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FOREWORD

The dose information presented in this report provides a valuable back-up
to existing dose projection capabilities already available at nuclear power
plants, NRC headquarters and regional incident response centers, and most
States. This compilation should prove useful during an actual emergency or
in preparation of an emergency response scenario, to those involved in
radiological dose assessment.

It must be emphasized that the dose calculations presented herein rely upon
the radioactivity releases (“source terms") taken from the 1975 Reactor Safet
Study, WASH-1400, and do not reflect the considerable research effort which is
underway, but presently incomplete, to reassess such accidental releases.
Hence, this report contains no new source term information. When such new
source term information becomes available, consideration will be given to
revision of this report, if the results so warrant.

Yy R A A

Robert M. Bernero, Director
Division of Risk Analysis and Operations



ABSTRACT

This report presents a set of precalculated doses based on a set of postulated
accident releases and intended for use in emergency pianning and emergency
response. Doses were calculated for the PWR (Pressurized Water Reactor) accident
categories of the Reactor Safety Study (WASH-1400) using the CRAC (Calculations
of Reactor Accident Consequences) code. Whole body and thyroid doses are
presented for a selected set of weather cases. For each weather case these
calculations were performed for various times and distances including three
different dose pathways--cloud (plume) shine, ground shine and inhalation.
During an emergency this information can be useful since it is immediately
available for projecting offsite radiological doses based on reactor accident
sequence information in the absence of plant measurements of emission rates
(source terms). It can be used for emergency drill scenario development as
well.
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PREFACE

This report is arranged as follows. First, postulated accident sequences leading
to a radioactive release are summarized. The meteorology and atmospheric trans-
port models used to perform the dose calculations are discussed. Finally, the
set of accident scenarios (i.e., both accident category and weather conditions)
that comprise this emergency response dose guidebook for light water reactors
(LWRs) is presented. A discussion of the caveats reaarding these computer
simulations is also included. Because of the many assumptions inherent in the
calculations, caution must be exercised in using and interpreting the calculated
doses, especially at larger distances. With regard to "source terms", it must
also be recognized that the source terms used for the dose calculations are
current best engineering estimates only and are subiect to change. They should
not be considered as predictions in any sense of the word. Further, even if the
character of a release were known perfectly the dose projections would be only
approximate, i.e., order of magnitude estimates, because of the simplifying
metecorological assumptions.
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1.0 INTRODUCTION

In the event of a radiological emergency at a nuclear power plant it would be
necessary to obtain an early projection of doses that members of the public
might receive in the event of a release of radioactivity. All nuclear poyer
plants are required to develop and maintain dose proiection capabilities.
Various methods are available to obtain such estimates., This report presents
one such method of projection which is based on precalculated doses and dose
rates for postulated accident sequences. This has been done for a spectrum of
possible accidents and the results are plotted in Appendix A,

The spectrum of accidents considered is that represente? by the so called PWP »
(Pressurized Water Reactor) accident sequences of the Reactor Safety Study (RSS).
These accidents encompass a full range of degraded core and core-melt accidents
ranging from simple cladding failure, where the plant containment systems remain
essentially intact, and for which the releases of radioactivity to the atmosphere
would be relatively small, to extremely severe accidents for which large fractions
of the core inventory of radionuclides are postulated to be released to the
atmosphere. The release categories are designated PUR 1 through PWR @, The

most severe accident class, PWR 1, is comprised of two parts, PWR 1A and PUR 1B
to cover the possible outcomes of a ground level release or a high energy release
for which an elevated puff would be expected.

Although the "continuous" spectrum cannot be completely covered adequately by
only nine discrete accident sequences, the discreteness is related to a finite
number of basic reactor plant safety systems, the success or failure of which
could have major impacts on the outcome of an accident. In particular, the
success or failure, and the timing of the failure, of the containment and/or the
engineered safety systems (ESFs) of the containment play a major role in the
estimates of the fractions of the core inventory that can be released to the
atmosphere. For example, in contrast to the PWR 1 accident sequences, for which
all ESFs are presumed to fail catastrophically, the PWR 8 sequence would not
invol /e containment fatlure, but the containment would leak at a relatively slow
rate. The offsite or environmental consequences of these accidents would be
markedly different, of course. In addition, the nine accident sequences cover
various core damage states from major cladding failure to full core melt.

The potential for a variety of meteorological conditions during a release to

the atmosphere and subsequent transport away from the release point provides

the potential for a wide range of off-site consequences for each postulated
release. This continuous spectrum was approximated by discrete meteoro-

logical conditions. Doses and dose rates were calculated for each of the
postulated releases and for each of the meteorological conditions and sholttiisg‘
cases chosen, The CRAC (Calculations of Reactor Accident Consequences) code“'”*
was used to generate the dose and dose rate information.



2.0 ACCIDENT CATEGORIES

A large portion of the work of the Reactor Safety Study2 (WASH-1400) was

devoted to determining the probability and magnitude of radiocactive releases.

In order to define the various releases that might occur, a series of release
categories was identified for the accident sequences as well as the postulated
types of containment failure in both Boiling Water Reactors (BWRs) and Pressurized
Water Reactors (PWRs). The probability of each release category and the associated
magnitude of radioactive releases (given as fractions of the initial core radio-
activity that might leak from the containment structure) are used as input data

to the CRAC consequence model.

Tables | and 2 list the parameters that characterize the PWR and BWR release
categories. In addition to probability and release magnitude, other parameters
that characterize the accident releases are time of release after accident
initiation, duration of release, warning time for protective iactions, height
of release, and energy content of the released plume. A summary display of the
;elease]fgaction information and associated probabilities is presented in

iqure 1.

The time of release refers to the time interval between the start of the hypo-
thetical accident and the release of radioactive material from the containment
building to the atmosphere; it is used to calculate the initial decay of radio-
activity. The duration of release is the total time during which radioactive
material is emitted into the atmosphere; it is used to account for continuous
releases by adjusting for horizontal dispersion due to wind meander. These
parameters, time aid duration of release, represent the temporal behavior of the
release in the dispersion modal. The amount of radioactivity released to the
environment is calculated for each release category in CRAC by taking the product
of the radioactivity group release fractions and their respective fission product
radioactive inventory (Table 3). Radioisotope decay and first daughter product
in-growth during puff transport are also accounted for in CRAC,

The warning time for protective action is the g$gtulatod interval between
awareness of an 1mp0nd1n? release and the actual release of radivactive material
from the containment building. Finally, the height of release and the energy
content of the released plume affect the manner in which the plume would be
dispersed in the atmosphere.

It should be understood that these categories are composites of numerous event
tree sequences with similiar characteristics, as discussed in WASH-1400. Tables
4 and 5 give the dominant release groupings and key to the symbols for the PWR
categories. Tables 6 and 7 give the same information for the BWR categories.

[t is noted that the release fraction for each isotope group that was assigned
to a category (Tables 1 and 2) generally was taken as the highest calculated



fraction from all of those accident sequences (Tables 4 and 6) assigned to a
particular release catgeory. Trerefore, the release category was only a
synthesized way of covering a large number of the accident sequences assigned
to the release category and cenerally represents conservative estimates of the
possible release fractions for many of the assigned sequences. Further dis-
cussion of the LWR accident sequences and releases that define each category
is given in Appendix B.

In this report, dose calculations are presented for the PWR accident categories.
Estimates for BWR categories can be obtained by analogy or interpolation, using
the tables and the accident descriptions as quides.

In dealing with an accident at BWRs, the following conversion table might
be used:

BWR 1 = PWR 1
BWR 2 = PWR 2
BWR 3 = PWR 3
BWR 4 = PUR 6
BWR 5 = PWR 8

The estimated release fractions and timings of possible releases for the RSS
accident categories have been questioned by some experts and major research
efforts are underway to re-assess accident source terms. Since the PWR 1 and 2
sequences would involve very rapid releases and very high release fractions,
revised source terms, if any, should be encompassed within the PWR 1-8 or BWR
1-5 accident categories. If more than minor interpolation is required forsnewer
source terms, this report should be revised or supplemented in the future.

[t should be recognized that during an actual emergency it would be a very
tenuous speculation to predict the actua' eventual release fractions to the
atmosphere even if the accident sequences were known perfectly.

3.0 DOSE CALCULATIONS

3.1 Meteorology and Atmospheric Transport

The figures in Appendix A are labeled, in part, according to certain meteoro-
logical assumptions, namely, wind speed, atmospheric stability class and rain-
fall. This section will discuss the rudiments of meteorological nomenclature.

Although the subject is complex, the modeling assumptions used in most atmos-
pheric transport codes, such as CRAC, are simple ones. Moreover, a rudimentary
explanation should suffice to interpret the graphs in the Appendix.

For these calculations it was assumed that any release to the atmosphere can

be considered to be a "puff" releise. This puff is allowed to grow in the
vertical and horizontal directions as it is transported by the wind. Transport
in a single, unwavering direction radially away from the release point is assumed.



Concentrations of radionuclides in the puff are assumed to be greatest at its
center and to decredse monotonically in both horizontal and vertical directions
as one moves away from the center. Although some dispersion in the ridial
direction (upwind and downwind) would occur as well, such dispersion is
immaterial to the dose calculcations in the Appendix because doses for the
direct exposure to materials in the puff are calcu}aéed for the full exposure
to it. Models for partial exposures are available *", but are not included
herein.

As one moves away from the center of the puff, concentrations of radionuclides
are assumed to decrease according to a normal or Gaussian equation. In this
equation two parameters determine the concentration at any point in space.

A parameter sigma-z (@=) governs the vertical dispersion and a parameter
sigma-y (@) governs the horizontal disperison. These 3P16qui11-61fford“
dispersion’parameters are displayed in Figures 2]?nd . M Sigma-y and Sigma-z
are parameterized in CRAC by Martin and Tikyart. The Gaussian, or normal,
distribution curve is displayed in Figure 4.

The curves in Figures 2 and 3 are labeled by the letters A through F. These
letters represent the stability “51755" using the Pasquill-Gifford atmospheric
dispersion classification scheme.”’ This scheme relates atmospheric turbulent
dispersion according to easily observed conditions of the atmosphere: windspeed,
day or night conditions, and cloud cover. This scheme is displayed in Table 8.

A few examples will illustrate how the information in Table 8 can be used to
determine a stability class. First, read footnote 1 in Table 8: for heavy

cloud cover, the Pasquill-Gifford stability class is D, or neutral. Further,

for moderate to high windspeeds, the stability class is also D for the most part
(see bottom line of Table 1). Indeed, D stability is the most prevalent stability
class. Now note the area of the table below the dashed line. Here, higher
windspeeds would prevail and the stability class would be neutral (D) under most
conditions, day or night. However, given strong sunlight and mode-ate windspeeds
batter disperison than "normal" would be expected, and the stability class would
be B or C. Additionally, given 5-10 mph windspeed and a cloudless night, poorer
than average dispersion would be expected (E stability).

Low windspeed conditions can induce either greater or less than normal (D
stabilityg dispersion. Observe the area above the dashed line in Table 8.
For low windspeeds, dispersion would be greater than normal during the day
and less than normal during the night. A long, narrow, concentrated plume
is often observed in the late afternoon on a calm sunny evening, or on a cool
calm, starry night (e.g., Class F stability). See Figure 5.

For emergency response purposes, considering all other variables and uncertainties,
the information in Tahle 8 can be succinctly summarized as follows:



Ktmospheric Wit Stability o
Condition _Class
Windspeed 10 mph or greater, or heavy L
cloud cover anytime
Low windspeeed and few clouds -
Daytime B-C
Nightime E-F
Very low windspeed, high noon, A

bright summer day

Theoretical full widths of D and F stability plumes versus distsnce are
displayed in Figure 5. For rsference, the full width of a 22.5 sector is
also shown in Figure 5. 22.5° is the angle subtended by one of the sixteen
cardinal compass directions (e.a., ENE). Windspeeds which produce commonly
observed phenomena (e.g., tree leaves in motion) are listed in Table 9.

Rainfall could significantly alter the consequences of an accidental

release comprised of water soluble or particulate material. Ground level

dose rates in the wake of a plume could be orders of maggi}’de greater

with rainfall, as compared to transport in dry weather. Thus, separate
graphs for dry and wet weather are included in Appendix A, One assumption

used for the rainfall cases is important to note: it was assumed that rainfall
was continuous and steady throughout the transport time at all "downwind"
locations. Interception of rainfall after transport in dry weather was not
included here, although it can be considered in the CRAC code. Other assumptions
of note were: plumes (puffs) were depleted exponentially with travel time, ground
runoff was ignored, and plume depletion and ground deposition were the same for
all stability classes, for rain cases.

3.2 Unrealistic Meteorological Modeling Assumptions

A number of unrealistic as;gmptions are inherent in the meteoroliogical models

used for the calculations. Some of the realities, as compared to the assumptions
are as follows:

1. Plumes (puffs) do not travel in straight lines, yet the models used here, and
py many others, assume line of sight travel. Thus, all distances displayed
in the graphs should refer to the distance along the track of a puff,
rather than "crow-flight" distances.

2. Windspeeds and stadbility classes are not invariant over the time scales
inferred by the distances displayed in the graphs. It is not uncommon
to find a thunderstorm over one area (D stability) and sunshine (e.g. B



stahility) in an area only a few miles away, especially in summer. VYet,
these calculations assumed constant stability class and windspeed every-
where, throughout the travel time (for a day in some cases).

For these calculations, no wind shifts during the presumed release period
were allowed. Yet, there is a 50-50 chance °f1§ fggnificant wind shift at
any time across the continental United States. ° Van der Hoven has
analyzed National Weather Station meteorological data across the United
States and has presented results in the form of 8raphical 8isp1ays of the
probability of hou[g of wind persistence in 22.5  and 67.5" sectors
(Figures 6 and 7). The study concludes that there is an even chance of
a significant wind shift occurring in the next two to four hours at any
aiven location in the United States. A few general observations by

Van der ‘loven are of import to emergency planning and/or response:

"...the higher the wind speed, the greater is tendency for the wind
to remain in a given direction.. Conversely, it is in the lowest wind
speed categories of calm and 1 to 5 mph that the least direction per-
sistence is found.

", ..wind roses* (freauency) that favor a particular sector will also
tend to persist in that sector.”

A wind shift during a release period could significantly dilqge a release and
lower doses, as compared to doses presested in the Appendix.

3. MNumerous topoiogical features, such as hills, river valleys, water
masses, thermal islands (cities) and coasts, would significantly
alter stabigity class and wind direction, i.e. atmospheric transport
in general.” Generally, these would all disperse a puff to a greater
extent than assumed for the calculations. This may or may not lTower
estimated doses, however. An elevated release could intercept a hill
or a large building, resulting in higher ground level doses than
estimated for an elevated release, for example. Nevertheless, at
distances greater than ten miles, or so, doses would generally be less
than calcu’ated here because greater dilution would be expected. On
the other hand, the areas involved would be greater than those implied
by the widths of simple puffs as idealized by the sigma-y curves in
Figures 2 and 5.

4. A significant plume rise could make transport estimates especially
tenuous because of windspeed and directiin differences at various
altitudes. Plume rise would have to be observed rather than calculated
because of the lack of a heating source term. The height of a steam 5
cloud should be observable for certain very severe accident sequences.

*Wind rose is the direction from which the wind blows.
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With these caveats in mind, it is clear that should an actual release of suf-
ficient magnitude ever occur, a reasonably accurate dose assessment would require
monitoring teams to locate the release(s). Considering the high dose rates
necessary for a Protective Action Guide (PAG) to be realized, theoﬁaéqr offsite
monitoring problems would invelve finding and tracking a release.” '’ Con-
sidering further the facts that windspeeds average 5 to 10 miles per hour, and
thet a two hour release could be ten to twenty miles long over areas where the
wind directions could be considerably different, aircraf; would be the pre-
ferred method for plume tracking where at all possible. The wind directions
at the release point may not be adequate to project atmospheric trgﬂsport to
distances of more than a few miles, especially in complex terrain.

3.3 Pathways for Precalculated Doses

The graphs presented in Appendix A show projecteg doses to the whole body
and thyroid for a 2550 thermal megawatt reactor. Activities in Table 3
and doses in the Appendix would scale in proportion to thermal power.

Doses were calculated for three pathways: inhalation, external gamma irradiation
from the plume (cloud) and external gamma irradiation from radionuclides deposited
on the ground. Four graphs showing calculated doses at distances between 1 and
100 miles along the track of a plume (puff) are displayed for each of the
postulated accident/meteorological conditions. Information in the araphs can be
used to discern both dose rate and pathway contributions to doses.

Inputs to CRAC included a specification of the inventcry of radionuclides and
activities released to the atmosphere, the characteristics of the release (e.g.,
Tables 1, 2 and 3) and meteorological conditions following the accident. A
finite cloud dosimetry model in CRAC was used for the cloud external gamma dose
calculations. Standard wet and dry deposition modeis were used to transfer non-
noble gaseous material from the atmosphere to the ground for the ground exposure
dose calculations.

The calculations of whole body dose are very sensitive to the assumption of

th length of time one remains in the vicinity of contaminated ground. Theretore,
three time periods were used in the total dose versus distance calculations
(i.e., 4-hour, 24 hour and 7 day). The cloud, ground and inhaled components

of the total dose are explicitly plotted (on the right hand side of each figure)
using the 24-hour ground exposure time assumption. The external gamma dose from
the passing cloud is assumed to happen "instanrtaneously." Inhalation of radio-
nuclides occurs over a very short time period ("instantaneously”) and the dose
builds up over time since the body continues to be irradiated for extended time
periods by those inhaled radionuclides which remain in the body; i.e, which

are not immediately exhaled. The dose commitment from inhaled radionuclides

is calculated over an individual's 1lifespan.



3.4 Accident Category and Weather Scenarios

Doses and dose pathway contributions to an individual versus distance have
been calculated for a selected set of weather conditions and release categories
as shown in Table 10.

The individual in accident/weather scenarios 1 through 14 is unshielded,
that is, the individual is not in a brick building, or basement, or otner
enclosure which could reduce the received dose. These calculations (i.e.,
cases 1 throught 14) are "projected doses" and can provide a perspective on
"dose savings" to be afforded by various protective measures.

Several sheltering cases, i.e., 15 through 19, with and without the occurrence
of rain are included for additional perspective. Shielding factors for these

cases are 0.75 for the cloud pathway and 0.33 for Qhe ground. Refer to Table

11 for a list of representative shielding factors.

For illustration, Figure 8 presents dose plots from Appendix A for a PWR #2
release category during a typical weather condition (i.e., stability class D,

6 mph windspeed and no rain) and a 4-hour ground exposure time. The effects

of different windspeed/stability class conditions are shown in Figure 9. Also,
rain can significantly alter the dose versus distance curves as shown in Figure
10. The sensitivity of the results to different "source terms" or release
categories is easily seen in Appendix A, Compare Figure 11 corresponding to a
PWR #6 release category to Figure 9. The influence of plume rise is shown in
Figure 12 for the same weather condition (PWR #1A versus #1B release).

4.0 DISCUSSIONS

In an actual emergency response situation it would be useful to base dose
projections on actual radiological measurements as quickly as possible. However,
for many postulated severe accident scenarios major radionuclide emissions would
bypass at least some engineered safety features and routinely monitored release
paths. For such cases precalculated dose projections could be immediately
available when a real time dose projection model could not be used and field
measurements are absent. Such information can de useful during emergency drills,
in the emergency planning process and in the very early stages of an emergency
response situation. These calculations can be especially useful during a re-
sponse situation before a release occurs for purposes of contingency planning
based on an assessment of the possible outcomes of the actual accident sequence.

A1l in all, then, these dose and dose rate calculations can be useful for
emergency planning and in the early phases of an emergency response. However,

in the post-release phase of an emergency response the best dose projections would
be based on actual data obtained from rag;nlogical monitoring and the knowledge
of plant system performance at the time.



5.0 REPORT REFERENCES

1. U.S. Nuclear Regulatory Commission, "Criteria for Preparation and Evaluation
of Radiological Emergency Response Plans and Preparedness in Support of
Nuclear Power Plants," NUKCG-0654 (FEMA-REP-1), January 1980.

2. U.S. Nuclear Regulatory Commission, "Reactor Safety Study, An Assessment of
Accident Risks in U.S. Commercial Nuclear Power Plants," WASH-1400, NUREG-
75/014, October 1975,

3. T. S. Margulies and L.C. Kohlenstein, "Calculation of Potential Radiological
Effects from an Accidental Release at the Three Mile Island Nuclear
Generating Station", Johns Hopkins University Applied Physics Laboratory
Report, CPE-7902, April 3, 1979,

4. T.S. Margulies and T.W. Eagles, "Accident Consequence Calculations for
Calvert Cliffs Nuclear Power Plant," Volume I: Projected Whole Body
Doses; Volume II: Projected Thyroid Doses; Draft report prepared by
Johns Hopkins University Applied Physics Laboratory for the State of
Maryland, Department of Natural Resources, Power Plant Siting Program,
October 1979,

5. J. A. Martin, Jr., "LWR Accident Spectrum - Release Characteristics and
Consequences," in procesdings of the Workshop on Meteorological Aspects
of Emergency Response Pians for Nuclear Power Plants, NUREG/CP-0032, U.S.
Nuclear Regulatory Commission, August 1982.

6. R. M. Blond, M. Taylor, T. Marqgulies, M. Cunningham, P. Baranowsky,
R. Denning, and P. Cybulskis, “The Development of Severe Reactor Accident
Source Terms: 1957-1981," U.S. Nuclear Regulatory Commission, NUREG-0773,
November 1982.

7. J. A. Martin, Jr., "Doses Wwhile Traveling Under Well Established Plumes,"
Health Physics Jr., Vol. 32, pp. 305-307, April 1977.

8. D. C. Aldrich, R. M, Blond and R, B. Jones, "A Model of Public Evacuation
for Atmospheric Radiological Releases," SAND 78-0092, Sandia National
Laboratories, Albuquerque, NM 87185 (1978).

9. D. Slade, et al., "Meteorology and Atomic Energy - 1968," TID-24190, NTIS,
U.S. Department of Commerce, Springfield, VA 22151.

10. D. Bruce Turner, "Workshop of Atmospheric Dispersion Estimates," U.S.
Environmental Protection Agency, Office of Air Programs, Research
Triangle Park, NC 27711. (Rev. 1970)



 § 8

12.

13.

4.

15,

16.

17.

18.

19

20,

2l.

22,

«10=-

D. 0. Martin and J. A, Tikvart, "A General Atmospheric Diffusion Model

for Estimating the Effects on Air Quality of One or More Source," paper
presented at 61st annual meeting of The Air Pollution Control Association,
1968.

1).S. AEC, "Theoretical Possibilities and Consequences of Major Accidents
in Large Nuclear Power Plants," WASH-740, U.S. Department of Energy,
Washington, D.C., 20545, March 1957.

J. A, Martin, Jr., et. al., "AIREM Program Manual: A Computer Code for
Calculating Doses and Ground Depositions Due To Atmospheric Emmissions
of Radionuclides," EPA-520/1-74-004, U.S. Environmental Protection
Agency, Washington, D.C. 20460, May 1984,

D. C. Aldrich, P. McGrath and N. C. Rasmussen, "Examination of Offsite
Radiological Emergency Protective Measures for Nuclear Reactor Accidents
Involving Core Melt," NUREG/CR-1131, U.S. Nuclear Regulatory Commission,
October 1979.

D. C. Aldrich, et al., "Technical Guidance for Siting Criteria Development,"
NUREG/CR-2239, U.S. Nuclear Regulatory Commission, December 1982.

E. A, Davis, G. A. Yoshioka and T. S. Margulies, "A Systems Study of
Regional Air Transport Modelling For Emergency Response Applications,"”
Johns Hopkins University Applied Physics Laboratory Report JHU-T-22,
Laurel, M., April 1982, NTIS.

U.S. NRC and U.S. EPA, "Planning Basis for the Development of State and
Local Government Radiological Emergency Response Plans in Support of
Light Water Nuclear Power Plants," NUREG-0396 and EPA 520/1-78-016.
U.S. Nuclear Regulatory Commission, December 1978.

I. Van der Hoven, "Wind Persistence Probability," ERLTM-ARL-10, NOAA
Air Resources Laboratory, Silver Spring, MD 20910.

[. Van der Hoven, et al., "Recent Analytical and Experimental Efforts
on Single Source Effluent Dispersion to Disances of 100 km," Physical
Behavior of Radioactive Contaminants in the Atmosphere, STI/PUB/354,
International Atomic Energy Agency, Vienna, 1974,

J. A, Martin, Jr., "Prespectives on the Role of Radiological Monitoring
in an Emergency, Trans. Am. Nucl. Soc., Vol. 34, pp. 727-729, June 1980.

U.S. Environmental Protection Agency, "Manual of Protective Action Guides
and Protective Actions for Nuclear Incidents," EPA-520/1-75-001 (September
1975), Revised June 1980.

R. P. Burke, C. D. Heising and D. C. Aldrich, "In-Plant Considerations for
Optimal Offsite Response to Reactor Accidents," U.S. Nuclear Regulatory
Commission, NUREG/CR-2925, November, 1982,






Table la: SUMMARY OF RELEASE CATEGORIES REPRESENTING HYPOTHETICAL ACCIDENTS
(Reactor Safety Studv, WASH-1400)

Time Puration Warning Time T ETevation (c) '
Release Probability_‘ Release of Release for Evacuation of Release Energg Release
Category (reactor-yr ') (hr) (hr) (hr) (meters) (10° Btu/hr)
mR1 9 x10°7(2) 2.5 0.5 1.0 25 20 and 520(¢)
MWR2 8 x10° 2.5 0.5 1.0 0 170
MR3  4x10° 5.0 1.5 2.0 0 6
MR4  5x107 2.0 3.0 2.0 0 R
MRS5S 7x 107 2.0 4.0 1.6 0 0.3
MRE 6 x10° 12.0 10.0 1.0 0 N/A
PR7 4 x107° 10.0 10.0 1.0 0 N/A
PRE  4x107 0.5 0.5 n/alb) 0 N/A
mRO 4x10™ 0.5 0.5 N/A 0 N/A

(a) Accident sequences within PWR 1 category have two distinct energy rele,ses that affect consequences . .
PWR 1 category is subdivided into PWR 1A with g7probability of 4 x 107" per regctor-year and 20 x 10
Btu/hr and PWR 1B with a probability of 5 x 10" per reactor-year and 520 x 10" Btu/hr.

(b) Not applicable.

(c) A 10 meter elevation is used in place of zero representing the mid-point of a potential containment
break. Any impact on the results would be slight and conservative.



Table 1h: SUMMARY OF FISSION PRODUCT RELEASE FRACTIONS FOR
PRESSURIZED WATER REACTOR (PWR) RELEASE CATEGORIES

(Reactor Safety Study, WASH-1400)

TRelease papes

Category Xe-Kr Organic ° I Cs-Rb Teb Ba-Sr Ru® Lad
PUR 1 0.9 6 x 1073 0.7 0.4 0.4 0.05 0.4 3 x
PWR 2 0.9 7 x 1073 0.7 0.5 0.3 0.06 0.02 4 x
PWR 3 0.8 6x 1073 0.2 0.2 0.3 0.02 0.03 3 x
PHR 4 0.6 2 x 1073 0.09 0.04 0.03 5 x 1073 3x 1070 4 x
PUR 5 0.3 2 x 1073 0.03 9 x 1073 5x 1073 1 x 1073 6x10°% 7
PNR 6 0.3 2 x 107 g8 x10°" 8x1w* 1x107° 9 x107° 7x107° 1 x
PWR 7 6 x 1073 2 x 107 2x107° 1x107° 2x10™° 1 x10°® 1x 107 24
PR 8 2x 1073 5 x 107 1x10? 5x10* 1x10°% 1 x10® 0 0
PR 9 3x10°8 7 x107? 1x10°7 6x107 1x10°0 1 x 107" 0 0

(a) Organic lIodide is included with elemental iodide in the calculations.
b) Includes Te, Sb.
c; Includes Mo, Pd, Ph, Tc.

Includes Nd, Eu, Y, Ce, Pr, Pu, Sm, Np, Pu, Zr, Nb.

-il_



Table 2a: SUMMARY OfF RELEASE CATEGORIES REPRESENTING HYPOTHETI(

4

(Reactor Safety Study, WASH-1400)

“~“VWarning Time Flevation (

~ 7 Duration
Probahility_‘ Reiease of Release
(hr)

S R e " TYime of
Release for Evacuation of Release’ ?nwr4’ Release
Cateaory (reactor-yr ) (hr) (hr) (meter) (10" Btu/hr)

—————————————— - —— s

BWR] ]XI\

BWR




Table 2b: SUMMARY OF FISSION PRODUCT RELEASE FRACTIONS FOR .
BOILING WATER REACTOR (BWR) RELEASE CATEGORIES

(Reactor Safety Study, WASH-1400)

ReTease " b S p
Category Xe-Kr Organic I I Cs-Rb Te Ra-Sr Ru La
BWR 1 1. 7 x 1073 0.4 0.4 0.7 0.05 0.5 5 x 1073
BWR 2 1. 7 x 1073 0.9 0.5 0.3 0.1 0.03 4 x 1073
BWR 3 1. 7% 1073 0.1 0.1 0.3 0.01 0.02 4 x 103
BWR 4 0.6 7x 108 8 x10% 5x103 4x10° 6x10% 6x10* 1 x10™
BWR 5 5 x 107 2 x 107? 6x10°" ax10? 8x10°2gx10 9 0

{a Organic iodine is included with elemental iodine in the calculations.
b) Includes Te, Sb

(c) Includes Mo, Pd, Rh, Tc.

(d) Includes Nd, Eu, Y, Ce, Pr, Pm, Sm, Np, Pu, Zr, Nb.

-gl-
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TABLE 3

ACTIVITY OF RADIONUCLIDES IN THE
REACTOR CORE ONE HALF HOUR AFTER SHUTDOWN
(2550 MW-th Power Level)

ACTIVITY HALF-LIFE
GROUP ISOTOPE (M Ci) (DAYS)
Xe-Kr Kr-85 0.45 3950
Kr-85m 19 0.183
Kr-87 37 0.0528
Kr-88 54 0.117
Xe-133 135 5.28
Xe-135 27 0.384
TOTAL “273M Ci
I 1-131 68 8.05
1-132 96 0.0958
1-133 135 0.875
1-134 151 0.0366
1-135 119 0.28
TOTAL “560M Ci
Cs-Rb Cs-134 6.0 750.
Cs-136 2.4 13.
Cs-137 3.7 11,000.
Rb-86 0.021 18.7
TOTAL TN
Te Te-127 4.7 0.391
Te-127m 0.88 109.
Te-129 25. 0.048
Te-129m 4.2 34,
Te-131m 10. 1.25
Te-132 9. 3.25
Sb-127 4.9 3.88
Sbh-129 26. 0.179
TOTAL TTEMCi + 96 M Ci Te-132
Ba-Sr Ba-140 128. 12.8
Sr-89 75. 52.1
Sr-90 2.9 10,300,
Sr-91 88. 0.403

TOTAL 29 Ci
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ACTIVITY
GROUP ISOTOPE (M Ci)
Ru Co-58 0.62
Co-60 0.23
Mo-99 128.
Tc-99m 112.
Ru-103 88.
Ru-105 57
Ru-105 20
Rh-105 29
TOTAL "B Ci
La Y-90 3.1
Y-91 96.
Ir-95 120.
lr-97 120.
Nb-95 120.
La-140 128.
Ce-14] 120.
Ce-143 104,
Ce-144 68.
Pr-143 104.
na-147 48.
Np-239 1307.
Pu-238 0.045
Pu-239 0.017
Pu-240 0.017
Pu-241 A 4
Am-241 0.0014
Cm-242 0.40
Cm-244 0.018

HALF-LIFE
(DAYS)

W
1920.
2.8
0.25%
39.5
0.185
366.
1.5

5350
0.158M
163.
6630.

TOTAL  TO3OM Ci + 1300 M Ci Np-239

M Ci = MegaCuries
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Table 4: PWR DOMINANT ACCIDENT SEQUENCES
vs. RELEASE CATEGORIES

-
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Table 5 Key to PWR accident sequence symbols

A - Intermediate to large LOCA.
B - Failure of electric power to ESFs.
B' - Failure to recover either onsite or offsite electrical

power within about 1 to 3 hours following an initiating
transient which is a loss of offsite AC power.

C - Failure of the containment spray injection system.

D - Failure of the emergneyc core cooling injection system.

F - Failure of the contianment soray recriculation system.

G - Failure of the containment heat removal system.

H B Failure of the emergency core cooling recirculation system.

K - Failure of the reactor protection system.

L - Failure fo the secondary system steam relief valves and the
auxiliary feedwater system.

M - Failure of the secondary system steam relief valves and the
power conversion system.

Q - Failure of the primary system safety relief valves to reclose
after opening.

- - Massive rupture of the reactor vessel.

5] - A small LOCA with an equivalent diameter of abut 2 to 6
inches.

52 - A small LOCA with an equivalent diameter of about 1/2 to
2 inches.

T - Transient event.

v - LPIS (low-pressure injection system) check valve failure.

@ - Contanment reupture due to a reactor vessel steam exnlosion.

8 - Containment failure resulting from inadequate isolation of
containment openings and penetrations.

Y - Containment failure due to hydrogen burning.

] - Containment failure due to overpressure.

£ - Containment vessel melt-through.
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Table 6: BWR DOMINANT ACCIDENT SEQUENCES OF EACH EVENT
TREE vs. RELEASE CATEGORY

Core Melt | No Core Melt

RELEASE CATEGORIES
1 2 3 . s
LABGE LOCA DOMINANT AR-a -y o Lo LTl b
ACCIDENT SEQUENCES (A) 2ul0 xl0 ixi0 6xl0 ixl0
Al-a Ar-£ A=Y ABG-&
iai0” 10 110" m10”" 10”0
at-a A=y A=y AGHI-§
txto” 10 m10”? 1x107° Pt
AL Aty ANT-Y
T M w10 wio™®
ALy
a0
A Probabilities ax10”? sxio™® 210" 2mi0”® 11074
SMALL LOCA DOMINANT 5,82 s, 8-y _, SE-Y o 8,638
ACCIDENT SEQUENCES (S,) 2x10 axlo ixl0 x10
s, J-a s £-8 8,3~y 5,G1-4
10”10 1x10”® Y0 Yamr070
5, 1-a 5,3~v" s I~y _ S Bl-¢_
lex1071% | Yomr0™? axio™® ™
s Hi-a s 1-v" g W1~y s Gui-4
L Lxro™® m10™? Lou1072
s wi-y’ 5,0y _
Yeu10™? L 3mio™?
5, Probabilities 10™® oxic™® P mi0™®
SMALL LOCA DOMINANT §,3-a _ 2y o S8y o §,06-8_ .
ACCIDENT SEQUENCES (S,) 1x10 1510 x10 210
$_l-a s 2-8 8 9= s Gu1-§
fate® | "Tan® Tanio™® em10 10
s Ml-a s a-v" 8 1=y N )
1x107° Yam107® 2ou107® ':no "
s g-a _ s t-y" s Mt~y 5,63-8
Zee1071% | Y2mi0™® Tox107® fgar010
s2 Probabilities
TRANSLENT DOMINANT ™a | eyt e AT
ACCIDENT SEQUENCES (T) =10 =10 110
rca _, [Ty, | Ty
1%10 #x10 ix10
Towv-a_, ov-Y_,
S%10 axi0

T Frobehilities

PRESSURE VESSEL 2
MUPTURE ACCIDENTS (W) 1=1079 ko7
Omidizing Non-

R Probabilities 10

SUMRATION OF ALL ACCIDENT SEQUENCES PER RELEASE CATEGORIES

Tnte too% v 1n10”® sx10® mo™® mi0™® wio™t
LoweR BoRND (56 vALUE) | 1wio”] 1n10™® sx10”® 1o’ n10”*
upven souwp (956 vaLum) | swie™® mio™® o™ o o™}

1. From Reactor Safety Study, WASH.-
2. Frequencies are yr.‘§ SH-1400 (October, 1975)
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Table 7 Key to BWR accident sequence symbois

. W m SN

- B <

o

-

Rupture of reactor coolant boundary with an equivalent
diameter of agreater than six inches.

Failure of electric power to ESFs.

Failure of the reactor protection system.

Failure of vapor suppression.

Failure of emergency core cooling injection.
Failure of emergency core cooling functiunability.

Failure of containment isolation to limit leakage to less
than 100 volume percent per day.

Failure of core spray recirculation system.

Failure low pressure recirculation system.

Failure of high pressure service water system,

Failure of safety/relief valves to open.

Failure of safety/relief valves to reclose after opening.

Failure of normal feedwater system to provide core make-up
water,

A small pipe break with an equivalent diameter of about 2
inches to 6 inches.

Small pipe break with an equivalent diameter of about 1/2
inches to 2 inches.

Transient event,
Failure of HPCI (high-pressure coolant injection) or reactor
core isolation cooling (RCIC) systems to provide core
make-up water,

Failure of Tow pressure ECCS to provide core make-up water.

Failure to remove residual core heat.



Table 7 (Continued)

Containment failure due to steam explosion in vessel.
Containment failure due to steam exoiosion in containment.

Containment failure due to overpressure - release through
reactor building.

Containment failure due to overpressure - release direct
to atmosphere.

Containment isolation failure in drywell.
Containment isolation failure in wetwell.

Containment leakage greater than 2400 volume percent per
day.

Reactor building isolation failure.

Standby gas treatment system failure.




Table 8 - RELATION OF STABIL'TY CLASSES
TO WEATHER CONDITIONS

1

A--Extremely unstable conditions D--Neutral conditions
B--Moderately unstable conditions E--Slightly stable conditions
C--Slightly unstable conditions F--Moderately stable conditions

Nighttime conditions

Approximate 2 Thin overcast
Surface wind Daytime insolation or > 4/8 5 < 3/8
Speed cloudiness cloudiness
./§;§': -oh1
<2 <5 A A-B B
2 5 A-B B C E F
4 10 B B-C C D E
6 15 & c-D D D D
>6 >15 C D D D D

1. Applicable to heavy overcast, day or night (D, or neutral stability).

2. Insolation is proportional to the amount of solar energy reaching the surface of
the earth.

3. The degree of cloudiness is defined as that fraction of the sky above the local
apparent horizon which is covered by clouds.

4. m/sec = meters per second; mph = miles per hour.

-cz-



Table 9: BEAUFORT SCALE FOR WINDSPEED

Observations

Smoke rises vertically

Smoke drift gives direction, but wind not
felt on face

Wind felt on face: leaves rustle, vane moved
by wind

Leaves and twigs in constant motion; wind
extends light flag

Moves dust, loose paper and small branches
Small trees in leaf begin to sway

Large branches in motion; high wires whislte
Whole trees in motion

Twigs broken of f trees; progress impeded
Slight structural damage occurs

Trees uprooted; considerable structural damage
Rare; widespread damage

Hurricane

m/sec

0.3

4-5

6-7

8-9

10-12
13-15
16-18
19-21
22-25
26-29

30+

Windspeed

mph

1-3

4-7

8-11

12-16
17-22
23-27
28-34
35-41
42-48
49-56
57-67
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Table 10: Accident Scenarios for Precalculated Doses in Appendix A
Case # Stability Wind Speed Rain/Shelter Combinations
Class (mph
1 B 3 No Rain No Sheltering
2 R 9 No Rain No Sheltering
3 D 2 No Rain No Sheltering
4 D 9 No Rain No Sheltering
5 D 16 No Rain No Sheltering
6 E 2 No Rain No Sheltering
7 E 9 No Rain No Sheltering
8 F 1 No Rain No Sheltering
9 F 3 No Rain No Sheltering
10 D 2 Rain No Sheltering
11 D 6 Rain No Sheltering
12 D 16 Rain No Sheltering
13 E 2 Rain No Sheltering
14 E 9 Rain No Sheltering
15 A 3 No Rain Sheltering
16 D 6 No Rain Sheltering
17 D 16 No Rain Sheltering
18 F 1 No Rain Sheltering
19 D 6 Rain Sheltering

Shielding Factors for Sheltering Cases:

Cloud (0.75); Ground (0.37).



Table 11a: REPRESENTATIVE SHIELDING FACTORS FOR SURFACE DEPOSITION

Representative (a) Representative
Structure of Location Shielding Factor'® Range
1 m above an infinite smooth surface 1.00 --
1 m above ordinary ground 0.70 0.47-0.85
1 m above center of 50-ft roadways, half 0.55 0.4-0.6
contaiminated
Cars on 50-ft road:
Road fully contaminated 0.5 0.4-0.7
Road 50% decontaminated 0.5 0.4-0.6
Road fully decontaminated 0.25 0.2-0.5
Trains 0.40 0.3-0.5
One-and two-story wood-frame house (no basement) 0.4“’) 0.2-0.5
One and two-story block and brick house (no O.Z(b) 0.04-0.40
basement)
House basement, one or two walls fuliy exposed: o.l(b) 0.03-0.15
One story, less than 2 ft of basement, walls (b)
exposed 0.5 0.03-0.07
Two stories, less than 2 ft of basement, 0.03“’) 0.02-0.05
walls exposed
Thn! or four-story structures, 5000 to 10,000
ft™ per floor:
First and second floors 0.0s(b) 0.01-0.08

..gz.



Table 11a (continued)

Basevent 0.01(P) 0.001-0.07
Multistory structures, >10,000 ftz per
floor:
Upper floors 0.01(P) 0.001-0.02
Basement 0.005(® 0.001-0.015
The ratio of the interior dose to the exterior dose
U
4]
L]

a
ib; Away from doors and windows.
Source: Reactor Safety Study, WASH-1400, NUREG 75/014, October 1975.
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Table 11b: Representative Shielding Factors from
Gamma Cloud Source

miomn!

Structure or Lecytion _Pacto: (4) —tepresentative Mange
Ntll“ ‘-. *e
Vehicles 1.0 -
Wood - { rame hnum 0.9 -

(no basement)
Basement of wood house 0.6 0.1 o ..,h)
Masonry house (no basement) 0.6 0.4 to ..,m
Basement of masonry house 0.4 0.1 to 0.8'¢
Large office or industrial 0.2 0.1 ‘."la.’

(a) T™he ratio of the interior & ss 0 ta vuterior dose
(b) A wood frame house with brick or stuns veneer is approximately equivalent
to & masonry house foio shialding pu.poses.
(€) This range is mainly due to differsrt wall materials and different geometries.
(4) The reduction factor depenlis on whare tha personnel are located within the
bullding (e.g., the basement or an inride room) .

Source: Reactor Safety Study, WASH-1400, NI'REG 75/014, October 1975.
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Figure 4: The Saussian (Normal) distribution curve.
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Figure 5: Theoretical full widths of puffs at one percent of maximum concentration vs
distance along track of puff.
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Highest 50-percent probability of hours of wind persistence in a 67'%° sector centered on the
indicated directions.




DOSE (REM)

<36
PRECALCULATED DOSES FOR EMERGENCY RESPONSE

PWR #2
CASE 4 Rain. No

Stability Class: D
Windspeed: 6 mph

Sheltering: None
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PROJECTED WHOLE BODY DOSE vs DISTANCE
PWR #2 ACCIDENT
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PROJECTED WHOLE BODY DOSE vs DISTANCE
PWR #2 ACCIDENT
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PWR #6 ACCIDENT
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PROJECTED WHOLE BODY DOSE vs DISTANCE

PWR #1A and #1B ACCIDENT
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Stability Class: A Rain: No
Windspeed: 3 mph Sheltering: None
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PWR #18
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Stability Class: A Rain: No
Windspeed: 3 mph Sheltering: None
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Stability Class:
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Stability Class: A Rain: No
Windspeed: 3 mph Sheltering: None
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Stability Class: A
Windspeed: 3 mph
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Stability Class: A
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Sheltering: None

3
¢ 8
2

v x Sabaial PP | i scdaatal = aaaal PO Pa P | TP
i + 1-DAY 3 =] ® - CLOUD SHINE |
- X  24-HOUR | & 4 - ORCUND SHINE |
- e 4-HOUR -t x - INHALED L
- - o
- - -
oo s o
> ®
S s ]
® e -
—~— o~ s
— O - 0 F
5+ P B -
- - I
- -
& oo o o~ r
- -
- -
s o 3
- o d
~ -~ -
©- © .
e m >
- -
~ | | ,
“ \ \ :
B \ * i
7 3 45670317 2 3 sG80eag 2 3§ Lsetesig ? 3 15608317 2 3 4887 1587
" bsthnce " (nicesd X w Bﬁsraucs‘zn‘x&” JEAL
THYROID DOSE
® . " i k. g i i bl L
+ 1-DAY a ® - CLOUD SHINE E
x  24-HOUR . + - OROUND SHINE |
o 4-HOUR 1 x - INMALED L
> b
. -
s -
) :
3 -
i & |

Ty

>
TTTYrTOY

S B 404 ¢

T

®

7 ﬁmucl_ _¢'|Inn.tﬁ SLETR

Figure 5-1

01/04/84 A-7 APP A METEO/SHELTERING COMB




DOSE (REM)

PWR #6

Stability Class: A
Windspeed: 3 mph

WHOLE BODY DOSE

Rain: No
Sheltering:

None

Figure 6-1

01/04/84

A-8

APP A METEO/SHELTERING COMB

E R T U W T § Y aad Bnidonbadiolibd: E a2 o s asaal PR S W Y | remwarwe vy
P + 7-0RY b - o - CLOUD SHINE |
- X 24-HOUR - - + - OROUND SHINE |
" e 4-HOUR ; e x - INMALED f
- 2 - -
- - - o
7 - - b
oy 2 - o
=
B -
B by
- -l B —
L2 - - -
o - © S
- - - -
- - - .
o o s
- - - -
i - - -
- L - i
\
® ® k
2 3 i56%8s IR 2 Y i5és 2 3 Ase7es 2 3 a8 IR R YL
¢ Wsrance mx_ESql od ¢ m‘smuct mu‘ggq’
THYROID DOSE
B, o | e T I ® PR 1 " P |
> s 1 ~ sl ST}
: X  24-HOUR : 4 =~ GROUND SHINE }
4 3
. ® 4-HOUR L ML x = INMALED
- 2 -
- o - b
-~ - - 4
o~ - o -
: E
L =
. - - —
> - - r
g: e - :
i~ 3 -~ -
! - - .
- . = .
- - - 3
- 3 -~ .
e 2
2 . L
Ei"m; (NILE” s



PWR #7

Case 1

Doses less than 0.1 Rem

A-9



4

CASE 1
Stability Class: A
Windspeed: 3 mph
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Stability Class: A
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Stability Class: A Rain: No
Windspeed: 9 mph Sheltering: None
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: PWR #8

CASE 2
Stability Class: A Rain: No
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PWR #18
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PWR #5

Stability Class: F Rain: No
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Stability Class: F Rain: No
Windspeed: 3 mph Sheltering: None
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Stability Class: D
Windspeed: 2 mph

Rain: Yes
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Stability Class: D Rain: Yes
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Stability Class: D
Windspeed: 6 mph

Rain: yes
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Stability Class: D
Windspeed: 16 mph
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PWR # 3
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Stability Class: D Rain: No
Windspeed: 6 mph Sheltering: Yes
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PWR #8

Stability Class: F Rain: Neo
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To help the reader understand the postulated accident sequences, this section
presents brief descriptions of the various physical processes that define each
release cateqory. For more detailed information on the release categories and
the techniques Q'p?nyed to compute the radioactive releases to the atmosphere,
the reader is referred to Appendices V, VI, VII, and VIII of the RSS. The
dominant event tree sequences in each category are discussed in detail in Section

.1'?" of ,'.L,l,e,x.«wx V of ".'{‘.K:‘,j_wk:’mvyv.

In subseaquent sections of this Appendix colloquial descriptions of the PWR

and BWR cevere accident sequences of the Reactor Safety Study will be presented.
As an introduction, the information illustrated in Figure B.1 will be dis-
cussed. This fiqure illustrates the various ways in which a major release

to the atmosphere can occur. Four paths are shown between an initiating

event and a major release to the atmosphere. Each of these four paths

would involve a failure of systems that are designed to protect the core

and the containment. If the containment does not fail, offsite doses would

be very low reaardless of the status of a core. This condition is not shown

in the figure. If the core is not damaged, doses would be low also, approaching
routine operational release limits. This normal conditon is not shown either.
The figure pertains to the ways in which a severe accident sequence could
evolve, from a big block overview perspective.

Examination of Figure B.1 will show that four core melt/containment failure
combinations can occur:

Core melt followed by containment failure;
Containment failure followed by core melt;

Simul taneous failure of all cooling modes, with core melt and
containment failure occurring almost simultaneously; and

Containment bypass scenarios, where releases from the core travel
through open plumbing paths to the atmosphere, leaving the con-
tainment relatively clear.

For each of these cases, a spectrum of releases and timings of releases can
occur.

It will be helpful to keep this overvi=w in mind when perusing the Reactor
Safety Study PWR and BWR sequences described below. These descriptions were
taken virtually verbatim from the Reactor Safety Study:

PWR 1

This release category can be characterized by a core meltdown followed by a
steam explosion on contact of molten fuel with residual water in the reactor
vessel. The containment spray and heat removal systems are also assumed to have
failed and, therefore, the containment could be at a pressure above ambient at




the time of the steam explosion. | 5 assumed that the steam explosion* would
rupture the upper portion of the reactor vessel and breach the containment
barrier, with the result that a substantial amount of radiocactivity might be
released from the containment in a puff over a period of about minutes. Due
te the sweeping action of gases generated during containment-vessel meltthrough,
the release of radioactive materials would continue at a relatively low rate
thereafter. The total release would contain approximately 70 percent of the
iodines and 40 percent of the alkali metals present in the core at the time of
) Because the containment would contain hot pressurized gases at the
failure, a relatively high release rate of sensible energy from the
ontainment couid be associated with this category. This category also includes
certain potential accident sequences that would involve the occurrence of core
melting and a steam explosion after containment rupture due tu overpressure. In
these sequences, the rate of energy release would be lower, although still

t Y
relatively high.

v

PWR 2
This category is ussociated with the failure of core-cooling systems and core
melting** concurrent with the failure of containment spray and heat-removal systems.
Failure of the containment barrier would occur through overpressure, causing a
substantial fraction of the containment atmosphere to be released in a puff over

a period of about 30 minutes. Due to the sweeping action of gases generated

during containment vessel meltthrough, the release of radioactive material would
continue at a relatively low rate thereafter. The total release would contain
approximately 70 percent of the judines and 50 percent of the alkali metals

present in the core at the time of release. As in PWR release category 1, the

nigh temperature and pressure within containment at the time of containment

failure would result in a relatively high release rate of sensible energy from

the containment.

PWR

This category involves an overpressure failure of the containment due to failure
of containment heat removal. Containment failure would occur prior*** to the
commencement of cor> melting. Core melting then would cause radioactive materials
to be released through a ruptured containment barrier. Approximately 20 percent

2N

of the iodines and percent of the alkali metals present in the core at the
time of release would be released to the atmosphere. Most of the release would
occur over a period of abcut 1.5 hours. The release of radioective material
from containment would be caused by the sweeping action of gases generated by
the reaction of the molten fuel with concrete. Since these gases would be
heated initially by contact with the melt, the rate of sensible energy reiease
to the atmosphere would be moderately high.

*Currently, the massive steam explosion is not considered credible.
**Core melt should be distinguished from fuel melt.
***Emphasis added.




PWR 4

This category involves failure of the core-cooling system and the containment
spray iniection system after a loss-of-coolant accident, together with a con-
~urrent failure of the containment system to properly isolate. This would
result in the release of 9 percent of the iodines and 4 percent of the alkali
netals present in the core at the time of release. Most of the release would
occur continuously over a period of 2 to 3 hours. Because the containment
recirculation suréy and heat-removal systems would operate to remove heat from
the containment atmosphere during core melting, a relatively low rate of release
of sensible energy would be associated with this category.

PUR 5

This category involves failure of the core cooling systems and is similar to PWR
release category 4, except that the containment spray injection system would
operate to further reduce the quantity of airborne radioactive material >nd to
initially suppress containment temperature and pressure. The containment barrier
would have a large leakage rate due to a concurrent failure of the containment
system to properly isolate, and most of the radioactive material would be released
continuously over a period of several hours. Approximately 3 percent of the
iodines and 0.9 percent of the alkali metals present in the core would be
released. Because of the operation of the containment heat-removal systems,

the energy release rate would be low.

This category involves a core meltdown due to failure in the core cooling
systems. The containment sprays would not operate, but the containment
barrier would retain its integrity until the molten core proceeded to melt
through the concrete containment base mat. The radioactive materials would
be released into the ground, with some leakage to the atmosphere occurring
upward tfrough the ground. Direct leakage to the atmosphere would also occur
at a low rate prior to containment-vessel meltthrough. Most of the release
would occur continuously over a period of about 10 hours. The release would
include approximately 0.08 percent of the iodines and alkali metals present
in the core at the time of release. Because leakage from containment to the
atmosphere would be low and gases escaping through the ground would be cooled
by contact with the soil, the energy release rate would be very low.

PWR 7

This category is similar to PWR reiease category 6, except that the containment
sprays would operate to reduce the containment temperature and pressure as well
as the amount of airborne radioactivity. The release would involve 0.002 percent
of the iodines and 0.001 percent of the alkali metals present in the core at

the time of release. Most of the release would occur over a period of 10 hours.
As in PWR release category 6, the energy release rate would be very low.




This category approximates a PWR design basis accident (large pipe break), except
that the containment would fail to isolate properly on demand. The other engi-
neered safeguards are assumed to function properly. The core would not melt.

The release would involve approximately 0.01 percent of the iodines and 0.05
percent of the alkali metals. Most of the release would occur in the 0.5-hour
period during which containment pressure would be above ambient. Because contain-
ment sprays would operate and core melting would not occur, the energy release
rate would also be low.

PWR 9

This category approximates a PWR design basis accident (large pipe break), in
which only the activity initially contained within the gap between the fuel
pellet and cladding would be released into the containment. The core would
not melt. It is assumed that the minimum required engineered safeguards would
function satisfactorily to remove heat from the core and containment. The
release would occur over the 0.5-hour period during which the containment
pressure would be above ambient. Approximately 0.00001 percent of :he iodines
and 0.00006 percent of the alkali metals would be released. As in PWR release
category 8, the energy release rate would be very low.

BWR 1

This release category is representative of a core meltdowr followed by a steam
explosion in the reactor vessel. The latter would cause the release of a sub-
stantial quantity of radioactive material to the atmosphere. The total release
would contain approximately 40 percent of the iodines and alkali metals present
in the core at the time of containment failure. Most of the release would occur
over a 1/2 hour period. Because of the energy generated in the steam explosion,
this category would be characterized by a relatively high rate of energy release
to the atmosphere. This category also includes certain sequences that involve
overpressure failure of the containment prior* to the occurrence of core melting
aind a steam explosion. In these seguences, the rate of energy release would be
,omewhat smaller than for those discussed above, although it would still be
relatively high.

BWR 2

This release category is representative of a core meltdown resulting from a
transient event in which decay-heat-removal systems are assumed to fail. Con-
tainment overpressure failure would result, and core melting would follow.

Most of the release would occur over a period of about 3 hours. The containment
failure would be such that radioactivity would be released directly to the
atmosphere without significant retention of fission products. This category
involves a relatively high rate of energy release due to the sweeping action of
the gases generated by the molten mass. Approximately 90 percent of the iodines
and 50 percent of the alkali metals present in the core would be released to

the atmosphere.

*Emphasis added.




BWR 3

This release category represents a ccre meltdown caused by a transient event
accompanied by a failure to scram or failure to remove decay heat. Containment
failure wou.u occur either before core melt or as a result of gases generated
during the interaction of the molten fuel with concrete after reactor-vessel

melt through. Some fission-product retention would occur either in the suppres-
sion pool or the reactor building prior to release to the atmosphere. Most of
the release would occur over a period of about 3 hours and would involve 10
percent of the iodines and 10 percent of the alkali metals. For those sequences
in which the containment would fail due to overpressure after core melt, the rate
of energy release to the atmosphere would be relatively high. For those sequences
in which overpressure failure would occur before core melt, the energy release
rate would be somewhat smaller, although still moderately high.

BWR 4

Tnis release category is representative of a core meltdown with enough contain-
ment leakage to the reactor building to prevent containment failure by over-
pressure. The quantity of radioactivity released to the atmosphere would be
significantly reduced by normal ventilation paths in the reactor building and
potential mitigation by the secondary containment filter systems. Condensation
in the containment and the action of the standby gas treatment system on the
releases would also lead to a low rate of energy release. The radioactive
material would be released from the reactor building or the stack at an elevated
level. Most of the release would occur over a 2-hour period and would involve
approximately 0.08 percent of the iodines and 0.5 percent of the alkali metals.

BWR

This category approximates a BWR design basis accident (large pipe break) in
which only the activity initially contained within the gap between the fuel
pellet and cladding would be released into containment. The core would not
melt, and containment leakage would be smali. It is assumed that the minimum
required engineered safequards would function satisfactorily. The release
would be filtered and pass through the elevated stack. It would occur over

a period of about 5 hours while the cgntainment is pressurized above ambient
and would involve approximately 6x10™~ percent of the iodines and 4x10™' percent
of the alkali metals. Since core melt would not occur and containment heat-
removal systems would operate, the release to the atmosphere would involve a
negligibly small amount of thermal energy.
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