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ABSTRACT

The purpose of this Handbook is to provide guidance on how to calculate the characteristics of releases of
radioactive materials and/or hazardous chemicals from nonreactor nuclear facilities. In addition, the
Handbook provides guidance on how to calculate the consequences of those releases. There are four major
chapters: Hazard Evaluation and Scenario Development; Source Term Determination; Transport Within
Containment/Confinement; and Atmospheric Dispersion and Consequence Modeling. These chapters are
supported by Appendices, including: a summary of chemical and nuclear information that contains
descriptions of various fuel cycle facilities; details on how to calculate the characteristics of source terms
for releases of hazardous chemicals; a comparison of NRC, EPA, and OSHA programs that address
chemical safety; a summary of the performance of HEPA and other filters; and a discussion of
uncertainties. Several sample problems are presented: a free-fall spill of powder; an explosion with
radioactive release; a fire with radioactive release; filter failure; hydrogen fluoride release from a tankcar;
a uranium hexafluoride cylinder rupture; a liquid spill in a vitrification plant; and a criticality incident.
Finally, this Handbook includes a computer model, LPF#1B, that is intended for use in calculating Leak
Path Factors. A list of contributors to the Handbook is presented in Chapter 6.
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CHAPTER 1
EXECUTIVE SUMMARY

1.1 Background

10 CFR Part 70 requires that emergency plans for nuclear fuel facilities include information on methods
and equipment for consequence analysis of accidental releases of special nuclear materials and any
associated radionuclides and hazardous chemicals. Nuclear Regulatory Commission (NRC) staff and fuel
cycle licensees need standardized methods for assessing which of the licensees’ operations pose significant
hazards to workers (i.e., the licensee’s staff), the general public, or the environment. The hazards that need
to be considered include radioactive materials and/or hazardous chemicals such as: uranium hexafluoride
(UF); hydrogen fluoride (HF); fluorine (F,); chlorine (Cl,); nitric acid (HNO,); or other acids, ammonia
(NH,), and other caustic alkaline chemicals, organic chemicals, and solvents that may be directly or
indirectly used or generated as byproducts in the licensed operations.

[Note that NRC’s interest in hazardous chemicals is limited to those that can be released from the
processing of licensed nuclear material or have the potential for adversely affecting radiological safety.
The Occupational Safety and Health Administration (OSHA), the Environmental Protection Agency
(EPA), and/or any cognizant state or local agencies are responsible for regulating other aspects of chemical
safety at the facility.)

When it was first published in 1988, the Accident Analysis Handbook, NUREG-1320, was a
comprehensive effort to collect and codify the information that was then available for accident analyses.
The document was directed toward those events that were the principal concern of NRC at that time. The
old Handbook is heavily oriented toward spent nuclear fuel reprocessing and the manufacturing of
plutonium fuel. It does not address the consequences of accidents and the risks associated with other types
of fuel cycle operations such as uranium enrichment and the downblending of high-enriched to low-
enriched uranium. It does not address the consequences of releases of chemicals that are associated with
fuel cycle processes, nor does it address accidental releases of chemicals such as NH, or Cl, that might, if
accidentally released, have an impact on the operators processing licensed materials or lead to an escape of

_radioactive materials. Nevertheless, the old Handbook remains a source of extremely valuable information
and guidance. It was judged that it provides an excellent starting point from which to provide the
information NRC now needs to develop techmcal guidance on accident analysns for safety evaluations
required by 10 CFR Part 70.

Since 1988, a great deal of new information has become available. For example, the Department of
Energy (DOE) Handbook entitled Airborne Release Fractions/Rates and Respirable Fractions for Non-
Reactor Nuclear Facilities (USDOE 1994) summarizes a number of experimental studies on the fractions
of radioactive materials that could be released in a wide variety of accidental circumstances. Organizations
such as the Center for Chemical Process Safety (CCPS) of the American Institute of Chemical Engineers
(AIChE) have produced guidance in the form of guidebooks and conference proceedings that are

" - applicable to chemical process safety at fuel cycle facilities. Also relevant are OSHA’s Process Safety

Management Standard, 29 CFR 1910.119 and the EPA’s Risk Management Program (RMP),
40 CFR Part 68.

The purpose of this Handbook, therefore, is to provide guidance to NRC staff and to fuel cycle licensees
on how to calculate the characteristics of releases of radioactive materials and/or hazardous chemicals from
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nonreactor nuclear facilities. In addition, the Handbook prowdes guidance on how to calculate the
consequences of those releases. ‘
It is envisaged that the material presented herein will be applicable to three types of analyses: Integrated

Safety Analysis (ISA), Emergency Response Planning and Post Accident Analysis. Nair, et al. (1997)

have reviewed some models that are specifically directed towards the modeling of UF,. They make

statements about the purpose of these models which, however, are equally applicable to models that have

more general capabilities.

1. Integrated Safety Analysis: ISA is a systematic effort to identify process upsets or conditions at a
facility that could lead to undesirable consequences. Draft NUREG-1513 (USNRC 1995)
indicates that “The ISA is expected to form the basis of a safety program that requires adequate
controls and systems to be in place to ensure the safe operation of the facility.” In addition, “The
results of an ISA consist of the identification of potential accidents, and the controls (i.e., the
structure, system, equipment, components, and personnel) relied upon to prevent the accident from
occurring or to reduce their consequences.” In the context of the ISA, the models described herein
provide the means of identifying release scenarios, predicting the characteristics of the source
term, predicting the airborne concentrations resulting from a release, assessing the 1mpact on
human health, and assessing the adequacy of mmgatlve measures.

2. Emergency Response Planning: A model that is capable of predicting the concentrations of
radioactive materials and hazardous chemicals in the vicinity of a facility will be useful in planning
for suitable actions in response to an emergency. For example, models such as those described in
this Handbook could be useful in recommending whether employees or members of the public
should evacuate or shelter in place. In developing plans for responding to emergency situations
prior to their actual occurrence, licensees will benefit from evaluating the consequences of various ‘
release scenarios using atmospheric dispersion models. The results of these model runs would
then be available for use in planning how to respond to an emergency.

3. Post-Accident Analysis: Following an actual accident, NRC and its licensees have an obligation to
investigate the causes, propagation, mitigation, and consequences of the accident. It is important
to develop this information so as to prevent similar accidents from occurring in the future or to
mitigate their consequences. The public also has a right to know what those consequences were.
To ensure that adequate information is provided to the public and to responsible public officials,
any available measurements of the consequences may be supplemented by estimates made by
using analytical models. This will help health and safety officials to develop treatment procedures
for any acute and chronic health effects in workers and members of the public that may result as a
consequence of the accident.

The reader should note that the models described in this Handbook are not intended for use during an’
actual emergency. That is, they should not be used while an emergency is underway to determine whether,
for example, a certain area should be evacuated. If it is desired to use the models for such purposes, the
user should preprocess a range of site-specific scenarios that cover the spectrum of possibilities at the
facility in question. For each preprocessed scenario, the required emergency response activities should be
predetermined. In general, (i) there will not be enough time to prepare the input for the models and run
them in the course of an emergency and (ii) good data from the field about the characteristics of the source
term are notoriously difficult to obtain.
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1.2 Summary of the Contents of this Handbook

This Handbook contains four major chapters:

Chapter 2 - “Hazard Evaluation and Scenario Development”
Chapter 3 - “Source Term Determination”

Chapter 4 - “Transport within Containment/Confinement”

Chapter 5 - “Atmospheric Dispersion and Consequence Modeling”

In addition, there are a number of supporting Appendices and Sample Problems (Appendix D). The
sample problems are an extremely important part of this Handbook. :

The sample problems are:

1.21

NN R

Free Fall Spill of Powder

Explosion with Radioactive Release

Fire with Radioactive Release

Filter Failure

Hydrogen Fluoride Release from a Tankcar

Uranium Hexafluoride Liquid (>70°C) Cylinder Rupture
Liquid Spill in a Vitrification Plant, and

Criticality Incident

Chapter 2 - Hazard Evaluation and Scenario Development

The purpose of Chapter 2 is to describe hazard evaluation, a technique that leads to the identification and
qualitative understanding of scenarios that merit further quantitative analysis. Chapter 2 identifies five
basic steps in hazard evaluation that are designed to answer the following questions:

1.

What hazardous materials are present at the site, in what quantities and under what conditions? (A
hazard is a physical or chemical characteristic of a material, system, process or facility that has the
potential for causing harm.) This step in hazard evaluation is often called hazard identification.

What are the ways in which such materials might accidentally escape, leading to fires, explosions,
toxic or radioactive vapor clouds, and to potentially damaging effects on workers, the public, the
environment, or other facilities on the same site?

What are the design or procedural controls that are intended to prevent or mitigate such accidental
releases, and are they adequate? '
Are there any recommendations for design or procedural changes?

Is further analysis required? For example, is there a case to be made for a complete Quantitative
Risk Assessment (QRA)? Are there accident scenarios that require further development and .
quantitative analysis?

The totality of Steps 1 - 5 is often called Process Hazards Analysis (PHA).

The emphasis placed upon each of the above-listed elements of hazard evaluation depends upon the overall
purpose of the study that is being conducted. In hazard evaluations that are presently conducted at
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RMP, the emphasis is on the first four steps (i.e., the principal concemn is to determine whether existing
controls are adequate). For fuel cycle facilities, the NRC’s emphasis encompasses all five elements within
the following context: '

operating chemical plants as required by OSHA'’s Process Safety Management (PSM) Standard or EPA’s .

1. The primary hazardous materials of interest are those that are radioactive,

2. NRC'’s interest in non-radioactive hazardous chemicals is limited to those that can be released
- from the processing of licensed nuclear material or have the potential for adversely affecting
radiological safety,

3. Both the current version of and the proposed revision to 10 CFR Part 70 require that emergency
plans for nuclear fuel cycle facilities include information on methods and equipment for
consequence analysis of accidental releases of special nuclear materials and any associated
radionuclides and hazardous chemicals, which is why the identification of scenarios for further
quantitative analysis is especially important (see Section 2.1.3), and

4. One of the proposed options for revising 10 CFR Part 70) also includes a requirement for
licensees/applicants to conduct an ISA, which implies that hazard evaluations should be conducted
in a way that is consistent with the ISA.

The ISA is defined and discussed in Draft NUREG 1513 (USNRC 1995), the Integrated Safety Analysis
Guidance Document. 1t is a systematic examination of a facility’s processes, equipment, structures, and
personnel activities to ensure that all relevant hazards that could result in unacceptable consequences have
been adequately evaluated and appropriate protective measures have been identified. NUREG 1513
defines ISA as “an analysis to identify hazards and their potential for initiating event sequences, the
potential event sequences and their consequences, and the site, structures, equipment, components and

activities of personnel that are relied upon for safety. As used here, integrated means joint consideration of .
safety measures and controls that might otherwise conflict, including integration of fire protection,

radiation safety, criticality safety, chemical safety and physical security measures.”

The reader should regard NUREG 1513 as a basic reference document in the context of the use of such
techniques at fuel cycle facilities. Everything in Chapter 2 is intended to be consistent with it.

The other major source of information on hazard evaluation techniques is guidance that has been published
by the Center for Chemical Process Safety (CCPS), specifically in Guidelines for Hazard Evaluation
Procedures - Second Edition with Worked Examples (CCPS 1992). This Guidebook discusses the various
techniques of hazard evaluation, including (i) safety review; (ii) checklist analysis; (iii) relative ranking;
(iv) preliminary hazards analysis; (v) what-if? analysis; (vi) what-if? checklist analysis; (vii) hazard and
operability (HAZOP) review; (viii) failure modes and effects analysis (FMEA); (ix) fauit tree analysis; (x)
event tree analysis; (xi) cause-consequence analysis, and (xii) human reliability analysis (HRA). The
CCPS Guidebook describes the strengths and weaknesses of these methods, how to determine when they
should be used, the resources required to use them and gives examples of their use. The CCPS Guidebook
is the second major reference source for Chapter 2. ’

1.2.2  Chapter 3 - Source Term Determination

The purpose of Chapter 3 is to show how to estimate the characteristics of the source term, such as the total
mass released, the rate of release, the temperature, the density, the velocity, the orientation, etc. The
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chapter is divided into two major sections, the first devoted to radioactive materials and the second to
hazardous chemicals.

For radioactive materials, the principal quantities that determine the characteristics of the source term are
the Airborne Release Fraction (ARF) and the Respirable Fraction (RF). The ARF is the fraction of the
material that is potentially available for release that is actually made airborne. For continuous releases, an
analogous quantity known as the Airborne Release Rate (ARR) is used instead of the ARF. The RF is the
fraction of the ARF or ARR that is actually respirable and is defined as all vapors or any particulate
material that has a diameter of less than 10 pm (3.9 x 107 in), The ARF, ARR and RF are used in the
well-known five-factor formula, see Equation (3.1). Chapter 3 provides values of ARF/ARR and RF for a
great variety of different source terms, produced by the interaction between the radioactive or hazardous
material and a number of different “stresses™ (i.e., internal or external forces that might initiate the
accident sequence). Here, a stress is a force or phenomenon that acts upon a radioactive material and
causes some or all of it to become airborne. These stresses include, for example, falling through the air

- onto a surface, suspension by a stream of air, boiling, fires, explosions, and external events such as
earthquakes. A comprehensive list of stresses, with interactions with various materials, is given in Table
3-1, together with appropriate ARFs/ARRs and RFs.

Table 3-1 is where the reader may find source term characteristics that can be input into appropriate
atmospheric dispersion models. A great deal of the material in Chapter 3 is devoted to providing the
justification for the values quoted in Table 3-1. Many of these values are derived from a review of
experimental results. A good number of them come from the DOE Handbook (USDOE 1994). Others
come from a review of experimental work that was not reported in the DOE Handbook. In a limited
number of cases, empirical formulae are presented, for example, in Section 3.3.4.5, there is an empirical
treatment of the ARF as a function of fall distance for the case in which a slug of radioactive material falls
from a height,

Chapter 3 also contains a discussion of criticality incidents. In this case, the guidance relies heavily upon
updated information from NRC’s now withdrawn Regulatory Guides 3.33, 3.34, and 3.35 (USNRC 1977,
1979a; 1979b). The tables presented in the withdrawn Regulatory Guides have been updated with more
recently available information. This includes using the computer model ORIGEN?2 to generate fission
product inventories and using the updated dose conversion factors published by the International
Commission on Radiological Protection (ICRP) in ICRP-26 and -30 (ICRP 1977; 1979; 1980).

The second portion of Chapter 3 is devoted to a description of how to estimate the characteristics of source
terms for releases of hazardous chemicals. This portion of Chapter 3 is supplemented by Appendices A, B,
and C. Between them, Chapter 3 and Appendix B describe a range of source terms that are representative
of the types of accidental releases that might occur at a fuel cycle facility, including (but not limited to)
slowly evaporating pools, flashing liquid jets, vapor jets, and puff releases. The sample problems
presented in Appendix D include specific examples of UF, and HF release scenarios.

1.2.3 - Chapter 4 - Transport within Containment/Confinement
Many of the accidents discussed in this Handbook take place indoors. There is therefore a need to be able
to predict how materials are transported through rooms and ducts and eventually released to the

atmosphere. Chapter 4 describes the phenomena that contro] transport through buildings. These
phenomena include the ventilation and other flows of air, filters that remove particulates (e.g., high
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efficiency particulate air (HEPA) filters) and various effects such as gravitational settling, impaction on
surfaces, thermophoresis, etc. ' ‘
The theories that are described in Chapter 4 have been simplified and incorporated into a computer model,
LPF#1B, that is included in this report. The model is applicable to most of the scenarios that are likely to

be of interest at fuel cycle facilities. It is easy to use. The principal reason why it has been included is to

give the reader the opportunity to easily vary the input parameters to the model. This is preferable to

producing a vast number of tables and nomographs that would be needed to cover all possible scenarios.

In Appendix E, there is a comparison between the results from LPF#1B with those from a well established
and more sophisticated model, MELCOR (Summers, et al. 1991). This comparison shows that the
LPF#1B model performs well.

Overall, Chapter 4 continues the accident analysis process whereby the source term provided in Chapter 3
is carried through and out of the facility. The primary output is the fraction of the source term that escapes
the facility in respirable form, the Leak Path Factor (LPF). Secondary outputs are the airborne
concentrations and fractions of the initial source term deposited in the facility. To obtain these outputs,
Chapter 4 provides guidance to the user: (i) identify the facility barriers that define the flowpath of the
airborne material in the facility; (ii) quantify the driving forces moving material along the flow path; (iii)
quantify the flow rates along the path; (iv) quantify the mitigating effects of any engineered controls (e.g.
filters); (v) quantify the roles of deposition processes along the flow path; and (vi) estimate facility
concentrations during the movement of the airborne source term.

1.2.4 Chapter S - Atmospheric Dispersion and Consequence Modeling

Chapter 5 describes how to determine the consequences of accidental releases of radioactive materials or ‘
hazardous chemicals using atmospheric dispersion and consequence models.

For radioactive releases, most models use the classical Gaussian model as the basis for predictions.
Loosely speaking, the Gaussian model treats the trajectory of a small particle or packet of gas as a random
walk, reflecting the random nature of turbulence in the atmosphere. The Gaussian model can be readily
modified to take account of such phenomena as turbulent building wakes, plume rise, inversion lids, dry
deposition, wet deposition, etc. There are a large number of available models. Chapter 5 reviews some of
them, including HOTSPOT, RASCAL, and MACCS. Many of these models are easy to use and it is
recommended that readers obtain one and learn how to use it. This will be much easier than having the
enormous pile of nomographs and tables that would be necessary to cover all possible release scenarios.

For releases of hazardous chemicals, the required models are generally more sophisticated than those for
radioactive materials. In general, it is necessary to model denser-than-air releases. In addition, there may °
be complex thermodynamics involved, such as that between HF and moist air or UF and moist air.
Therefore, the models for releases of hazardous chemicals are generally not the same as those for releases
of radioactive materials. This is an important point for the reader to bear in mind. ‘

Chapter S discusses the phenomena that control the atmospheric dispersion of hazardous chemical releases
and describes the types of models that are needed for dense, continuous releases, dense puffs, and jets. In
addition, there is discussion of the phenomena that control a marginally buoyant plume’s ability to lift off
the ground.
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1.2.5 Appendices

Appendix A contains a summary of chemical and nuclear safety information. This includes sections on
toxicological data (various exposure guidelines and specific information on UFg, HF and F,). There is a
section-on the physical and chemical properties of various materials that are found at fuel cycle facilities,
together with a summary of special handling instructions. This is followed by brief descriptions of fuel
cycle facilities, such as: UF conversion plants, light water fuel fabrication plants (including mixed oxide
(MOX) fuels); uranium enrichment plants (including atomic vapor laser isotopic separation (AVLIS))
enriched uranium downblending, and vitrification facilities.

Appendix B contains a summary of accidental releases of chemicals. This is intended to supplement the
last part of Chapter 3. The appendix describes a range of possible release scenarios, including spillages of
high-boiling-point liquids at ambient temperatures, spillages of refrigerated liquids, the escape of gases
liquefied under pressure, releases from the vapor space of a vessel or pipework, and spillage onto water.

Appendix C contains a comparison of NRC, EPA, and OSHA programs that address chemical safety.
NRC’s requirements and guidance are to be found in 10 CFR Parts 20, 30, 40, and 70. OSHA’s
requirements are to be found in the PSM standard, 29 CFR 1910.119 and EPA’s requirements are to be
found in the RMP, 40 CFR Part 68.

Appendix D contains the sample problems, which are also summarized in more detail in Section 2.4.
Appendix E discusses the results of bench-marking the LPF#1B code against the MELCOR Code.
LPF#1B is a computer model that is provided with this document for calculating Leak Path Factors, see
Chapter 4. It is a tool that is simple to use and is provided in lieu of a vast number of tables and
nomographs. Instructions on how to use LPF#1B are given in Section 4.7.2.2. Appendix F contains
information on filtration, particularly the performance of HEPA filters. Finally, Appendlx G contains a
discussion of uncertainties.

1.3 Uncertainties

It is important to be able to understand the range of uncertainties that are associated with the predictions of
the analytical and computer models that are described in this Handbook. Unfortunately, that is easier said

. than done. For example, many of the ARFs and RF:s that are listed in Chapter 3/Table 3.1 are based on
extremely limited experimental data and the best that can be done is to determine bounding values. In
addition, even if the uncertainties in input parameters were well-known, it is still a time-consuming task to
propagate those uncertainties through to the final results and to obtain useful quantities such as the mean,
median, 5th, and 95th percentiles.

Nair, et al. (1997) performed a careful review of models that are available for determining the
consequences of UF; releases. They identified two models as being the most complete available,
HGSYSTEM (Hanna et al. 1994) and a draft model developed for NRC (Chhibber and Kaiser 1993).
Nair, et al. stated that “capabilities for conducting uncertainty analysis should be incorporated as an
essential feature within each model. This would allow the model user to express his or her state of
knowledge regarding an input parameter in terms of a range of likely values, with the associated
probabilities of the occurrences of the values within the range. The model can then propagate the
uncertainties about the input parameters through every segment of the model to the final predicted
concentration in air at a desired location. This will allow the true but unknown concentration to be
bounded within a 95 percent subjective confidence interval of the predicted concentration. Results of the
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uncertainty analysis conducted in a Monte Carlo framework could also be used to meet the requirements n’
a sensitivity analysis.

The HGSYSTEM and NRC models are already fairly complex, and it is recognized that embedding these
models in the framework of uncertainty analysis is not a trivial exercise. Nevertheless, further _
consideration must be given to this aspect with a view to developing appropriate models or to developing
appropriate alternatives for performing uncertainty analysis.” :

Thus, Nair, et al. (1997) recognize that further model development is required for the treatment of
uncertainties in just two of the models that are referenced in this Handbook. However, additional model
development is outside the scope of the present effort. Therefore, this Handbook generally restricts the
discussion of uncertainties to sensitivity studies and/or the establishment of upper bounds. See Appendix
G for further discussion.
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. CHAPTER 2
HAZARD EVALUATION AND SCENARIO DEVELOPMENT

2.1 Introductioh

The purpose of this chapter is to describe hazard evaluation, leading to the identification and qualitative
understanding of scenarios that merit further quantitative analysis.

2.1.1 Background Information

The analysis of accidents involving the release of radioactive material has been conducted for the
Nuclear Regulatory Commission (NRC), or the former Atomic Energy Commission (AEC), on licensed
facilities for over 40 years. The approaches used by NRC staff have been described in Regulatory
Guides and NUREG documents, including the “Nuclear Fuel Cycle Accident Analysis Handbook”
(NUREG-1320) (hereafter, the Handbook). These analyses have been conducted to support the NRC
regulatory mission to protect the health and safety of workers and the public.

In addition, in the United States, general recognition of the importance of chemical hazard evaluation
was driven by the Bhopal accident, which led to a number of regulatory initiatives that require the use of

hazard evaluation procedures. These include:

* The New Jersey Toxic Catastrophe Prevention Act (1986)

» The State of California’s Risk Management and Prevention Program (RMPP -1986)

e  The State of Delaware’s Extremely Hazardous Substances Risk Management Act (1988)
e The State of Nevada’s Highly Hazardous Substance Act (1991)

¢ The Occupational Health and Safety Administration’s (OSHA’s) Process Safety Management
(PSM) Standard, 29 CFR 1910.119 (1992), and

» The Environmental Protection Agency’s (EPA’s) Risk Management Program (RMP) for
Chemical Accidental Release Prevention, 40 CFR Part 68 (1996).

During the 1980s and 1990s, the chemical industry developed several programs and guidance documents,
including:

* A Guidebook on Hazard Evaluation issued by the Center for Chemical Process Safety of the
American Institute of Chemical Engineers (CCPS 1992)

¢ A Recommended Practice, developed by the American Petroleum Institute (API 1990), and

e The Responsible Care Program, developed by the Chemical Manufacturers Association (CMA
1992).

2.1.2 Accident Analysis Approach
It is pertinent to address the question of how hazard evaluation fits into the overall scheme of accident

analysis. The primary purpose of NRC accident analysis for fuel cycle facilities is to provide reasonable
assurance that operations cannot potentially cause harm to workers or adversely affect public health and
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safety. Secondary objectives include identification of controls that mitigate or prevent potential
accidents and identification of appropriate emergency response procedures. Thus, accident analysis is a
effective method for qualitative and quantitative evaluation of facility safety. To define an accident
scenario, it is necessary to consider a combination of: () site conditions; (b) potentially affected
individuals; (c) facility design, material inventories, equipment configurations, and operating procedures;
(d) failure modes; and (e) intra-facility and environmental exposure pathways that produce potential
adverse impacts greater than those associated with normal operations. The approach involves selection
and analysis of a set of scenarios that span facility operations, ranging from those with expected small
impacts to those with potentially catastrophic consequences.

The primary steps in accident scenario development and analysis are:

Analysis of site conditions and development of a site conceptual model
o Identification of workers and members of the public potentially affected by accidents

¢ Identification of facility configuration, operating procedures and administrative controls for
expected operations

e Identification and analysis of facility conditions, including internal and external initiating events, -
leading to release of material or energy with potential for adverse impacts

¢ Characterization of the released matenals (mass, release rate, temperature, etc. - the
characteristics of the source term) :

¢ Identification and analysxs of intra-facility transport pathways
e Identification and analysis of environmental transport pathways, and
e Quantification of impacts on the identified receptors.

Analysis of site conditions and development of a site conceptual model involve review of site ‘
meteorological, geologic, and hydrologic conditions that may influence facility operations or play a role

in transporting material or energy released from the facility. This includes characterization of

earthquakes, straightline winds, tornadoes, and floods, in accordance with 10 CFR Parts 30, 40, 70, 76,

and 100, and in accordance with Regulatory Guides 1.76 and 1.59. Such information may already be
available in Environmental Reports (ERs) or License Appllcatlons

Identification of potentially affected workers and members of the public involves review of facility
descriptions and of demographic information. Most often, workers and fenceline receptors present for
specific periods of time and off-site maximally exposed individuals present for the duration of the event
provide a reasonable basis for the evaluation of accident impacts.

Methods for reviewing the facility configuration and operations and identifying failures or deviations
from design intent that have the potential to release material or energy fall under the general category of
hazard evaluation and are further discussed below. Analysis of the characteristics of the source term is
discussed in Chapter 3 of this Handbook. Intra-facility transport is discussed in Chapter 4.
Environmental transport is discussed in Chapter 5.

A wide spectrum of accident analysis methods and objectives may be associated with each of the above

scenario development steps. The level of detail of the analysis should be commensurate with the
objective of the analysis and the quality of the data supporting the analysis. Chapters 3, 4, and S discuss
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the applicability of supporting data and selection of models appropriate for differing site and facility conditions.
2.1.3 Elements of Hazard Evaluation

This section addresses: (i) the steps in haiard evaluation; (ii) NRC’s Integrated Safety Analysis (ISA);
and (iii) guidance from the CCPS.

2.1.3.1 Steps in Hazard Evaluation
A complete hazard evaluation involves answering the following questions in the order given.

1. What hazardous materials are present at the site and under what conditions? What hazards do
they present (a hazard is a physical or chemical characteristic of a material, system, process, or
facility that has the potential for causing harm). This step in hazard evaluation is often referred
to as hazard identification.

2. What are the ways in which such materials might accidentally escape, leading to fifes,
explosions, toxic vapor clouds, and to potentially damaging effects on workers, the public, the
environment, or other facilities on the same site? '

3. What are the design and procedural controls that are intended to prevent or mitigate such
accidental releases and are they adequate?

4. Are there any recommendations for design or procedural changes?

5. Is further analysis required? For example, is there a case to be made for a complete Quantitative
Risk Assessment (QRA)? Are there accident scenarios that require further development and
quantitative analysis?

The emphasis placed on each of the above-listed elements of hazard evaluation depends on the overall
purpose of the study that is being conducted. In hazard evaluations that are presently conducted at
existing chemical plants as required by OSHA’s PSM Standard 29 CFR 1910.119 or EPA’s RMP, the
emphasis is on the first four steps; i.e., the principal concern is to determine whether existing controls are
adequate. For fuel cycle facilities, NRC’s emphasis encompasses all five of the elements within the
following context:

» The primary hazardous materials of interest are those that are radioactive

¢« NRC'’s interest in non-radioactive hazardous chemicals is limited to those that can be released
from the processing of licensed nuclear material or have the potential for adversely affecting
radiological safety, i.e., their release could lead to releases of radioactive material

e Both the current version of and the proposed revision to 10 CFR Part 70 require that emergency
plans for nuclear fuel cycle facilities include information on methods and equipment for
consequence analysis of accidental releases of special nuclear materials and any associated
radionuclides and hazardous chemicals, which is why the identification of scenarios for further
quantitative consequence analysis is especially important (see Section 2.1.3).

*  One of the proposed options for revising 10 CFR 70 (favored by industry) also includes a
requirement that licensees/applicants conduct an Integrated Safety Analysis (ISA), which implies
that hazard evaluations should be conducted in a way that is consistent with ISA.
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2.1.3.2 Integrated Safety Analysis

The ISA is defined and discussed in Draft NUREG 1513 (USNRC 1995), the “Integrated Safety Analysi’
Guidance Document”. It is a systematic examination of a facility’s processes, equipment, structures, and
personnel activities to ensure that all relevant hazards that could result in unacceptable consequences

have been adequately evaluated and that appropriate protective measures have been identified. NUREG

1513 defines ISA as “an analysis to identify hazards and their potential for initiating event sequences, the
potential event sequences and their consequences, and the site, structures, equipment, components, and
activities of personnel, that are relied upon for safety. As used here, integrated means joint consideration

of safety measures and controls that might otherwise conflict, including integration of fire protection,
radiation safety, criticality safety, chemical safety, and physical security measures.”

NUREG 1513 contains the following information:

The historical context and regulatory basis within which ISA was developed

The definition of ISA and its role in a facility’s safety program

ISA methods (these are the same as in tht.) CCPS Guidebook, see below)

Choosing an ISA method

Choosing a team for the ISA

Conducting the ISA, including:

- establishing the scope of the evaluation
- process safety information ’

- hazard identification

- performing the analysis (preparation, meetings and integration)

- results of the analysts, and ' :

- documenting the results of the ISA and ‘
*  Worked examples: ‘
1. What-if? analysis of the pelletizing, rod-loading, and fuel bundle assembly steps in a uranium

fuel fabrication operation

2. Hazard and Operability study (HAZOP) of the vaporization step of uranium hexafluoride
(UFy) dry conversion, and,

3. Qualitative Fault Tree analysis of a major UF, release during vaporization.

The reader should regard NUREG 1513 as a basic reference document in the context of the use of such
techniques at fuel cycle facilities. Everything that follows is intended to be consistent with it.

2.1.3.3 Guidance from the Center for Chemical Process Safety

During the past two decades or so, the chemical, petrochemical, and petroleum industries have developed
and used a number of hazard evaluation procedures. These have been extensively described in a
Guidebook issued by the CCPS of the American Institute of Chemical Engineers (CCPS 1992). As noted
above, the first step in the process of hazard evaluation is hazard identification, which is defined as the
process of identification of specific undesirable consequences, followed by the identification of
materials, together with system, process, and plant characteristics that could, in theory, produce those
consequences. A typical list of undesirable consequences would include:

- human impacts
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- consurner injuries

- community injuries

- on-site personnel injuries

- unit personnel injuries

- loss of employment

- psychological effects

- environmental impacts

- off-site contamination (air, water, soil)
- on-site contamination (air, water, soil)
- property damage

- inventory loss

- production outage

- “poor product quality/yield

- lost market share

- legal liability

- negative image

The adverse impacts can be further refined (e.g., injury can be broken down into toxic exposure, thermal
exposure, mechanical shock, radiation exposure, electrical shock). The list should be customized for the
particular problem being addressed.

Next comes the analysis of material properties and process conditions. As the CCPS Guidebook notes,
there is a body of knowledge on which any proposed or existing process is based. An important part of
this knowledge is data on all of the chemicals or other hazardous materials used in the process. This
information is the foundation of all hazard identification efforts. The CCPS Guidebook gives a table
(Table 3-2) of more than 30 organizations that maintain data bases on chemicals. Thus, it is not difficult
to collect basic information on chemicals (the same is true for radioactive materials in data bases
maintained by organizations like the U.S. Department of Energy (DOE) or NRC). The next step is to
look at the conditions of operation of the facility. Some materials can be eliminated at this stage (e.g., if
they are used at temperatures well below their flashpoints). The CCPS provides some checklists that can
be used to ask questions about individual chemicals.

In addition, CCPS explains how to develop an interaction matrix, whichis a simple tool for identifying
interactions among specific parameters (including materials, energy sources, environmental conditions,
etc.) A specific example of hazard identification and interaction matrix development for a hypothetical
Vinyl Chloride Monomer facility is given in Chapter 11 of the CCPS Guidebook. NUREG 1513 also
gives an example of an interaction matrix, in this case for an ammonium diuranate (ADU) process.

The typical outcome of hazards identification is:

¢ Alist of flammable materials

»  Alist of toxic materials and by-products

¢ Alist of hazardous reactions

» Alist of chemicals and quantities that would be reportable if released to the environment;
*  Alist of hazards (e.g., toxicity, flammability) associated with a system, and,

» A list of contaminants and process conditions that can lead to a runaway reaction.
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Once the hazard identification has been completed, the hazard evaluation can be performed. CCPS lists
12 methods:

Safety review

Checklist Analysis

Relative Ranking

Preliminary Hazards Analysis
What-if? Analysis
What-if?/Checklist Analysis
HAZOP Review

Failure Modes and Effects Analysis (FMEA)
. Fault Tree Analysis

10. Event Tree Analysis

11. Cause-Consequence Analysis

12. Human Reliability Analysis (HRA)

VRN R LN

The CCPS Guidebook gives detailed descriptions of each of these methods, including their strengths and
weaknesses and the resources required. It contains guidance on which method to choose for a given
project. It also contains detailed worked examples, centered upon a hypothetical Vinyl Chloride
Monomer (VCM) manufacturing facility:

¢ A What-If? Analysis during the research and development phase

» Use of the Preliminary Hazards Analysis method during the conceptual design phase

* Use of the HAZOP method during the pilot plant operation phase

» Use of the Fault Tree and Event Tree methods during the detailed engineering phase

» Use of the Checklist and Safety Review methods during the construction/startup phase
e An illustration of the HAZOP method during the routine operations phase '

e Use of the Relative Ranking and HAZOP methods for the addition of a batch process during the
plant expansion phase :

¢ Use of the FMEA and HRA methods as part of an incident investigation, and
»  Use of the What-If?/Checklist Method during the decommissioning phase.

2.2 Outcome of Hazard Evaluation
The usual outcomes of hazard evaluation include:

Causes of deviations from design intent

Consequences

Evaluation of existing controls

Recommendations for design and/or procedural changes (if any).
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2.2.1 Causes

The identification of causes encompasses the issue of initiators. Table 2-1 summarizes a number of
potential initiating events that can impact fuel cycle facilities. Table 2-2 summarizes some of the ways in
which radioactive materials might be released from these facilities.

2.2.2 Consequences

Most of the methods of hazard evaluation outlined above discuss consequences qualitatively. Thus, they
can only serve as a starting point for the quantitative analysis of scenarios. Generally, the methods will
enable the analyst to identify a sequence of events that leads to a release of a hazardous material.

2.2.3 Controls

One of the key parts of most hazard evaluation procedures is to discuss the adequacy of controls that are
supposed to prevent or mitigate the occurrence of accidental releases of hazardous materials. Examples
include, but are not limited to, the adequacy of protection against vehicular impact; the reliability of
emergency shutdown loops; the effectiveness of mechanical integrity programs; or the effectiveness of
mitigation measures such as deluge systems. Assumptions about whether these systems work lead to a
variety of different accident sequences. Sometimes event trees are useful in helping to ensure
completeness and logic in covering these sequences.

2.24 Design and/or Procedural Changes

Although this issue is not a major concern of this Accident Analysis Handbook, one of the most
important outcomes of a hazard evaluation is a set of recommendations for design and/or procedural
changes that will enhance both safety and efficiency. Examples could be installing physical barriers to
prevent vehicular intrusion, increasing the frequency of inspection of key equipment, revising
procedures, training, and a host of other possibilities.

2.3 Accident Scenarios

Once the hazard evaluation has been carried out, the scenarios can be defined. Many hazard evaluation
procedures (e.g., HAZOP) will identify initiating events (e.g., pipe leak due to corrosion, hose rupture,
etc.). This alone may not be enough to completely define the accident scenario, especially if the
initiating event is inside a structure. It is then necessary to consider whether the various barriers are
intact (e.g., whether walls have holes in them), whether filters are intact, whether the ventilation system
still works, etc. If there are mitigation systems, such as automatically activated firewater spray systems,
it will also be necessary to consider whether these work. An event tree is often a convenient way of
ensuring completeness of the scenarios. An example is given below in Section 2.4.1.

24 Examples

Several examples have been chosen and are presented in Appendix D in order to illustrate the methods
that are described herein. The scenarios chosen are:
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Table 2-1. Potential Events Impacting Nuclear Facilities

1. Internal

A. Explosive Initiators
- Detonations (shock & blast)
- Deflagrations (blast)
- Others: physical analogs to detonation (molten material + water) and deflagration (over-
pressurization and venting)

B. Fire Initiators
- Gases (e.g., H,)
- ' Liquid fuel
Solid fuel
Pyrophoric Materials -

C. Mechanical Initiators
- Puncture
- Crush-Impact
- Shock-Vibration

D. Aerodynamic Entrainment
- Falling powder
- Contamination from heterogeneous surfaces (loose powder, attached particles)
- Contamination from homogeneous surfaces (soil, powder)
- Evaporation from pools

E. Chemical Initiators
- Exothermic reactions
- Inadvertent mixing
- Pressure surges

2. External

A. Caused by Human Activity
- Adjacent facilities: fire, explosion, chemical intrusion
- Vegetation Fire ‘
- Vebhicular: trains, aircraft, trucks, cars

B. Severe Natural Phenomena
- Earthquake
- Tornados/High Straight Winds
- Floods
- Ice/Severe Winter Storms
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Table 2-2 Footnotes:

+

i

(2]

(3]

4]

[5]
{61

71

(8}

91

[10]

[11]

(12}
[13]
(14}

(15]

{16}

(17

(18]

[19]

Stress/event may result in the airborne release of significant amounts (> 1E-5 of inventory) of radionuclides from
this physical form.

Stress/event does not appear to have potential to result in the airbomne release of radionuclides from this physical
form.

Crush- Impact: Covers both the slow application of force by a solid mass and the shock-vibration due to impact
of falling, solid debris upon a solid surface.

Static Fire: Small fires due to the combustion of the material itself or a small amount of low-volatility fuel
around, co-located with, contiguous to, or near the material.

Turbulent Fire: Combustion of a large quantity of relatively high-volatility fuel co-located with, contiguous to
or near the material.

Explosion, Detonation: Generates some of the energy evolved as a shock wave (no mass movement). Covers
both chemical or physical energy sources.

Includes suspension resulting from the impact of falling debris. :

Uranium Mill Tailings: The sand-like residue from the uranium milling operations. The principal airborne
radiological concern is radon gas emissions. Stream contamination with radium is possible.

Uranium Hexafluoride: All forms (solid, liquid, and vapors) are normaily contained in a cask or process
equipment under normal process and storage conditions.

Uranium Metal: Both unalloyed and alloyed (less than 1 percent by weight of alloying metal) with a surface to
mass ratio of less than 10 cm?/g.

Applies only to loose particles on the surface.

Compacted UQ, Pellets and Granules: Unirradiated material.

Fuel Rods and Assemblies: Unirradiated, clad stacks of compacted sintered, UO2 pellets clad in either Zircaloy
or Stainless Steel.

Spent Nuclear Fuel (SNF) Rods and Assemblies: Irradiated and aged (>1-yr.) fuel rods and assemblies.
Packaged Trash: Contaminated combustible and non-combustible trash held in plastic-lined cardboard.
Vitrified, Aged High Level Waste: Aged HLW held in the matrix of borosilicate-glass.

Explosion: Deflagration: Generates its energy as a pressure impulse. Covers both chemical and physical energy
sources.

Aerodynamic Entrainment, Airflow: Suspension of particulate material from the action of gases flowing
essentially parallel to the surface of concern.

Aerodynamic Entrainment, Turbulence: Suspension of particulate material from surfaces as a result of the flow
and turbulence of air or gas as a large, solid object approaches the surface.

Aerodynamic Entrainment, Vehicle Passage: Suspension of a powder from a hard surface due to the passage of
a motor vehicle (car, pickup truck) over or adjacent to the surface.

Criticality: The results of an inadvertent chain reaction due to the presence of fissile materials in an unfavorable
configuration. Uranium solutlons, powders and solids must have adequate enrichment to result in a chain
reaction.
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1. Free fall spill of radioactive powder

2. Explosion in a room with aerodynamic entrainment of radioactive particles from a surface
3. Fire with suspension of radioactive particles from the burning of contaminated, combustible
material
~ 4. Filter failure with release of radioactive particulate previously trapped by the filter
5. Spillage of HF from a tankcar A ‘
6. UF; Liquid Cylinder Rupture
7. Release of radioactive materials from falling slurry in a vitrification plant, and
8. A criticality incident. B

This list was initially chosen in brainstorming sessions by a team that is very knowledgeable about fuel
cycle facilities and has accumulated many years of experience in accident analysis of such facilities. The
basic question asked by the team was, which already known scenarios will best serve the purpose of
exercising most of the models that will be described in this Accident Analysis Handbook? There is, of
course, no unique answer to that question. Thus, the method of hazard evaluation that was actually used
was heavily dependent on the judgement of experts. In spirit, it is perhaps closest to those methods of
hazard evaluation that rely most heavily on the expertise of the team, such as the Checklist or the What-
if? method. However, each of the scenarios identified above could, in principle, have been identified by
starting from scratch and using one of the formal hazard evaluation methods discussed in the foregoing.

24.1 Sample Problem 1. Free-Fall Spill of Powder

Powders are a collection of small solid particles, usually of many different sizes and shapes, held
together by weak cohesive forces. Powders of radioactive material are handled and processed in a
variety of non-reactor, non-medical nuclear facilities. Powder particles, both individual and smaller
aggregates, can be separated and become airborne through events ranging from spills to explosions. One
of the simplest and least energetic stresses that can be imposed upon powders is the free-fall spill. This
initiating event results in the powder falling as a coherent body that acts as a single entity, referred to as a
“slag,” through the air or gas. As the slug of powder falls, its forward face is impacted by the air and is
continuously made more dispersed; particles at the sides of the slug are subject to shear stress that can
entrain the material; and the region of lesser pressure induced on the rear face by the flow around the
slug can also cause particle entrainment. For short fall distances, the dominant cause of dispersion
appears to be impact upon a hard, unyielding surface. As the fall distances increase, other mechanisms,
such as stress caused by airflow around the slug that result in greater dispersion of the mass, tend to
increase in importance. The underlying assumption in this sample problem is that the powder is released
as a slug and not a highly dispersed mass. :

In order to complete the definition of the accident scenario, it is necessary to consider how the airborne
powders make their way into the external atmosphere. For this purpose, a sample facility has been
defined and is illustrated in Figure 2-1. It consists of a ventilation inlet into a room having a smaller
room attached (e.g., a glove box), exhaust ducting to a manifold, and, finally, a stack. There is a HEPA
filter in the duct. This configuration is chosen to facilitate illustration of the use of models for predicting
the movement of radioactive materials through buildings. Details of the use of such models are given in
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Chapter 4. The dimensions of the room and flow rates, etc., are defined for each sample problem. Figure
2-2 displays a simple event tree that represents various different ways in which the powder, once spilled,
might make its way to the atmosphere. Thus, for example, if the initiating event that causes the powder
spill also damages the facility itself (e.g., an earthquake), then there may be direct leakage to the external
atmosphere, as represented by Scenario 1-9 on Figure 2-2. At the other extreme, all systems and
buildings function as expected (Scenario 1-1). For the purposes of this analysis, a scenario is considered
in which there is no HEPA filter, but, otherwise, the building and its systems function normally (Scenario
#1-3). A second example is considered where there is a HEPA filter, which can reduce the amount of
material released to the atmosphere by a factor of up to 2,000.

A further variation on these scenarios is also considered: the powder is spilled either into the large room
or directly into the ductwork.

2.4.2 Sample Problem 2. Explosion in a Room with Aerodynamic Entrainment of
Radioactive Particles from a Surface

Flammable or combustible gases are used in some facilities to provide a reducing atmosphere for
processing (e.g., during sintering of compacted uranium dioxide (UQ,) pellets) or for space heating. The
purpose of Sample Problem 2 is to consider the effect of release of a limited amount of a flammable gas,
such as hydrogen, and its subsequent deflagration.

The scenario postulated to illustrate the airborne release and transport of the suspended material from an
explosion is the deflagration of a limited volume of flammable gas in a large room. This deflagration is
assumed to result in minor overpressures within the volume that would not result in loss of the structure
or exhaust flow. It is postulated that 0.3 m® (~ 10ft?) of hydrogen gas escapes into the operating room,
which is 30.5 m (100 ft) wide by 91.4 m (300 ft) long by 6.1 m (20 ft) high, with a total volume of ~
17,000 m? (~ 600,000 ft*). The gas is assumed to rise and mix with air. Some undefined ignition source,
for example, an electrical connection such as lighting, is assumed to cause ignition in the upper portion
of the volume. Ambient air accelerated to high velocity by the rapid burning is assumed to entrain
powder from a homogenous substrate (metal bench or equipment). . The material then escapes through
ducts and a stack, as shown in Figure 2-1. .

2.4.3 Sample Problem 3. Fire with Suspension of Radioactive Particles from the Burning
of Contaminated, Combustible Material ‘

Limited quantities of solid combustible materials are found in non-reactor, non-medical nuclear facilities.
The locations of the combustible materials within the operating areas of a facility are generally scattered
and not amenable to propagation that would result in a general facility fire. Furthermore, only a limited
portion of the combustible materials within the operating area are contaminated with radioactive
materials.

The combustion of a solid, combustible material is a heterogeneous process--heat applied to the solid
material generates a combustible vapor (pyrolyzate) that rises and mixes with air drawn from around the
edges of the flame; the vapor-air mixture attains a dilution that is flammable, is ignited, and burns. Heat
generated by the flames radiates back to the surface of the solid material and continues the pyrolyzation
process to generate more vapors. The height of the flames above the surface is a function of the vapor
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generation and mixing required to achieve a burnable mixture. Heat radiated by the flames may also
ignite other materials at some distance, depending on the material characteristics, the flame size,
and distance.

Materials contaminating the combustible solids may be suspended by destruction of the solid substrate
upon which the contamination lies. The physical forms of the contaminant under these conditions (e.g.,
vapor, solid particles) and the magnitude of the velocity of the vapor generated at the locale combine to
carry the particles to the convective flow regime beyond the flames.

It is postulated that contaminated combustible materials are accumulated within the operating area at
several locations within a facility handling and processing enriched uranium. The contaminated wastes
are from various processes where uranium solutions and oxide powders could be lost as minor leaks. The
contaminant could be air-dried residue from uranium nitrate solutions or uranium oxide powders. The
waste is assumed to be accumulated at five locations within an operating room 30.5-m (100-ft) wide by
91.4-m (300-ft) long by 6.1-m (20-ft) high that has a total volume of ~ 17000 m® (~ 600000 ft*). It is
postulated that these fires propagate slowly by igniting other non-contaminated combustibles (e.g., rags,
paper, plastic) in the area, resulting in the sequential ignition and burning of the contaminated
combustibles held in metal cans.

The combustible loading is assumed to be:

¢ Combustibles contaminated with air-dried residues (2 locations) 10 kg (22 1b) of combustibles
with 10 g (0.02 1b) of uranylnitrate hexahydrate (UNH) at each location

* Combustibles contaminated with powder (3 locations) 20 kg (44 1b) of combustibles with 20 g
(0.04 1b) of UQ, at each location.

2.4.4 Sample Problem 4. Filter Failure with Release of Radioactive Particulate Previously
Trapped by the Filter

HEPA filters are used in many nuclear facilities as the final barrier between particulate materials airborne
in the facility and the ambient environment around the facility. A HEPA filter is essentially a shallow
frame of metal or pressed fiber that contains a filtration medium. The medium most commonly found in
U.S. facilities is a fine, glass fiber mat, but other materials, such as cellulose, mineral, and metal fibers
are also used. Particles in air passing through the medium are collected by three mechanisms--impaction,
interception, and diffusion. Impaction collects larger particles (> 1 wm (3.9x107° in) Aerodynamic
Equivalent Diameter [AED]) using (1) the inertial force generated by the mass of the particle and the
velocity of air and (2) the inability of the particle to follow the streamlines as it encounters the fine fiber.
Smaller particles have less inertia and can partially follow the flow changes. If the particle (micrometer
to submicrometer AED) approaches the fiber within the largest dimension of the particle, the particle can
be collected on the surface of the fiber. Submicrometer AED particles penetrate into the fiber mat and,
due to the tortuous path via the cells created by the matted fiber, diffuse to the surface of the fibers.

For a given combination of fiber diameter and air flow rate or velocity at the face of the filter, there is a
size range for the most penetrating particles. For 0.61-m by 0.61-m (2-ft by 2-ft) HEPA filter typical of
those used in the U.S., with a volumetric flow of 0.49 m*/s (1000 cfm) at a differential pressure of 2.5 cm
(1 in) WG (Water Gauge), the most penetrating particles are in the range of 0.1- to 0.2-um(4.0x10° - to
8.0x10%-in) AED. Particles with larger diameters are more strongly affected by inertial mechanisms
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(e.g., impaction or interception) and particles smaller than the most penetrating size are more strongly
affected by the diffusion mechanisms (e.g., turbulent and Brownian).

Filters are designed and tested at the factory to maintain a collection efficiency of 99.97 percent or

greater for 0.3 um (1.2x10% in) AED test particles (typically dioctyl phthalate, DOP, or dioctyl sebecate,

DOS). Depending upon the size and characteristics of the materials deposited, HEPA filters can

accumulate several kilograms of particulate materials before exhibiting a differential pressure greater

than 15 cm (6 in) WG (a typical value where the cost of generating the differential pressure begins to

exceed the cost of replacement) required to maintain the 0.49 m’/s (17.3 ft */s) flow.

Much of the loss of efficiency can be attributed to minute leaks in the sealant joining the filter mat to the
frame or pathways through the gasket sealing the filter to the frame. Such paths must be minute in order
to maintain the required in-place collection efficiency (99.97 percent), but the size range of the particles
passing through these leaks is not significantly altered in the micrometer-submicrometer range of the
particle’s largest dimension. -

Various conditions, such as high temperatures, pressures, and poor quality or deterioration of binders
used, can cause the HEPA filters to fail. HEPA filters must withstand flame impingement and
momentary high temperatures. Filters with mineral sealant have retained collected materials for a
temperature as high as 623 K (660 °F) (Hackney 1983). There are no experimental data for the retention
of accumulated materials by glass fiber upon melting, but, based on the behavior of glass, it is postulated
that the fibers soften and become “sticky” in the melting process and would retain all accumulated
material in the melted glass, similar to vitrified high-level-waste (HLW). New glass fiber filter mats
withstand up to 200 cm (80 in) WG before failure, but, upon loss of binder (binderless glass fiber
contains up to 5 percent organic binder), failure can occur at 25 cm (10 in) WG or less. Experimental .
data indicate that pleated glass fiber mats used in HEPA filters are perforated at a few locations along a
few of the back pleats when challenged by shock waves (Gregory et. al. 1983).

It is postulated that a filter at the end of its productive cycle is subjected to high temperatures that result
in filter failure, and that the filter accumulation consists of a maximum of 2 kg of UQ, particles.

24.5 Sample Problem 5. Spillage of Hydrogen Fluoride from a Tankcar

Sample Problem 5 is intended to illustrate how to model scenarios that result in the spillage of hazardous
chemicals. HF is normally supplied to the facility by tankcar. The unloading process utilizes nitrogen to
pressure HF out of the tankcar into an Acid Storage Vessel. The transfer lines connectmg the tankcar
and the storage vessel are “HF-service” flexible hoses.

Potential accident scenarios arising from the HF tankcar unloading process include:

a. HF vapor release due to a break in the nitrogen padding gas hose.
b. HF liquid release due to a break in the HF liquid transfer hose.

These are assumed to take place outside in the open air, but still within the site boundary. These
scenarios illustrate how to model liquid and vapor releases of a hazardous material. They would arise
naturally from a hazards evaluation, such as a HAZOP of a truck unloading process.
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2.4.6 Sample Problem 6. Uranium Hexafluoride Liquid Cylinder Ruptureb
This scenario is possible under the following conditions:
Alternative #1:

An overfilled 12.6 metric ton (14-ton) UF, cylinder in a fuel enrichment facility is heated. The operator
does not realize that the cylinder is overfilled. Thermal expansion of UF causes cylinder rupture. In this
scenario, all of the UF is released instantaneously.

Alternative #2:

A 14-ton cylinder containing liquid UF; is accidentally dropped during transportation/moving operations.
The fall results in a small hole developing in the cylinder wall. Depending upon the location of the
rupture, the contents of the cylinder may be released either (a) as a continuous liquid jet if the hole is
below the liquid level, or (b) as a continuous vapor jet if the hole is above the liquid level. For this
alternative, continuous jet releases of either liquid or vapor through a 5-cm (2-inch) diameter hole are
assumed. This is a typical diameter resulting from a cylinder drop.

These scenarios are possible in fuel conversion, enrichment, downblending, and fabrication facilities.
An adequate hazard evaluation procedure would be a checklist based on previous experience or a What-
If? team session or a formal hazards evaluation exercise, such as HAZOP.

These scenarios are assumed to take place outside in the open air, but still within the site boundary.

2.4.7 Sample Problem 7. Release of Radioactive Materials from Falling Slurry in a
Vitrification Plant '

Liquid spill releases can pose human health and environmental problems if the liquid released is toxic,
radioactive, or otherwise hazardous. Liquid releases result from spills that occur during transfer, leaks in
_ pipes or containers, and ruptures from external forces, such as catastrophic impacts and internal
overpressurization from uncontrolled reactions.

A liquid spill of hazardous or radioactive material creates airborne as well as liquid transport pathways as
a result of evaporation and aerosolization from the liquid surface. The transport of aerosolized particles
in air is considered in other sample problems (free-fall spill, explosion, fire, and filter failure). This
sample problem focuses on the initial aerosol as liquid and its transport pathways.

To demonstrate the calculation of release fractions, leak path factors, and doses from a liquid spill, the
liquid spill scenario has been based upon safety analyses from a facility that combines nuclear waste with
glass in a vitrification process. At the vitrification plant, a sludge slurry composed principally of
insoluble inorganic salts is fed through underground piping to the process cells housed in the vitrification
building. The salts are mixed with glass frit in the slurry mix evaporator and fed to the glass melter via
the melter feed tank. In the melter, the frit/waste salt mixture is heated to over 1270 K (1830 °F) to form
a molten glass. The glass is poured into canisters which are cooled, sealed, and stored.

In this generic vitrification facility, the potential for liquid spilis is found in the following situations:
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¢ Overflow in process cells

*  Overflow in pump pit and auxiliary pit

e Leaks in process cells (excluding salt processing cell)
e Leaks in salt processing cell

* Leaks in pump pits

e Transfer line leaks

e Canister rupture

» Release of contaminated steam condensate, and

e Release of contaminated cooling tower water.

For illustrative purposes, a process cell overflow of 1 liter (0.26 gal) of salt slurry has been chosen. The
slurry has a fall path of two meters (6.6 ft) onto the floor of a building like that shown in Figure 2-1.

2.4.8 Sample Problem 8. A Criticality Incident

A criticality incident is an unplanned event resulting in the uncontrolled release of energy from an
assemblage of fissile and fissionable radionuclides. Under appropriate accident conditions, fissile and
fissionable radionuclides may undergo a self-sustaining nuclear reaction (chain reaction) called an
inadvertent nuclear criticality or nuclear excursion.

The nature of the potential nuclear criticality depends on the physical form of the fissionable materials.

In nuclear fuel cycle facilities, fissile materials are present as solutions, powders, and solids.

Historically, the most likely material form in a nuclear criticality is a solution of fissile materials,

typically an aqueous acid solution. Since they exist as moderated systems, liquid solutions of fissile ‘
material have smaller critical masses than do solid ones. There are a few exceptions to this rule,

including Np*’, Pu?® and Am?*!, which have minimum critical masses when unmoderated. These

isotopes currently play a minor role in the fuel cycle industry, but may become more important during

DOE facilities’ transition to NRC regulation. Further, they are quite mobile, and can be formed into non-
geometrically favorable shapes with inadvertent reflection, creating the possibility of criticality in

unexpected locations.

Inadvertent criticalities involving solids are generally less likely because solids are typically immobile,
their movement is easily recognized and controlled, and the mass required for criticality of an
unmoderated system is large compared to that for a moderated system. A nuclear criticality involving
unmoderated powders is theoretically possible but also very unlikely. Powders have void spaces, making
the occurrence of geometries that favor fission unlikely.

However, it should be noted that, in typical fuel cycle facilities, very large quantities of fissile powders
are deliberately exposed to moderating materials to accomplish desired operational steps (e.g., the
injection of steam into a reactor or kiln in the dry conversion process or the addition of “conditioners” to
5000-kg (11000-1b) blenders), thus increasing the likelihood of criticality excursions in these processes
should design controls fail. The inventory of fission products generated during a criticality event is a
function of the type of fissile material present (e.g., uranium, plutonium, or thorium isotopes). The
quantity of fission products generated is a function of the total number of fissions that occurs during the
criticality event. The total number of fissions depends on the amount of fissile material, the
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configuration of the material, and how long the conditions necessary to maintain a critical configuration
exist. -

The energy produced by a criticality event is dissipated into the environment that surrounds the fissile
material. In the case of solutions of fissile materials in water, this energy is dissipated by heating the
solutions, resulting in the evaporation of water, which is a moderator. Eventually, the loss of moderation
due to the evaporation of the water results in the termination of the criticality event. For solid systems,
displacement of the solid or powder can alter the configuration and result in the termination of the
criticality. ’

The facility assumed for the sample problem is a uranium fuel fabrication plant. In this type of facility,
an inadvertent criticality might be initiated in the following situations:

» Inadvertent transfer or leakage of a solution of fissile material from a geometrically favorable
vessel into an area or vessel with an unfavorable geometrical configuration

* Introduction of excess fissile material into a vessel or solution
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