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FOREWORD

1. This Department of Energy (DOE) Handbook is approved for use by the DOE and its
contractors as an information source.

2. Beneficial comments (recommendations, additions, deletions) and any pertinent data that
may be of use in improving this document should be addressed to: Director, Office of
Engineering, Operations, Security and Transition Support (DP-31, GTN), U.S. Department of
Energy, Washington, D.C., 20585.

3. The issue of airborne releases of radioactive material from nonreactor nuclear facilities
has been a subject of investigation almost fourdecades, during which time a large

number of individuals have contributed to the current knowledge base. Beginning in the
1960’s, a number of experiments were conducted in the United States and other countries to
develop actual data on release potentials. In the late 1970s, the United States Nuclear
Regulatory Commission (NRC) sponsored a research program to develop improved methods
for realistically evaluating theonsequences of major accidents in nuclear fuel cycle

facilities. This program culminated in the development of NUREG-1320 (5/88), "Nuclear
Fuel Cycle Facility Accident Analysis Handbook."

The U.S. DOE began placing an increasatphasis on environmental, health, and safety

issues in the mid- to late-1980s. In response to these efforts, the DOE Office of Defense
Programs (DP) sponsored the Defense Programs Safety Survey (11/93). One of the
objectives of this study was to build upon previous work to "develop consistent data and
methodologies for makingonservative estimates of basic consequence derivation parameters."
As part of this effort, experimental data for airborne release fractions and respirable fractions
were summarized and evaluated to estimate reasonably bounding fealpbgsical stresses
associated with the experiments. The unique and valuable nature of that compilation has been
judged to merit further development as a handbook that can be directly used by technical
analysts.

4. This handbook contains (1) a systematic compilation of airborne release and respirable
fraction experimental data for nonreactor nuclear facilities, (2) assessments of the data, and
(3) values derived from assessing the data that may be used in safety analyses when the data
are applicable. To assist in consistent and effective use of this information, the handbook
provides:

. Identification of a consequence determination methodology in which the
information can be used,
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] Discussion of the applicability of the information and its general technical
limits;
] Identification of specific accident phenomena of interest for which the

information is applicable;

. Examples of use of the consequence determination methodology and airborne
release and respirable fraction information.

It is acknowledged that the data examined in this handbook is limited to that available during

the preparation process. Other data may exist or be developed, and individuals are invited to
submit such material fazonsideratiorfor any future revisions.
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LIST OF ACRONYMS

The terminology used in this handbook is commonly used in DOE management or technical
communities, and is therefore not defined. A number of acronyms are used constantly
throughout this large document, however, and brief definitions are provided for important
acronyms to assist the reader.

AED

AMAD

AMMD

ARF

ARR

CRAC

DOE

DR

FP

Aerodynamic Equivalent Diameter: the diameter of a sphere of density
1 g/cn? that exhibits the same terminal velocity as the particle in question.

Activity Median Aerodynamic Diameter: the diameter of the particle for
which half the activity is associated with particles larger than and half the
activity associated with particles smaller than this size particle.

Aerodynamic Mass Median Diameter: the aerodynamic diameter of the
particle for which half the mass is associated with particles greater than and
half the mass the mass is associated with particles less than the stated size.

Airborne Release Fraction: the coefficient used to estimate the amount of a
radioactive material that can be suspended in air and made available for
airborne transport under a specific set of induced physical stresses. Applicable
to events and situations that are completed during the course of the event.

Airborne Release Rate: the coefficient used to estimate the amount of material
that can be suspended in air and made available for airborne transport under a
specific set of induced physical stresses as a function of time. The rates are
often longer-term averages due to the non-discrete nature of the release.
Applicable to events that are relatively continuous over some time span.

Consequences Radiologiques d'un Accident de Criticite: experimental
criticality study.

U.S. Department of Energy.

Damage Ratio: the fraction of MAR impacted by the actual accident-generated
conditions under evaluation.

Fission Products.
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GSD

HEPA

IHE

LLD

LPF

MAR

MMD

MR

NRC

PC

PMMA
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Geometric Standard Deviation: standard deviation of the logarithms. For any
normal distribution, one standard deviation represents the difference between
the size associated with the cumulative mass of 84.1% and the median (50%
cumulative mass) size (or between the 50% cumulative size and the 15.9%
cumulative size). For lognormal distributions, ratios betwessssare as

follows:

GSD = sigm@ = thyofUsp0, = Ghgod 169, =[Agaod Tiove Y2
High Efficiency Particulate Air.

Insensitive High Explosives: high explosives that are less sensitive to ordinary
initiators such as shock, heat, etc. than conventional high explosives such as
TNT, dynamite.

Least Linear Diameter: the size distributions determined by sieving. The
fractions are categorized by the particles that can pass through the openings of
a sieve and, if not spherical, represent the small dimension of that particle.

LeakPath Factor: the fraction of airborne materials transported from
containment or confinement deposition or filtration mechanism (e.g., fraction

of airborne material in a glovebox leaving the glovebox under static

conditions, fraction of material passing through a HEPA filter.)
Material-at-Risk: the amount of radioactive materials (in grams or curies of
activity for each radionuclide) available to be acted on by a gigsical

stress.

Mass Median Diameter: the geometric diameter of the particle for which half
the mass is associated with particles greater and half the mass associated with
particles less than the stated size.

Mass Ratio: the ratio mass of inert material impacted to mass of TNT
equivalent of an explosion.

U.S. Nuclear Regulatory Commission.
Polychloropene.

Polymethylmethacrylate.
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PS

PSPILL

PULF

RF

SAR

TBP

UNH
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Polystyrene.

Powder Spill computer code: See subsection 4.4.3.1.3.

Pulverization Fragments calculation: See section 4.3.3.

Respirable Fraction: the fraction of airborne radionuclides as particles that can
be transported through air and inhaled into the human respiratory system and
is commonly assumed to include particlesptf-Aerodynamic Equivalent
Diameter (AED) and less.

Safety Analysis Report.

Tri-normal Butyl Phosphate.

Uranyl Nitrate Hexahydrate: The uranium solution form generally associated
with recovered uranium from the PUREX (plutonium uranium extraction, a

liquid-liquid extraction) process for reprocessing spent nuclear fuel or irradiated
product targets.
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1.0 INTRODUCTION

1.1 PURPOSE OF HANDBOOK

The purpose of this document is to provide a compendium and analysis of experimental data
from which airborne release fractions (ARFs) and respirable fractions (RFs) may be derived.
Such values are needed to determine quantities of radioactive material driven dobdinee
purpose of estimating the scope of the potential release spectrum and potential downwind
consequenceBom a given facility or activity. The information provided in this handbook

aids in making such estimates. This introduction discusses the following major topics:

. Source term formula - Provides a computational formula for using this
information.

. Applicability of data - Distinguishes proper use of information.

. Accident stresses Identifies the types of accident conditidios which this

information is applicable.

. Handbook organization - Explains presentation of information and use of
examples.

The data in this handbook can be used in a variety of applications, such as safety and
environmental analyses, and to provide information relevant to system and experiment
design. However, these data and the analyses of the data contained herein need to be
critically evaluated for applicability in each situation in which they are used, and represent
only one source of information in a complete safety analysis or design process.

1.2 SOURCE TERM FORMULA

The source term is the amount of radioactive material, in grams or curies, released to the air.
The initial source term is the amount of radioactive material driven airborne at the accident
source. The initial respirable source term, a subset of the initial source term, is the amount
of radioactive material driven airborne at the accident source that is effectively inhalable.
Lesser source terms are determined by applying filtration or deposition factors to the initial
source term.

The airborne pathway is of primary interest for nonreactor nuclear facilities. DOE-STD-

1027-92 quotes observations of the NRC to the effect that "for all materials of greatest
interest for fuel cycle and other radioactive matdrt&nses, the dose from the inhalation
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pathway will dominate the (overall) dose" (NUREG-1140). The airborne source term is
typically estimated by the following five-component linear equation:

Source Term = MAR x DR x ARF x RF x LPF (1-1)
where:
MAR = Material-at-Risk (curies or grams),
DR = Damage Ratio,
ARF = Airborne Release Fractidqor AirborneRelease Rate for
continuous release),
RF = Respirable Fraction, and
LPF = Leakpath Factor.

The initial source term and initial respirable source term are products of the first three factors
and first four factors respectively. A depleted source term after a subsequent stage of
deposition or filtration is a product of the initial source term multiplied by the leakpath factor
of the specific stage.

This handbook assesses ARF and RF values sepdi@tagurces of airborne material
generated from accidents involving gases, liquids, solids, and surface contamination. All of
the above factors may need to be determined for particulate releases. Some of them,
however, will collapse to values of of@ special cases (e.g., gasis releases).

Material-at-Ri& (MAR)

The material-at-risk is the amount of radionuclides (in grams or curies of activieadbr
radionuclide) available to be acted on by a given physical stress. For facilities, processes,
and activities, the MAR is a value representing some maximum quantity of radionuclide
present or reasonably anticipated the process or structure being analyzed. Different

MARs may be assigned for differeatcidents as it is only necessary to define the material in
those discrete physical locations that are exposed to a given stress. For example, a spill may
involve only the contents of a tank in one glovebox. Conversely, a seismic event may

involve all of the material in a building.

DamageRatio (DR)

The damage ratio is the fraction of the MAR actually impacted by the accident-generated
conditions. A degree of interdependence exists between the definitions of MAR and DR. If
it is predetermined that certain types of material would not be affected by a given accident,
some analysts will exclude this material from the MAR.

Page 1-2



DOE-HDBK-3010-94

1.0 Introduction

As an example, assume 600 g from a total of 1000 g of material X are in a form that would
not be affected by an explosion. Of the remaining 400 g, 200 g have a high release fraction
and 200 g have a low release fraction. If the 600 g is included in the MAR, specific DRs
for the MAR of 1000 g are O for the unaffected material, 0.2 for the high release fraction
material, and 0.2 for the low release fraction material. If the 600 g is not included, specific
DRs for the MAR of 400 grams are 0.5 for the high release fraction material and 0.5 for the
low release fraction material. The basic distinction is whether or not DRs of O are officially
designated. Neither convention cited in the example is necessarily correct. What is
important is that one convention is used consistently to avoid an obvious potential for
assigning incorrect DR values.

The DR is estimated based upon engineering analysis of the response of structural materials
and materials-of-construction for containment to the type and level of stress/force generated
by the event. Standard engineering approximations are typically used. These approximations
often include a degree of conservatism due to simplification of phenomena to obtain a useable
model, but the purpose of the approximation is to obtain, to the degree possible, a realistic
understanding of potential effects.

Airborne Releag Fraction(ARF)

The ARF is the coefficient used to estimate the amount of a radioactive material suspended in
air as an aerosol and thus available for transport dughysical stresses from a specific
accident. For discrete events, the ARF is a fraction of the material affected. For
mechanisms that continuously act to suspend radionuclides (e.g., aerodynamic
entrainment/resuspension), a release rate is required to estimate the potential airborne release
from postulated accident conditions. Generally, accident release AfRBs) are based

upon measurements over some extended period to encompass most release &muations
particular mechanism. The rates are average rates for the broad spectrum of situations and,
as such, the most typically meaningful time unit to reflect average conditions is 1 hour.

There is evidence (discussed later in the subsection on the aerodynamic entrainment of
surface contamination) that in some situations (e.g., aerodynamic entrainment of sparse
powder deposits on a heterogeneous surface), the rate of release is not uniform with time.
Even in the situations where the rates are relatively uniform, the source is depleted by the
removal of particles from the surface by aerodynamic forces, and the amount of material
airborne decreases with time unless the source is continuously replenished.

This handbook specifically deals with ARFs ah@Rs, although ARF will connote both

concepts in generic discussioias the sake of simplicity. ThARFs are based primarily
upon experimentally measured valdes the specific material (e.g., plutonium, uranium,
mixed fission products) or surrogates subjected to the particular type of stress under

Page 1-3



DOE-HDBK-3010-94

1.0 Introduction

controlled conditions. Attention is given to the parameters, if known, that may have a
significant influence upon suspension by the specific mechanism and the uncertainty in the
measurement as indicated by the variability of the results. Those applying the data must be
aware of the range of stress represented by the measured ARFs, and seek to define the
accident conditions to determine, in a gross sense, whether or not the stresses induced by the
postulated events are bounded by the experimental parameters as evaluated in this document.

It is important to note that the experiments discussed evaluate release phenomena holistically.
No attempt is made to precisely characterize total airborne material in terms of individual
mechanisms acting within an overall given release. To obtain useful data outside the
immediate physical chaos of the stress-inducing event itself, the experimental apparatus cited
almost uniformly relied upon designs to channel air to some contamination collection
mechanism a short distance from the point of generation. The need to keep this distance
small to avoid introducing new distortion in the form of aerosol deposition effects is one of
the reasonsgor the relatively small scale of many experiments.

In keeping with this experimental design, the interpretation of experimental data does not
consider material momentarily airborfrem substrate mass ejection due to physical stresses
acting on the substrate mass as an aerosol suspended in air. For example, in fire and boiling
experiments, fuel mass and volumes of solution were observed to splatter or launch from the
experimental substrate and land on surfaces in the local vicinity. The radioactive
contamination carried with this material that deposits and is measured on the adjacent
surfaces is not an aerosol suspended in air, and does not travel on air currents. It represents
a source of highly localized migration that is not amenable to meaningful prediction and is

not relevant to the issue of how much material might be expected to escape the immediate
area and disperse in air.

Regirable Fraction(RF)

The RF is the fraction of airborne radionuclides as particles that can be transported through
air and inhaled into the human respiratory system and is commonly assumed to include
particles 10am Aerodynamic Equivalent Diameter (AED) and less. Other definitions of
"respirable particles" have been presented by various groups at different times. The British
Medical Research Council adopted a definition in 1952 classifying particles with a terminal
velocity equal to that of a fpm diameter as "respirable dust." The U. S. Atomic Energy
Commission defined "respirable dust" as insoluble particles that are part of inhaled dust
which penetrate to the non-ciliated portions of the gas exchange region, and with a 50%
respirable cut-size of 3fsm AED. The American Conference of Governmental Industrial
Hygienists has adopted a definition that is almost identical, differing only in time 2

fraction allowed. The U. S. Environmental Protection Agency defines "inhalable dust"
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(particles penetrating the upper respiratory airway and entering the thorax) with a 50% cut-
off at 154m AED. The International Standards Organization - Europe defines "inhalable
dust" as particles entering the nasal or oral passages Widkoacut-size of 1Qun AED.
Accordingly, use of a 1fum AED cut-size for respirable particlesaensidered

conservative, and may even be overly conservative since the mass is a cube function of
particle diameter.

The size of a patrticle is a function of the measurement technique used. If the method used is
optical/electron microscopy or spectrometry, particle size is a projected diameter measured

by the plane that intercepts the light/electron beam or reflection from light scattered by the
particle. The size represents the two-dimensional area intercepting the beam and, as with all
projections of three dimensions into two, can result in considerable distortion. Projected
diameter approximates the Geometric Diametg}.(ID, is also approximated by sieving

where the size measurement is termed geometric/linear/least linear diameter. The
measurement represents the smallest dimension of the particle that will pass through the
openings in the sieve.

Liquid and air sedimentation techniques of inertial impaction by a cascade impactor measure
the settling velocity of a particle and report size as an aerodynamic characteristic. Size is
reported as an equivalent sphere with an equivalent settling velocity, or Stoke Diameter
(Dsw)- The Aerodynamic Diameter (B)) specifically refers to an equivalent sphere with a
density of 1 g/cth D, is the parameter of interest for defining respirable particles

(i.e., < 104m AED) as it normalizes materials of differing density. Other size units

include Ferret's diameter (the relationship between the maximum and minimum diameters) or
Sauter's mean diameter (the surface to volume ratio most representative of the distribution of
a group of liquid drops), but these are of little fmethe purposes of this document.

D, is related to [, by the equation:

Daep = (Dg[pp]OB[Cc,JCc,JOB)/G (1-2)
where:

P, = Particle density (g/cih

Cc.e = Cunningham slip factor corresponding to the volume equivalent
diameter,

Cc.. = Cunningham slip factor corresponding to the aerodynamic equivalent
diameter, and

a = Aerodynamic shape factor.

The Cunningham slip factor is related to the potential for particle impact with the mean free
path of air molecules. Above the sub-micron size range, all particles impact with air
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molecules, and the ratio of Cunningham factors can be ignored. The aerodynamic shape
factor is not typically known and is assumed to be 1. Therefqgg, lDay be estimated

from D, by simply multiplying 3 by the square root of the particle density. More
discussion of this subject can be found in available references (e.g., Fry, T.M., 1980).

Although the principal emphasis in this document is directed toward the potential downwind
hazard to the populations at some distance from the point of source term generation, airborne
particles larger than 1@m AED released from the facility maonstitute an onsite hazard

(direct radiation) and may (if the larger particles are agglomerates that deagglomerate with
time or can be subdivided by local conditions) be subject to re-dispersal. If direct shine can
be a significant contributor to doses (e.g., fission product release from a criticality

excursion), the respirable factor should not be accounted for in evaluating that pathway
contributor.

This handbook specifically addresses RFs. RFs for particles made airborne under accident-
induced stresses are dependent upon a variety of factors, such as the bulk(idensiow

well the powder at rest compacts), the presence of moisture, how effectively the type and
level of stress deagglomerates the powder or subdivides the solid/liquid, the efficiency with
which the stress suspends the powder/fragments of solid over varying size ranges, and the
degree of immediate proximity of surfaces on which airborne particles may impact/settle.
Data to evaluate these factors individudtly all cases are not found in the literature.
Measured RF data from the experimental studies are applied where available.

Measured experimental data for RFs are much more limited but are from the same general
sources used for theRFs. To keep RFs at a reasonable bounding rather than an
ultraconservative level, the RF associated with the measured bounding ARF is generally
selected rather than the highest RF value measured. The highest RF values are often
associated with the smallest ARFs, and when used in conjunction with the bounding ARF,
result in ultraconservative estimates of the respirable fraction released. When no measured
RF is associated with the maximum measured ARF, but other measured RFs are available for
the experimental set, the greatest RFs are generally used. In some cases where significant
uncertainty may exist, RFs are arbitrarily set to a valuk.@ffor conservatism.

LeakpathFactor(LPF)

The LPF is the fraction of the radionuclides in the aerosol transported through some
confinement deposition of filtration mechanism. There can be many ldPlE®me accident
conditions (e.g., the fraction transported from the package, such as a shipping container, to
the cell or enclosure; the fraction leaked from the enclosure, cell, or glovebox to the
operating area around the enclosure or room; the fraction leaked from the room to the
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building-atmosphere interface). Where multiple leakpaths are involved, their cumulative

effect is often expressed as one value that is the product of all leakpath multiplesPFrhe

is a calculated or standard value based upon (1) established relationships between size of the
particulate material, airborne transport mechanisms, and losses by deposition mechanisms, or
(2) specified filtration efficiencies.

1.3 APPLICABILITY OF DATA

In most cases, the ARFs and Rbs conditions bounded by the experimental parameters can

be defined to one significant digit. The parameter definition process has focused on
estimating reasonable bounding values because of the limited quantity and variability of the
data. The use of the word "reasonable" is an acknowledgement that the only definitive
bounds are ARFs and RFs b, which can always be postulated if enough synchronous,
extreme localized conditions are assumed. Such extreme synchronicity is neither an expected
condition nor a practically useful model of reality. The NRC has commented on this subject
in a survey of nonreactor nuclear facility release potential and historical experience
(NUREG-1140) as follows:

Operating experience may be more relevanttiese [fuel cycle] licensees

than for nuclear power planbecause of the nature of the accident driving
force. In nuclear power plants the driving force is the enormous amount of
heat in the reactor. The available energy is so large that some unique
occurrences are conceivable, such as molten cores, large-scale metal-water
reactions, and rupturing of the containment by overpressurization. Because
these events have never happened, they can only be studied theoretically. The
dominant driving force foaccidents at nonreactor licensees are common
industrial accidents--fires, chemical explosions, leaks, and the like. A great
deal of industrial accident experience can be drawn upon in analyzing these
potential accidents.

The experiments used as a basis for this document were specifically focusing on general
characterization of suspension phenomena in an industrial environment. A key element in
defining bounding values from the data is understanding the physical entrainment mechanisms
at work, their potential variability, and the inherent limits of such mechanisms. Accordingly,
this document provides detailed discussion of entrainment mechanisms wherever possible.

Median and average values are estimédedsome data. These estimates are made solely for
the purpose of providing perspective on potential conservatism and should not be used as a
basis for an ARF statistical distribution. It is generally not productive to attempt to use the
experimental data cited in this handbook to develop assumed statistical distributions of values
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for probabilistic assessments. The overall collection of data available for a wide variety of
stresses will not support fine statistical resolution as a technically meaningful activity, and
this handbook specifically rejects citation as a defensible basis for such attempts.

The generation and suspension of particles is the result of the interaction of multiple
physiochemical variables that have not been completely characterized as the majority of the
experiments performed were designed in an attempt to reflect reasonably bounding conditions
for specific industrial situations of concern. Accordingly, the data obtained are more
accurately characterized as selected points from multiple distributions against multiple
parameters than as different values from a common distribution. Even if this point is
neglected, there are still practically intractable problems in attempting to generate statistical
distributions. While the data are presumed to be bounding for the purpose intended, it is
largely unknown whether the data values are truly 90th percentile, 99th percentile, 99.9th
percentile, etc. Further, in many cases it is considered likely that accident specific ARFs are
actually distributed in a highly irregular manner (i.e., multi-modal or truncated distributions).
Assuming a typical distribution (i.e., log-normal, Poisson) using standard deviations will
produce seriously distorted values that may have little or nothing to do with reality.

The available data do, however, cover a range of conditions that typify the energy sources
associated with nonreactor nuclear facilities. The data cover a more complete range of
phenomenological concerns than the data upon which nuclear reactor source terms have been
estimated. They are at least the equal of reactor source term data in overall quality, and a
number of the experiments performed were very close to actualfecale type of

operations conducted at nonreactor nuclear facilities. In general, scaling effects, while not to
be trivialized, are less of an issue with this data than with comparable reactor source term
estimation data. The NRC has already accepted a considerable amount of this information as
a basis for source term estimation in NUREG-1320, "Nuclear Fuel Cycle Facility Accident
Analysis Handbook." DOE-HDBK-3010-94 serves a similar functmnDOE.

The valuedor ARFs and RFs takefiom experimentameasurements are reasonably well
defined. It is noted, however, that they are dependent upon the types and levels of stress
imposed, the initial state (physical form, chemical composition, particle size distribution,
degree of dispersion of the material-of-concern), and the response of the material-of-concern
and other materials present. In most cases, the materials dbotke experiments were
selected to bound the behavior of materials under accident conditions for a specific location
or process. The applicability of the experimental conditions to the complete spectrum of
processes and potential accident conditions is, however, uncertain. For this reason, the
discussions of the data have tried to indicate where typical industrial accident phenomena
(e.g., fires, explosions, spills) acensidered covered by the data.
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The estimates of ARFs and RFs applicable to various accident-generated mechanibms
suspension of radioactive materials are based upon experiment&rdspecifictypes and

levels of stresses/force. Care must be used in applying the ARFs/ARRs to ensure that the
values chosen truly reflect the type and level of stress/force posttdatdee event. For
instance, the suspension of powder from a surface (commonly termed resuspension) is not
applicable to situations where the powder is dropped into flowing gas in a dispersed fashion.

Before the ARFs and RFs presented can be properly applied, the conditions imposed and the
response of critical items must be evaluated. The calculational methods to perform the
engineering analysis are not part of the scope of this document. Many standard methods are
applicable (e.g., the rupture pressure of tanks and piping based upon the material of
construction, the thickness, the temperature and pressure). In othefecgsetheblast

energy from the deflagration of flammable gas and oxidant mixtures in the free volume above
the materials), however, standard engineering calculational methods are not available and
interpretation of information and data (e.g., the fraction of the heat of combustion of

reactants that translates into the shock wave) is required.

Once the forces and conditions imposed upon the material for dispersion/fragmentation and
suspension are identified, the applicable ARF and RF can be selected. In most cases, precise
correspondence between the event conditions and experimental conditions during the
measurement of the ARFs and RFs is not fouRdr conservative analysis, the data are
applicable if the measurement conditions exceed those calctoatéte event (e.g., if the

fall distancedor spilled powders or liquids with characteéies like the materials used in the
experiments are equal to or less than the experimental distana@)of [ most cases,
extrapolation beyond the experimental data is valid for a limited range beyond the maximum
(a factor of 2 to 5 dependent on the slope of the experimental data and the range of
conditions covered in the experimental study) imposed in the experimental study. Models are
available for the calculation &fRFs and RFdor some phenomena (e.g., free-fall spill of
powders and liquids - Ballinger et. al., 1988; PULF formula for fragmentation by brittle
fracture - Sandia, 1987). Care should be used in any extrapolation, however, to avoid
producing obviously inappropriate answers. This caution is particularly apt if calculations

are being used to influence facility or process design.

A final emphasis is necessary regarding application of this data. As devéoghd NRC

and DOE, it has never been intended to be used as absolute proof of anything. Special
attention has been given to understanding suspension phenomena, ranges of relevant
parameters covered in experimental studies, artifacts or limitations of the data that may have
been induced by experimental conditions, and possible effects of relevant parameters that
may not have been controlled or monitored. As noted, this has resulted in development of
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bounding ARFs and RFs. The purpose of developing these valugd masbetter

understand the potential bounding hazards presented by nonreactor nuclear facilities, and

(2) to provide information to support general basedeaaisionmaking. The first purpose has
been fulfilled by use of this information in the Defense Programs Safety Survey Report
(Pinkston, et al., 1993). This use has supported previous NRC estimates that the bounding
consequence potentifdr nonreactor nuclear facilities is significantly less than commercial
nuclear power plants, or large commercial chemical plants as well. In domino fashion, this
conclusion has reemphasized the use of the term "general bases" in the second purpose. The
information in this handbook can be used to indicate relative significance of unmitigated
releases and to verify the effectiveness of mitigative measures, such as HEPA filtration. It is
a misuse of information in this handbook to focus on ARF "pencil-sharpening” at the expense
of objective, performance based evaluation, particularly to attempt subtle judgements of
conseqguence potential to support fine distinctions such as testing HEPA filters to only 90%
efficiency, or to claim that meeting a dose guideline alone using this data constitutes a
complete safety basis.

1.4 ACCIDENT STRESSES

In developing this handbook, literature and historical experience on the major types of
accidents in nonreactor nuclear facilities were reviewed. The evaluation of experimental data
was then focused on identifying applicability for th@seidents. High-energy insertion-type
events that are of concefor nuclear reactors are not covered by this document, nor are
some accident conditions peculiar to high-level waste tanks (e.g., response of salt or moist
salts to accident-generated conditions). Some responses of materials found in high-level
waste vitrification plants to accident stresses are directly covered (e.g., brittle fracture of
glasses due to crush-impact, free-fall spill of liquids and slurries), but déhgrs behavior

of molten salts and glass) are not. In some cases, attempts can be made to bound such
materials by using data for more limiting materials. As with extrapolation, care should be
used in any such attempt.

The main types of accidents of common concern in nonreactor nuclear facilities are:

. Spill: Material experiences instability/shear stress at the surface of the mass
resulting in sub-division of the overall mass. Airflow patterns around and
through the material mass, including induced turbulence, accelerate overall
sub-division. Mass breakup is further enhanced by impact with ground
surface. The material sub-division can generate particles sufficiently small that
they remain airborne for a significant period of time.
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Fire: Generates heat and combustion gases that may destroy/stress the
radioactive material and/or the substrate upon which radioactive materials may
be deposited, compromise barriers, and/or pressurize containers/enclosure that
may lead to the airborne release of contained radioactive materials. Mass flux
of vapors from the reacting surfaces suspend material in air. This material is
then entrained in general convective currents that provide transport for
particulate materials.

Explosion: Generates shock and blast effects with potefdrabas flow
subsequent to the explosive event that may subdivide/deagglomerate and
entrain material. Explosive reactions may result from chemical (e.g.,
oxidations involving branch-chain products, oxidations of gas-oxidant
mixtures) or physical (overpressurization to failure of tanks or vessel, vapor
explosions) reactions. Shock waves are supersonic pressure waves (pulses)
that can transmit an impulse to materials and the surrounding structures
resulting in shattering of solid items. Shock waves are a true wave
phenomenon and involve little gross motion of propagating medium. The
potential for damage from shoegkaves has been extensively characterized.

Blast effects are typically subsonic and involve material entrained in the gas
flow. Blast effects are often more damaging. Blast effects are not subject to
the same reflection/amplification phenomena as shock waves because they have
significant momentum and inertia. The gas expanding from the explosion zone
carries material from the explosion site. If the explosion is adjacent to the
MARSs, then blast effects can cause damage above and beyond the initial
impulse loading. Some explosive reactions may be followed by chemical
reactions, material vaporization, or fires that lead to substantial gas flows
following the explosive event. These gas flows may also entrain material.
Deflagrations do not involve shock, but can simulate blast effects. Under
proper conditions (e.g., confinement, structural features that enhance
turbulence), deflagrations can transition to detonations and produce shock
waves.

Criticality : Major hazard is unshielded radiation produced. Generates fission
products that may become airborne as well. Fission product gases are released
from liquid criticalities and from solid criticalities to the extent the underlying
critical mass is degraded. Solid fission products typically have small release
fractions determined by the degree of physical stress placed on the critical
mass itself. At large fission yields, solid critical masses may experience some
degree of melting or oxidation.
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. Earthquake: Typically bounds other natural phenomena. Generates severe
lateral and vertical stresses upon the structure and equipment that may result in
confinement failure, breach, or collapse. The response of the materials-of-
construction may dislodge materials-of-concern by vibration, impact of debris,
and fragmentation. Seismic forces may cause material spills but do not
generate gas flow to transport particulate materials, although flows are
generated by falling debris or any fires/explosion caused by the seismic event.

The information presented in this document is directed toward evaluation of the radiological
consequences of these events and the suspension phenomena that they generate. Unless
otherwise noted, the release from material affected by multiple phenomena can be calculated
individually and summed to obtain the overall release.

1.5 HANDBOOK ORGANIZATION

The evaluation of data is given by the physical form of the material affected (e.g., gas,
liquid, solid, surface contamination) and suspension stréeses spill, thermal stress, shock
wave, and blast stress) in chapters 2 through 5. Because of its unique nature, criticality is
treated as a phenomenon for all materials in chapter 6. Examples of application of the
release fraction recommendations are given in chapter 7.

Each chapter begins with a summary of the results of data analyses, which are followed by
discussions of specific data analyses in the remainder of the chapter. Bounding values for
parameters and, in some cases, median values derived from the data analyses are presented
in these summaries. As previously noted, where median values are presented, fbey are

the purpose of providing perspective on the potential conservatism of the bounding values as
the available data do not generally support the derivation of data distributions. When using
these data, care must be taken to assure the experimental data are applicable to the situation
being analyzed. A summary table of the individual chapter summaries has not been provided
in this chapter due to the sheer amount and variety of information in this document. A
summary table is not considered an efficient vehisiecommunication in a document of this
nature as it would be either too large and unwieldy to satisfy the purpose of a table or too
superficial to adequately represent the document.

Data tables in the body of individual chapters are summations from raw data, which is
typically provided in Appendix A. Original graphs are presented both in the chapters and in
Appendix A, while figures of experimental apparatus, where available, are presented
exclusively in Appendix A. Metric units are used in most instances, but some old documents
and figures cited are in English units. It is noted that many of the source reports used are
difficult to obtain, and copies available are old and fading. This significantly reduces the
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legibility of reproductions. Accordingly, the notation "reproduced from" indicates where
raw data and figures from original source reports have been retyped or traced to enhance
legibility.

Chapter 7 is designed to assist users of this document. It contains examples of application of
the information foraccidents that have occurred or are considered physically credible at DOE
nonreactor nuclear facilities. These examples are based on example facilities detailed in
Appendix B. Simple analyses of a defined facility were considered to be particularly helpful

in demonstrating the use of ARFs and RFs in relation to the overall analysis process. This
example also underscores previous cautions by indicating how excessive reliance on
mathematical models using this data can lead to overlooking obviously inappropriate design
or operational practices.
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2.1 NONCONDENSIBLE GASES
2.1.1 Summary of Analysis of Data

. Loss of Physical Containment. For noncondensible gases, the recommended
ARF is 1.0. All materials in the gasus state can be transported and inhaled;
therefore, a value for RF of 1.0 is assumed for the purposthesd# analyses.

2.1.2 Discussion

In DOE nonreactor nuclear facilities, radionuclides in the form of noncondensible gases are
only found under a few circumstances: as stored tritium, encased in a stored spent fuel
matrix, generated by physical or chemical reaction, and generated by inadvertent nuclear
criticalities (see Chapter 6). The radiological impact on the human\@ms greatly

between radionuclides. The noble gases (krypton, xenon) primarily expose the individual to
an immersion dose during the passage of the cloud of gases. Their impact, in terms of total
effective dose equivalent (TEDE), is from 5 to 10 orders of magnitude less than for the same
level of activity of**°Pu or other actinides as particles in the respirable size fraction.
However, the noble gas dose will be prompt as opposed to the fifty-year cumulative dose
associated with alpha-emitting actinides. Accordingly, such gases may represent a greater
threat for acute health effects than the higher specific activity alpha-emitting actinides.

The most significant gaseous radionuclide handled outside of cladding matrices is tritium.
Tritium is a special case where factors in addition to ARFs and RFs are especially
significant. These other factors are the form of the tritium (i.e., elemental tritium or tritium
oxidized to a molecular form), which significantly affects the potential dose from exposure,
and the exposure modes, which include transpiration. These other factors relevant to tritium
are not addressed in this document.
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2.2 VAPORS (CONDENSIBLE GASES)
2.2.1 Summary of Analysis of Data

J For generation of vapors plus release from physical containment, the
recommended ARF is 1.0. All materials in theeyass state can be
transported and inhaled; therefore, an RF of 1.0 is assumed for the purposes
of these analyses.

2.2.2 Discussion

Vapors (materials in gaseotm@m due to local conditions) may result from two phenomena:
chemical reaction and heating. Some vapors result from chemical reactions that generate a
volatile compound (e.g., halogens in an oxidizing, acidic environment). Other vapors can be
generated when the local temperature exceeds the boiling point of the element or compound
(e.g., evaporation of water). Under most conditions, the ARF (the fraction of vapor formed
initially airborne) assumed for vapors is 1.0. If the local conditions are not adequate for
guantitative vaporization of all the material (e.g., inadequate chemical reactants, inadequate
temperature), the ARF is the fraction of the material converted to vapor Retease of

vapors generated during inadvertent nuclear criticalities is covered in Chapter 6.

Loss for chemically reactive materials is difficult to quantify due to the uncertainty of the
materials encountered along the pathway, the kinetics of these reactions, and the transport of
the vapors to the surfaces. A conservative value is to assume all the material released is
transported to the facility/environment interface without loss unless engineered emission
control devices (e.gfpr radioiodine - impregnated charcoal filters, silver substituted zeolite
filters, silver nitrate coated ceramic saddles; HEPA or other filtration defoceondensed

vapors or vapors adsorbed onto pre-existing particles) are present for removal of the specific
material. In many cases, an assumption of complete transport of the airborne material
without significant loss is very conservative but transport losses must be substdatiaited
specific configurations associated with an event.

Many chemically volatile compounds are reactive and can be lost in transit by reaction with
materials encountered along their path to the facility/environment interface or adsorption on
pre-existing airborne particles. Temperature sensitive materials can condense homogeneously
(particles formed directly from the vapor have been observed to be in the sub-micron range)
or on pre-existing particles. Aerosols form rapidly since entrainment of cooler air invariably
accompanies the formation process. Various natural processes act to attenuate transport of
particles (e.g., agglomeration, gravitational settling, turbulent diffusion) and filtration or

other engineered devices such as water sprays have varying removal effidenpigicles.
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For temperature-sensitive vapors (e.g., metal vapors generated at high temperatures, tritiated
water vapors), the amount of material volatilized can be estimated by the amount of heat
energy present and/or generated by the event. Similarly, condensation may also be
calculated by heat transfer at the surfaces or by homo- or heterogenous condensation in air.
The mass flux of vapors to a cool surface (diffusiophoresis) can be an effective mechanism to
sweep small diameter (i.e., submicron) particles from the air.
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3.0 LIQUIDS

In order for a liquid to be made airborne, in most realistic situations, the bulk liquid must be
subdivided into particles/droplets small enough to be entrained in the local airflow. In some
cases, it may be possible for the activity coefficient of the solute to be adequately reduced so
that some material may be made airborne by vaporization.

This section describes mechanisms by which two types of liquids (aqueous solutions and
organic, combustible solvents) become airborne; the descriptions are based on experiments.
The mechanisms discussed &mueous solutions include thermal stress, explosive release
(i.e., shockplast, and pressurized venting effects), free-fall spills, and aerodynamic
entrainment (resuspension). Organic liquids are specifically discussed in relation to thermal
effects.

3.1 SUMMARY OF ANALYSIS OF DATA
Aqueous Solutions
ThermalStres
. Heating of aqueous solution in flowing air without surface rupture of bubbles.
For the airborne release of bulk liquid during heating of aqueous solutions in

flowing air without noticeable bubbles breaking on the surface of the bulk
liquid, conservative values are based upon the experimental data available.

Median ARF 6E-7/RF 1.0
Bounding ARF 3E-5/RF 1.0
. Boiling (bubbles continuously breaking the surface of the bulk liquid with

<30% of the volume of the liquid as bubbles) of aqueous solutions in flowing
air. A bounding ARF for the airborne release from the bubble-burst at the
surface foraqueous solutions exceeds all measured values. In the absence of a
measured size distributidor the airborne droplets, @nservative value of

1.0 is assumed for the RF bound.

Median ARF 1E-3/RF 1.0
Bounding ARF 2E-3/RF 1.0
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Explogve Stres

Releases are discussied detonation shock effects, detonation or deflagrablast effects,
deflagration pressurized venting effects, and general pressurized venting. The effect most
closely resembling stresses in a given explosive-type accident scenario is chosen. There is
no need to assume cumulative releases for all effects cited.

. Shock Effects. For detonations in or immediately contiguous to a pool of
liquid, a bounding respirable release is assessed to be the mass of inert
material equal to the calculated TNT equivalent. At low mass ratios, the
respirable release is comparable to the total material release. As mass ratios
increase, the respirable fraction becomes significantly less than the total
amount of material released, which decreases with increasing mass ratio as
well.

. Blast Effects. For detonations and deflagration at a distance where the
pressure impulse is essentially equal to a flow parallel to the surface of the
liquid, an ARF of 4E-3/hour (1E-6/second) for the time the pressure pulse is
over the liquid and an RF of 1.0 azenservatively assumed.

. Venting of Pressurized Liquids. There are three main regimes of pressurized
venting of liquids: (1) venting below liquid level, (2) venting above liquid
level, and (3) venting of superheated liquid (i.e., flashing spray). This
phenomena covers general pressurized venting, including deflagration induced
pressurized venting effects.

— Depressurization of liquid via a failure under the liquid surface level.
Liquids covered are those at or below their boiling points. Bounding
ARF and RF are estimated using the mass fraction of droplgisnl10-
and less in diameter formed by commercial spray nozzles (device
designed to produce small drops) under conditions that will exceed
those anticipated for most accident situation (3.25-mm diameter orifice
at 200 psig upstream pressure).

Bounding ARF 1E-4/RF 1.0

— Depressurization of containment via a failure above the liquid level or
overall containment failure. Values are determifeadelevatedevels
of dissolved gases and gas pressure pulses above liquids. Liquids
covered are those at or below their boiling points.
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The ARF and RF values depend on the maximum liquid or vessel
failure pressure and the density of solution. Two regimes are defined
for liquid venting or vessel failure pressure. The first regime is
pressure equal to or less than 0.35 MPa50 psig). This value is
independent of solution density. The second reginferipressures
greater than 0.35 MPap to 3.45 MPa(~ 500 psig). In this regime

a distinction is made between general aqueous solutions and
concentrated heavy metal nitrate solutions such as uranium nitrate
hexahydrate (UNH) or plutonium nitrate. The distinction is gross, with
any solution having a density > 1.2 g/cm being considered a
concentrated heavy metal solution. The highest release fraction is for
aqueous solutions.

Low Presure (0.35MP3g, or less)

Bounding (all solutions) ARF 5E-5/RF 0.8
High Presure (> 0.35MP3g)
Median (aqueous solution, density ~ 1 gfcm ARF 3E-4/RF 0.9
Median (conc. heavy metal solution, density

> ~ 1.2 glcr) ARF 2E-4/RF 0.3
Bounding (aqueous solution) ARF 2E-3/RF 1.0
Bounding (conc. heavy metal solution) ARF 1E-3/RF 0.4

If the containment failure is located above the critical freeboard height,
allowing rapid pressurization and depressurization, the ARF and RF
values may be significantly less than those noted above. For failures
below the critical freeboard height, a potential method for estimating
release fractions is discussed in subsection 3.2.2.3.2.B. However,
difficulty in defining a critical parameter, density of gas released,
precludes clear use of the method at this time. The values noted above
will be conservativdor such cases.

Depressurization of liquid above boiling point. Three different values
are defined for flashing spray release based on the degree of superheat:
liquids with less than 58C superheat above the boiling point of the

liquid; liquids with superheats between 50 and %®G&bove the boiling
point of the liquid; and liquids with greater than 1‘@superheat. The
ARF appears to increase with decreasing source size and volume. The
values used in the experimerits these parameters are much below
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those anticipated under most accident situation (100 ml), and therefore
may be very conservatiier many applications.

< 50 °C Superheat

Bounding ARF 1E-2/RF 0.6
50 to 100 °C Superheat

Median ARF 2E-2/RF 0.7
Bounding ARF 1E-1/RF 0.7

For superheats greater than £@0above the boiling point of the
liquid, the ARF value is 0.33 (MJ*** (where ME is the mole fraction
of pressurizing gas/water vapor flashed) with an RF of 0.3 if the
calculated respirable release exceeds the 50 t6QGdperheat value.

Free-fall spill of aqueous solutions, 3-m fall distance. A distinction is made
between general agueous solutions and concentrated heavy metal nitrate
solutions such as uranium nitrate hexahydrate (UNH) or plutonium nitrate.
The distinction is gross, with any solution having a density &2 g/cr

being considered a concentrated heavy metal solution. The highest release
fraction is foraqueous solutions.

Median (aqueous solution, densityl-0 g/cm) ARF 4E-5/RF 0.7
Median (conc. heavy metal solution, density

> ~1.2 g/cm) ARF 1E-6/RF 0.3
Bounding (aqueous solution) ARF 2E-4/RF 0.5
Bounding (conc. heavy metal solution) ARF 2E-5/RF 1.0

Free-fall spills of slurries, 3-m fall distance, <40% solids.

Median ARF 2E-5/RF 0.7
Bounding ARF 5E-5/RF 0.8

Free-fall spills of viscous solutions, viscosity >8 centipoise.

Median ARF 3E-6/RF 0.8
Bounding ARF 7E-6/RF 0.8
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. Free-fall spills of agueous solutions, slurries and viscous solutions, fall
distances >3 m. The empirical correlatidos ARF and drop size
distribution parameter presented by Ballinger et al. (January 1988) are assessed
to be adequate provided ARF x RF value exceeds bounding 3-m values.

AerodynamicEntrainmentand Resispenson

There appear to be very large differences in suspension rates under experimental test
conditions as well as an order of magnitude uncertainty in measurefoemntdividual
conditions. On this basis, conservative values are applied.

. Indoors, on heterogeneous surface (stainless steel, concrete), low airspeeds up
to normal facility ventilation flow; Outdoors, pool for low winmeds.

Bounding ARR 4E-7/hr; RF 1.0
. Indoors, on heterogeneous surfaces, covered with debris or under static
conditions.
Bounding ARR 4E-8/hr; RF 1.0

. Outdoors, from large pools/ponds, higher wimeksds to 30 mph.

Bounding ARR 4E-6/hr; RF 1.0
. Outdoors, absorbed on soil, no lengthy pooling, windspeeds to 50 mph.
Bounding ARR 9E-5/hr; RF 1.0

Use of the above valuder short time frames (<100 hours) would not introduce serious

error due to the severe depletion of the source. For time periods exceeding 100 hours, the
reduction of the source can be accounted for from the entrainment of material. In general,
these values are intendét immediate post-accident conditions and frestdposited

material. They would overestimate cumulative releases from long-term contamination of
surfaces (i.e., months to years) and are not appropriate for such use.

Organic Combustible Liquids

This section specifically addresses potential releases of radioactive contaminant due to thermal
stress for organic solutions or organic agieous solutions present together.
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ThermalStres

Volatiles (i.e., iodine) under all conditions.
Bounding ARF 1.0/RF 1.0

Quiescent burning, small surface area pools, or small solvent layer over large
agueous layer burning to self-extinguishment.

Median ARF 6E-3/RF 1.0
Bounding ARF 1E-2/RF 1.0

Vigorous burning large pools, or solvent layer burning over limited aqueous
layer with sufficient turbulence to disrupt bulk of aqueous layer.

Bounding ARF 3E-2/RF 1.0

Large, vigorously burning organic fire that burns to complete dryness or
burning solvent over aqueous phase burning to complete driorelssth
phases (typically requires external heat source).

Median ARF 1E-2/RF 1.0
Bounding ARF 1E-1/RF 1.0

Agueous solution or air-dried salts under gasoline fire on a porous or
otherwise absorbing (i.e, cracks, depressions) surface.

Bounding ARF 5E-3/RF 0.4

Aqueous solution or air-dried salt under gasoline fire on heat conducting
surface (i.e., metal).

Bounding ARF 2E-1/RF 0.3

No experimental data on the behavior of organic, combustible liquids in response to
explosive release, venting of pressurized liquid, free-fall spills, or aerodynamic entrainment
were found. In general, the values providedaqueous solutions can be udedthetypes

of organic solvents used in material extraction operation. However, extreme thermal effects,
such as explosions, require subsequent consideration of solvent fires.
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3.2 AQUEOUS SOLUTIONS
3.2.1 Thermal Stress: Evaporation and Bibing

Under most realistic scenarios involving the heating of aqueous solutions during postulated
accidents in nonreactor fuel cycle facilities, the relative vapor pressures of the solvent (water)
and the solute (various compounds of radionuclides, generally acidic nitrate) preclude
evaporation of the solute as a viable mechanism for the airborne release of the solute.
Instead, the airborne release is postulated to result from the entrainment of minute drops of
the bulk liquid formed by the mechanical disintegration of the surface of the bulk liquid.
Mechanical disintegration mechanisms include bubble breakup during boiling, jet drops
formed from the collapse of the crater remaining after bubble breakup, and secondary drops
from the reentry of jet drops. Drops are carried to the bulk flow by convective and vapor
flow away from the heated liquid. An increase in surface disruption would increase the
airborne release, although capture of secondary drops by the large number of primary
particles may place a limit on the release.

Kataoka and Ishii (April 1983) reviewed the literature and data on the entrainment of liquid
droplets from the surface of a bubbling or boiling pool. Droplets are generated by bubble
bursting, splashing or foaming. Some of the entrained droplets fall back into the pool and
some are carried away by the streaming gas. Entrainmgnis Befined as:

E, = droplet upward mass flux/ the gas mass flup)/(p, jy) (3-1)
where: p; = fluid density
I+« = superficial velocity of liquid flowing upward as droplets
Py = gas density

j, = superficial gas velocity.
Two levels of the gas flow through the liquid upon the surface were noted:

1. bubbly flow (condition postulated for nonreactor facibigcidents): small gas
flow (<0.1 m/s); droplets generated by discrete bubbles rising to surface of
pool and collapsing; initial velocity of entrained droplets is a function of
bubble burst time, bubble diameter, density of liquid and pressure around
bubble; transition to next level at ~0.1 m/s and liquid void fraction 0.3.

2. churn turbulent flow: may be dominant mechanism for post-Loss of Coolant

accident in light water reactor accident conditions; initial velocity of droplets
determined by momentum exchange mechanism (during breakup of liquid
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ligaments formed from surface disruption); droplets generated by all three
droplet generation mechanisms (i.e., bubble burstilgsking, or foaming).

Three regions as a function of axial distance from the pool surface were identified:

1. near-surface region: immediate vicinity of surface; entrainment dependent on
height and gas velocity; entrainment consists of all droplets entrained.

2. momentum-controlled region: intermediate axial distances above pool surface;
entrainment consists of droplets with initial momentum to reach height and
droplets whose terminal velocity is equal to or less than the superficial gas
velocity; three regimes as a function of superficial gas velocity in region:

. low gas flux: entrainment small and consists of very fine droplgfs; E
approximately proportional to gas flux.

. intermediate gas flux: larger drops ejected from poglir€reases with
the 3rd or 4th power of the superficial gas velocity.

. high gas flux: large gas slugs form and pool surface highly agitated;
considerable droplets formed by splashing;iicreases with the 7th to
20th power of the superficial gas velocity.

3. deposition-controlled region: entrained droplets of size whose terminal velocity
is equal to or less than the superficial gas velocity.

A simple mechanistic model was developed based on the concepts presented above. Due to
the enormous number of droplets generated, the motion of individual droplets could not be
followed individually, and so droplet motion was handled statistically. Important physical
parameters and distribution functions essential to the modeling and calculations were
developed or assumed. Correlations for the height criteria and entrainment in each region
were developed as a function of:

dimensionless gas velocity, | = ~j/lo, &Jp M (3-2)
dimen