) [dia, d; (m)| P'UME | 1€ He |1y | height,
Inv | dT/ dia, d;(m) (m) Hs"(m)
M-O | dz
p | Maxplume fo e il E | E | 145 2040 250 3390 | 6600 | 5810 | 4120
rise day
p | Minplume 12,00 F | G 34 110 60 170 310 270 | 190
rise day
g | Avgplume | oo il b | E | 485 240 250 900 | 1520 | 1340 | 890
rise day
4 | Maxmixing 1o 05 b | E | 884 330 60 340 640 560 | 390
height day
g | Minmixing 1o, 09| F | F 34 480 60 340 780 690 | 520
height day
Min wind
6 71E+09| D | E | 406 420 60 370 850 750 | 570
shear day
7 | Maxmixing 1o 0e 10l b | E | 884 330 250 1030 | 1780 | 1570 | 1060
height day
"H, = .88xH,
PHs = H-dyf2

Table 5.2 contains the smulated plume rise time, and the PUFF plume diameter at both the initid and
find plume amulation time. The PUFF plumerise, H, reported in Table 5.2 is the maximum smulated
height of the cloud centerling; i.e.,, not including the cloud top. A factor of 0.88 is applied to the H;
caculated in the PUFF code module to calculate the vertica devation the cloud center, H, inthe
Cassni FSAR SPARRC firebd| plumemodd. Thevaueof H.isaso reported in Table5.2. An
additiona parameter, Hs, isreported in Table 5.2. Hs isthe plume stem column height asimplemented
in the SPARRC modd (more detail about the SPARRC plume mode is provided in the Cassini FSAR,
Voal. 11, Section 3.5). Hsisprovided in Table 5.2 to define the ssem height in order to determine the
amount of plume massthat is contained in the sem.

Note that for al cases except case 4, the plume rise attains eevations higher than the inverson cap and
mixing layer (the case 4 plumeriseis 640 m and the mixed layer depth is 884 m). The smulation for
case 7, which is the case 4 meteorology with the higher buoyant energy release, shows that amore
energetic release can | oft the plume above the mixing layer for meteorologica conditions that contain the
plume under the mixing layer for aless energetic rlease.
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6.0 MCK CodeModule Analysis

The MCK code module caculates particle dispersion as a stochastic process by applying a discrete
time Lagrangian Monte Carlo method. The stochastic process approach provides a generdized modd
of particle disperson as well as afundamenta trestment of buoyancy effects, droplet evaporation, cam
winds, and time or gpace varigbility in meteorologica conditions. The Monte Carlo Smulation is
implemented by following the trgectories of afew thousand individud particles. The probability density
for particle trgectories satisfies a Fokker-Planck equation derived from the mass conservation eguation
for apassve aerosol. The displacement of each individud particle is derived from a set of stochasgtic
differentid equations.

6.1 MCK Input Parametersand Assumptions

The MCK code module requires the PUFF code module output, as well as the particle Size and mass
digribution within theinitid plume. A tota of 5000 particles were used in each of the MCK smulations
performed for thisstudy. The MCK code provides two options for particle size input: either by
specification of alognormd distribution of Szes or by singular gpplication of independent szes
(polydispersed option vs. monodispersed option). The latter option requires the manipulation of many
files (14 for each sengtivity case); and hence, if possible, it is more desirable to exercise the first option.
On ingpection of the particle digtributions plotted in Figure 4.2, it is seen that not asingle lognormal
curve, but rather three, better represent the data. Thus, the total mass distribution is fitted with three
lognormal distributions, and the MCK code module is executed three times for each sengtivity case.
The MCK output is weighted by the fraction of total mass in each of the three particle bin groups to
produce the total mass digtribution throughout the plume. Table 6.1 lists the particle Size digtribution
inputs to MCK for each bin group. The lognormal distribution is specified in terms of the 1%, 50", and
99" percentiles and the geometric standard deviation. Table 6.1 aso lists the specific gravity for each
bin group (based on the total mass within the group), and the weighting factor that is applied to each bin
group in order to integrate the MCK results. To test the adequacy of the lognorma distribution fits for
one of the sengitivity cases, the monodispersed option was exercised for the 14 bins and the results
weighted by the fraction of the totdl massin each bin. The resultsfor vertica distribution of massin the
plume are dmogt identical for the two input options — the plotted curves are coincident and are therefore
not included here.

In addition to studying the tota mass digtribution in the plume it is aso of interest to investigate the
atmospheric disperson of the PUO, mass separately. The PuO, particle Sze digribution is
gpproximated by smply adjugting the particle size digtributions for the three lognorma distributions for
the total cloud mass. The first and third particle size bin groups are not changed (because they consst
of only PuO, particles), but the specific gravity for the second size category is changed, as well asthe
weighting fractions used in the integration of the results
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Table 6.1 MCK Particle Size Distribution Inputsfor Total Mass Calculation

MCK Input for 3 Bin Specifications - Total Mass Calculation

Particle size bins - lognormal curve fit parameters

. ] i ] ] i Specific Bin_Gro_up

Bin Group 1%-ile 99%-ile median dia | geometric | grayity Weighting
(micrometers) | (micrometers) | (micrometers) std dev Factor

Bins 1-4 2.43E-03 1.12E-02 5.22E-03 3.28E-01 9.6 1.71E-06

||Bins 5-12 3.98E-02 3.99E-01 1.26E-01 4.95E-01 | 1.95 | 0.999983

Bins 13-14 4.34E+01 6.92E+01 5.48E+01 | 1.00E-01 | 9.6 | 153E-05

Table6.2 MCK Particle Size Digtribution Inputsfor PuO, M ass Calculation

MCK Input for 3 Bin Specifications - PuO, Mass Calculation

Particle size bins - lognormal curve fit parameters .
o Bin Group
; . . . . | Specific S
Bin Group 1%-ile 99%-ile median dia | geometric | grayity Weighting
(micrometers) | (micrometers) | (micrometers) std dev Factor
Bins 1-4 2.43E-03 1.12E-02 5.22E-03 3.28E-01 9.6 6.80E-02
Bins 5-12 3.98E-02 3.99E-01 1.26E-01 4.95E-01 | 9.6 0324
Bins 13-14 4.34E+01 6.92E+01 5.48E+01 | 1.00E-01 | 96 | 6.08E-01
6.2 MCK Results

For case 1, the MCK reaults for the vertica distribution of total mass and PUO, mass in the stabilized
plume are plotted in Figures 6.1 and 6.2. These plots show the cumulative fraction of the mass versus
eevation. Smilar plotsfor the remaining cases are provided in Figures 6.2 through 6.14. For most
cases, the verticd digtribution of total massis quite different from the digtribution of PUO, mass (cases 2,
3 and 7 exhibit the most smilarity between the total and PUO, mass distributions). For cases 1, 2, 3
and 5, the bulk of the total plume mass lies above the vertica center of the plume; while for cases 4, 6
and 7, the mass didiribution is more uniformly distributed throughout the entire plume. The PuO, mass
digtributions show that a significant amount of the PUO, massis a ground level (O eevation) for cases 1,
4,5 and 6, indicating less effective lofting of the higher dendity particles. Note that the maximum particle
elevations plotted for the MCK ca culation are not necessarily equa to the values reported for plume
rise height, H: in the PUFF output table, Table 5.2. Differences between the PUFF and MCK
smulation occur as aresult of the nature of the Monte Carlo smulation of individua particle behavior.
However, the values from the two modules are within 5-10%, with the exception of case 4, which
shows about a 20% disparity (recal that case 4 isthe only case in which the mixing layer is not
penetrated by the plume).
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Table 6.3 lists some tabular information extracted from the MCK results for each sengtivity case and

for both particle mass configurations. Included in Table 6.3 are the depth D of the mixed layer, the
elevation H of the highest particle (MCK cloud height), and theratio H/D. For both the totd mass and
the PuO, mass, Table 6.3 provides the fraction of plume mass contained in the plume stem and cap.
The PuO, mass in the sem is presented both with and without the PUuO, mass thet is deposited on the
ground. The fraction of massin the plume stem for each case is determined by applying the stem
column height, H,, listed in Table 5.2, to the mass digtributions as displayed in Figures 6.1 through 6.14.

The amount of massin the cap is then assumed to be the remainder of the mass located above the

gem.
Table 6.3 Selected MCK Output
MCK Module Result Summary
Mixing | MCK rrtacltion of PFr(a)ction of1 Fraction onPuOZ
. Energy | layer | cloud otal mass | Ful, mass mass
Case Description (3)  |depth, Dheight, H H/D
(m) (m) in | in|. On in |
stem | | stem | ©@P ground | stem n cap
1 |Max plume rise day | 5E+11 | 145 6140 | 42.3 | 0.26 [ 0.74 | 0.66 | 0.34 | 0.12 | 0.54 | 0.34
2 | Min plume rise day | 7E+09 34 330 9.7 [0.07]093|032|0.68| 0.00 |0.32]|0.68
3 | Avg plume rise day | 5E+11 | 485 1560 3.2 1020 0.80|0.31|0.69| 0.00 [0.31]0.69
4 | Max mixing ht day | 7E+09 | 884 830 09 (0.70]0.30]|0.86|0.14| 023 |[0.63|0.14
5 Min mixing ht day | 7E+09 34 760 224 1 0.16 | 0.84 | 0.67 [ 0.33 | 0.10 | 0.57 [ 0.33
6 [Min wind shear day | 7TE+09 | 406 890 22 (053|047 ]081)|019| 0.19 | 0.62|0.19
7 | Max mixing ht day | 5SE+11 | 884 1830 21 |1 061]039|0.76| 024 | 0.02 |0.74|0.24

! The stem mass includes the PuO, mass that is on the ground

2

The PuO, mass on the ground is reported separately from the stem mass

In the variability-only andyss for the Cassini Misson FSAR, the fraction of plume mass that was
assumed to be in the plume slem was 0.2; for the uncertainty anaysis, the digtribution of massin the
stem ranged from 0.03 to 0.60. Table 6.3 shows that for total plume mass, the FSAR uncertainty

andysisisin good agreement with the uncertainty didtribution (only case 4 is extremely outsde of the

digtribution). For the PuO, massin the plume, however, when the sem mass includes the PuO, ground

deposit, only two of the sengtivity case results lie within the range of the ditribution (cases 2 and 3).
When the PUO, stem miass does not include the ground deposit, four of the sengtivity case resultslie

within the distribution range (cases 1, 2, 3 and 5), and only case 7 is extremely outside of the

digribution. Theresultsin the table indicate that there may be areationship of the total mass fraction

contained within a certain height to the H/D ratio. H/D ratios closer to unity represent conditionsin
which the buoyant forces in a plume are not strong enough to penetrate the mixing layer (or lowest
inversion layer). On the other hand, the higher H/D ratios represent strongly driven buoyant plumes that

penetrate the inverson layer and become trapped aboveit.
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Figure 6.11 Case 6 - Vertical Digtribution of Total Massin Plume
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Figure 6.12 Case 6 - Vertical Digtribution of PuO, Massin Plume
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Figure 6.13 Case 7 - Vertical Digtribution of Total Massin Plume
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Figure 6.14 Case 7 - Vertical Digtribution of PuO, Massin Plume
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Figure 6.15 illugtrates for the H/D ratios, the amount of total and PuO, massin the plume sem (the
PuO, massis provided both with and without the ground deposited PuO, mass). Typicdly for the
lowest H/D ratios, thereis more mass in the lower regions of the cloud. The stem mass then decreases
until the H/D ratios attain values of about 5. Above the H/D ratios of about 5, the slem mass then
beginsto dowly increase again as H/D increases. For the data presented here, it gppearsthat for the
total plume mass, the moderate to high H/D ratios (>3) agree with the classica stem and cap modd (i.e.
less mass in the lower regions of the cloud). For the PUO, plume mass, the moderate H/D ratios (~3-
10) agree with the classical modd; wheress, for higher values of H/D, the higher density PuO, particles
tend to be located in the lower portions of the plume. In summary, for very low H/D ratios (~1-2), the
bulk of plume mass (both total and PuO,) does not penetrate the inversion layer and the mass
digribution isfarly uniform. For moderate H/D ratios (~3-10), the bulk of the plume mass (both total
and PuO,) penetrates the inversion layer and is located in the upper portions of the plume, i.e, inthe
cap. For high H/D ratios (>10), the lighter particles (represented by the tota plume mass) behave like
they do for moderate H/D ratios, exhibiting most of the plume mass in the plume cap. However, for the
heavier PUO,particles, even though the plume energy is sufficient to loft most of the mass above the
inverson layer, most of the particles are too dense to be contained in the highest devations of the plume,
and the mass digtribution can be gpproximated as uniform. Another point to note is that in some cases
subgtantial amounts of the heavy PUO, particles are predicted to deposit on the ground (exhibited for
caes 1, 4, 5and 6 - typicaly the low and high range H/D vaues).
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Figure 6.15 H/D Influence on Amount of Plume Massin Stem
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7.0 Conclusions and Recommendations

The results of this study suggest two basic models of the mass distribution in the cap and sem in alofted
plume. Thefirg isthe cdlassicd mode of acgp and sem, for which the percentage of the plume mass
contained in the cap and stem is about 80% and 20%, respectively. The second isa uniform
digtribution of the mass throughout the plume.  Because of particle dengity differences, the mass
disgtribution mode s indicated for the total plume mass configuration are different from the PUO, particle
mass configuration (for this study, less than 0.1% of the plume massis PuQO,).

For the totd fireball plume massin this study, the classcal mode of a cap and stem isindicated for
cases 1, 2, 3, and 5, where the fraction of massin the stem is between about 0.05 to 0.3. Cases 2 and
5 are low energy scenarios (7.1x10° J) in which the mixing layer depths are a 34 m and the Pasqilll
classfication is moderately stable. Cases 1 and 3 are high energy scenarios (4.98x10™ J) with mixing
layer depths at 145 m and 485 m with dightly stable and neutrd stability classes, respectively. A
measure of the mixing layer penetration by the plumeisindicated by theratio H/D, where H isthe cloud
height, and D isthe mixing layer depth. Cases 2 and 3 exhibit a moderate H/D ratio (between 3-10),
wheress, cases 1 and 5 exhibit ahigh H/D ratio (>10). In cases 4, 6 and 7, the mixing layer is high
relative to the energy of the cloud, resulting in the fairly uniform distribution of the totd plume mass
across the height of the plume. Case 4 and 6 are low energy scenarios with mixing layer depths of 834
m and 406 m respectively, whereas case 7 is a high energy scenario with amixing layer depth of 884 m.
These three cases dl have aneutrd to dightly stable Pasquill classification, and perhaps of more
sgnificance, these cases have smulated plume heights that are greater than the mixing depth layer by
less than afactor of threg, i.e., they exhibit alow H/D ratio (< 3).

The classical modd for the PuO, mass digtribution in the fireball plumeisaso indicated for cases 2 and
3, where the fraction of massin the slem is about 0.3. However, the PUO, massin the remaining cases
(1, 4,5, 6 and 7) ismore uniformly distributed throughout the cloud. Also, incases 1, 4, 5 and 6,
subgtantial amounts of the heavy PuO, particles are predicted to deposit on the ground. Hence, this
study indicates that for heavier particles, the classical cap and stem modd is approximated only when
the H/D ratio is moderate; that is, when the plume height exceeds the mixing layer by more than afactor
of two but is il within an order of magnitude. The gpproximation does not hold when either the plume
energy isinsufficient to loft the plume to aheight a least twice that of the mixing layer or the plume
energy is subgtantia enough to loft the plume to a height exceeding that of the mixing layer by more than
an order of magnitude. The results for the PUO, mass digtribution for dl casesindicate that the
consderation of particle Sze and dengity digtribution is very important to the determination of the cap
and sem modd quantification.

In the Cassini FSAR radiologica consequence andysis as implemented in the SPARRC module, the
explosvely lofted plume is assumed to consist of astem and cap portion, with the sem column height
caculated as described in Section 5.2 of thisreport. For the SPARRC module, the consequence
andyst specifies the fraction of the airborne massthat is contained in the stem, and the balance of the
mass is then assumed to bein the cap. In the variability-only andysis that was performed for the Cassini
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Misson FSAR, the fraction of plume mass that was assumed to be in the plume stem was 0.2; for the
uncertainty analys's, the distribution of mass in the ssem ranged from 0.03 to 0.60. As noted in Section
6.2 of thisreport, for tota plume mass, the FSAR uncertainty andyssisin good agreement with the
range of vaues from this study for tota plume mass. However, for the consequence andysis, it isthe
PUO,; massin the plumethat is of interest ance it is materid in the plume that provides dose.

Table 7.1 provides the didtribution of vaues used asinput in the Cassini FSAR for the fraction of PuUO,
meass in the plume that is contained in the stlem. Also provided in Table 7.1 are suggested updated
digributions formulated in light of the information obtained from this sudy. The suggested updated
digtributions are provided in terms of two specifications.

1. without a dependence on the H/D ratio, and

2. for threeranges of H/D ratios (H/D < 3, between 3-10, or > 10)
The second option is preferred if the H/D information is avalable and the implementation of the
digtributions for the three rangesis possible. If the second option isimplemented and if it is possible to
specify that some of the stem plume mass be deposited on the ground, then afurther adjustment of data
is suggested for the first and third H/D ranges. For example, suppose aground deposit fractionis
chosen to be 0.1, then the digtribution for H/D < 3 would range from 0.1 to 0.8 and the ditribution for
H/D > 10 would range from 0.05 to 0.65.

Table 7.1 Digributionsfor the Fraction of PuO, Mass Contained in the Stem

Fraction of PuO, Mass in Stem
Percentiles |cassini FSAR Suggested Updated Distributions
distribution | NoH/D HD<3 |3<HID<10| HID>10
dependency
Oth 0.03 0.05 0.2 0.05 0.15
5th 0.1 0.2 0.3 0.1 0.3
50th 0.2 0.6 0.7 0.2 0.4
95th 0.5 0.8 0.8 0.3 0.6
100th 0.6 0.9 0.9 0.5 0.75

In summary, this sudy indicates that congderation of the dengty of particlesin alofted plumeis
important in determining the digtribution of mass within the plume. Compared to plumes with lighter
particles, plumeswith particles of higher dengty are predicted to accumulate more massin lower
eevations of the plume (a significant amount of the higher dendity particles may even be deposited on
the ground). This study aso indicates that the energy of the release relative to the mixing layer depth
impeacts the vertica mass digtribution in alofted plume. When the energy is sufficient to both penetrate
theinverdgon layer and il loft the plume to devations that are between about three and ten timesthe
mixing layer depth, then the classical cap and stem gpproximation is deemed to be adequate. If the
energy ismore or less than sufficient, then it is better to assume a more uniform vertica distribution of
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the massin the plume.

While this sudy islimited in its scope, it has provided some important insghts for particle behavior
within lofted plumes. It has aso raised some questions that can be related to possible future work in this
area. Some proposed future work includes:

1. Incluson of more wegther days and timesto provide alarger sample of weather, mixing
layer height and plume lofting energy combinations. While the variation in these parameters
across the cases in this study was not ingignificant, the potentia parameter space to be
covered isvery large. More gatistica andyss could be performed if there were alarger
number of casesincluded; for example, the validity of the H/D ratio correlaion postulated in
this study could be investigated.

2. Incluson of variation of other parameters, such asin thefirebal source term analyss.

3. Invedtigation of the sengtivity of the mass distribution to particle sze.

4. Further investigation of the sengtivity of the mass digribution to particle dengty.



This page intentiondly left blank.



[Boughton, 1992]

[Chang, 1996]
[Deane, 1996]
[Dobranich, 1997]

[LMC, 1996]

[McBride, 1989]

8.0 References

Boughton, B. A. and J. M. DelLaurentis, “Description and Validation of ERAD: An
Atmospheric Dispersion Model for High Explosive Detonations,” SAND92-2069,
Sandia National Laboratories, Albuquerque, NM, October 1992.

Chang, C. (LMC), private communication (memo fax to J. Gregory, SNL),
September 4, 1996.

Deane, N. (LMC), private communication (e-mail to J. Gregory, SNL), September
11, 1996.

Dobranich, et al., “The Fireball Integrated Code Package,” SAND97-1585, Sandia
National Laboratories, Albuquerque, NM, July 1997.

“GPHS-RTGs in Support of the Cassini Mission, Find Safety Analysis Report
(FSAR),” CDRL C.3, Contract No. DE-AC03-91SF18852, Lockheed Martin
Missiles & Space, Philadelphia, PA, December 1996.

McBride, B., “CET89 — Chemical Equilibrium with Transport Properties, 1989,”
COSMIC Program # LEW-15113, Lewis Research Center, Cleveland, OH, 1989.

46



Externd Digtribution

5

Nelson Dean

Lockheed Martin Missiles & Space
2770 De LaCruz Blvd.

Santa Cruz, CA 95050

Chuong Ha

Lockheed Martin Missiles & Space
2770 De LaCruz Blvd.

Santa Cruz, CA 95050

Larry DeHllipo

Lockheed Martin Missiles & Space
Room U8620, Building 100

P.O. Box 8555

Philadelphia, PA 19101

Frank Kampas

Lockheed Martin Missiles & Space
Room U8620, Building 100

P.O. Box 8555

Philadelphia, PA 19101

Jack Chan

Lockheed Martin Missles & Space
Room U8620, Building 100

P.O. Box 8555

Philadelphia, PA 19101

Hank Firstenberg

Tetra Tech NUS

Suite 400

910 Clopper Rd.
Gaithersburg, MD 20878

Bart Bartrum

TetraTech NUS

Suite 400

910 Clopper Rd.
Gaithersburg, MD 20878

Distribution

47

Eal Wahlquig

U.S. Department of Energy
Germantown Building, NE-50
19901 Germantown Road
Germantown, MD 20874

Rich Furlong

U.S. Department of Energy
Germantown Building, NE-50
19901 Germantown Road
Germantown, MD 20874

Art Mehner

U.S. Department of Energy
Germantown Building, NE-50
19901 Germantown Road
Germantown, MD 20874

Don Owings

U.S. Department of Energy
Germantown Building, NE-50
19901 Germantown Road
Germantown, MD 20874

Lyle Rutger

U.S. Department of Energy
Germantown Building, NE-50
19901 Germantown Road
Germantown, MD 20874

Jack Whedler

U.S. Department of Energy
Germantown Building, NE-50
19901 Germantown Road
Germantown, MD 20874

F. Eric Hakin



ERI Consulting
901 Brazos Place SE
Albuquerque, NM 87123

11100 Johns Hopkins Rd.
Laurel, MD 20723-6099

Orbital Sciences Corp.
Attn: Cassni Project Office

1 Miched Frank 2031 Century Blvd.
Safety Factor Associates Germantown, MD 20874-1110
4401 Manchester Ave., Suite 106
Encinitas, CA 92024 Dr. Louis Goossens

Deft Universty of Technology

1 Capt. Ed Jakes, USAF TBM/VK
HQ AFSC/SEWE P.O. Box 5050
9700 Avenue G NL-2600 GB Ddlft
Bldg. 2499, Suite 120 The Netherlands
Kirtland AFB, NM 87117-5670

Berndt Kraan

1 Gareth Parry Ddft Universty of Technology
U.S. Nuclear Regulatory Commission Mekelweg 4
NRR/DSSA Room 5.050
11555 Rockville Pike, MS O-10A1 2627 CA Ddft
Rockville, MD 20852-2738 The Netherlands

1 Nathan Su
Probabilistic Risk Andysis Branch
MS 10E50
U.S. Nuclear Regulatory Commission
Washington, DC 20555-0001

1 YdeChang, 1E-260
The Johns Hopkins University
Applied Physics Laboratory

Sandia Digribution

1 MS0405 12333 Todd Jones

1 MS0428 12300 David Carlson

1 MS0428 12301 William McCulloch

1 MS0449 6514 Dondd Galup

1 MS0492 12332 Kevin Maoney

1 MSO0736 6400 Thomas Blgwas

1 MSO0742 6401 John Guth

1 MS0744 6420 Dennis. Berry

48



PRRPRRPRRPRRRRORPR

=

0

PR R PR R R

H

0

PR R R PR

RPN R

MS 0747
MS 0747
MS 0747
MS 0747
MS 0747
MS 0747
MS 0747
MS 0748
MS 0748
MS 0748
MS 0748
MS 0767
MS 0767
MS 0828
MS 0828
MS 0829
MS 0830
MS 0836
MS 0977
MS 0977
MS 1136
MS 1137
MS 1176
MS 1176
MS 1176

MS 0918
MS 0899
MS 0612

6410
6410
6410
6410
6410
6410
6410
6413
6413
6413
6413
5817
5817
9133
9133
12323
12335
9117
6524
6524
6424
6534
15312
15312
15312

8945-1
9616
9612

Allen Camp
Roger Cox

Vince Dandini
FdidaDuran

Jeff LaChance
Teresa Sype
Gregory Wyss
David Robinson
Bob Waters

Tim Wheder
Donnie Whitehead
Frederick Harper
Bruce Boughton
Martin Rilch
William Oberkampf
Floyd Spencer
Kathleen V. Diegert
Dean Dobranich
Julie Gregory

Bill Richard

Paul Pickard
Sharon Ddand
Dennis Anderson
Robert Cranwdll
Laura Swiler

Central Technicd Files

Technicd Library

Review and Approva Desk
for DOE/OSTI

49



	Abstract
	Acknowledgments
	Table of Contents
	List of Figures
	List of Tables
	1.0 Executive Summary
	2.0 Method of Calculation
	3.0 Particle Mass Configuration and Sensitivity Case Definition
	4.0 SNL Fireball Code Analysis
	4.1 SNL Fireball Code Input Parameters and Assumptions
	4.2 Fireball Calculation Results

	5.0 PUFF Code Module Analysis
	5.1 PUFF Input Parameters and Assumptions
	5.2 PUFF Results

	6.0 MCK Code Module Analysis
	6.1 MCK Input Parameters and Assumptions
	6.2 MCK Results

	7.0 Conclusions and Recommendations
	8.0 References
	Distribution



