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RISKIND — A COMPUTER PROGRAM FOR CALCULATING
RADIOLOGICAL CONSEQUENCES AND HEALTH RISKS
FROM TRANSPORTATION OF SPENT NUCLEAR FUEL

by

Y.C. Yuan, S.Y. Chen, B.M. Biwer, and D.J. LePoire
ABSTRACT

This report presents the technical details of RISKIND, a computer code
designed to estimate potential radiological consequences and health risks to
individuals and the collective population from exposures associated with the
transportation of spent nuclear fuel. RISKIND is a user-friendly, interactive
program that can be run on an IBM or equivalent personal computer under the
Windows™ environment. Several models are included in RISKIND that have
been tailored to calculate the exposure to individuals under various incident-
free and accident conditions. The incident-free models assess exposures from
both gamma and neutron radiation and can account for different cask designs.
The accident models include accidental release, atmospheric transport, and the
environmental pathways of radionuclides from spent fuels; these models also
assess health risks to individuals and the collective population. The models
are supported by databases that are specific to spent nuclear fuels and include
a radionuclide inventory and dose conversion factors. In addition, the
flexibility of the models allows them to be used for assessing any accidental
release involving radioactive materials. The RISKIND code allows for user-
specified accident scenarios as well as receptor locations under various
exposure conditions, thereby facilitating the estimation of radiological
consequences and health risks for individuals. Median (50% probability) and
typical worst-case (less than 5% probability of being exceeded) doses and
health consequences from potential accidental releases can be calculated by
constructing a cumulative dose/probability distribution curve for a complete
matrix of site joint-wind-frequency data. These consequence results, together
with the estimated probability of the entire spectrum of potential accidents,
form a comprehensive, probabilistic risk assessment of a spent nuclear fuel
transportation accident.







1 INTRODUCTION

The RISKIND computer program was developed by Argonne National Laboratory under
the support of the U.S. Department of Energy (DOE) Office of Civilian Radioactive Waste
Management (OCRWM). The program was developed for analyzing the potential radiological
health consequences to individuals or specific population subgroups exposed to radiation
associated with the transportation of spent nuclear fuel (SNF). RISKIND is designed to address
the local, scenario-specific (i.e., “what if”) concerns frequently encountered in environmental
assessment activities (including public scoping processes) performed under the National
Environmental Policy Act (NEPA) of 1969 or other environmental regulatory requirements.

1.1 BACKGROUND

Currently, RISKIND is used in conjunction with the latest version of RADTRAN,
RADTRAN 4 (Neuhauser and Kanipe 1992), for performing comprehensive transportation risk
assessments (DOE 1995; Chen et al. 1995). RADTRAN was originally developed pursuant to
the U.S. Nuclear Regulatory Commission (NRC) report Final Environmental Statement on the
Transportation of Radioactive Material by Air and Other Modes (NRC 1977b), which was
issued to demonstrate compliance with NEPA.

The NRC report is primarily concerned with estimating the collective population risk
from the transportation of radioactive materials under incident-free or accident conditions.
Traditionally, such an analysis has been supplemented by other models so that consequences to
individuals or population subgroups could be estimated. These latter analyses are documented in
DOE environmental assessment reports (DOE 1986a,b,c,d, 1990, 1992b). However, different
models were used in these reports, which has resulted in inconsistent approaches.

RISKIND was initially developed in 1993 (Version O, Yuan et al. 1993), in light of
public comments and the need for a more complete and consistent methodology for addressing
radiological consequence issues. Since that time, RISKIND has undergone a number of
substantial improvements and enhancements resulting from user feedback, new methodologies
for some models, revised databases, and a peer review process. This latest version, Version 1,
represents the updated program since its original release.

1.2 SCOPE

The major objective of RISKIND is to provide data for addressing public concern
regarding the transport of SNF along a specific route. The data consist of calculations of
incident-free and accident impacts for a particular radioactive material shipment at specific




locations along a truck or rail transport route. Public comments on transportation risk analyses
for individuals may include the following scenarios:

e An individual stuck in traffic next to a radioactive materials shipment;
e An individual working near heavily traveled transport routes;

e An individual living near heavily traveled transport routes, such as
shipment origin or destination site entrances;

e An individual near rail grade-crossings where accident rates are higher;

e Individuals in an area near a postulated SNF transportation accident
location;

e An individual eating locally grown food following a SNF transportation
accident; and

e An individual drinking water that has been contaminated by an accidental
release near a drinking water supply.

The radiological consequences and health risks from these “what if” situations are of great

_interest and concern to the public. These concerns can only be addressed on the basis of a
methodology that analyzes the potential health risk of a specific situation. Substantial databases
and technologies relevant to the transportation of SNF and other radioactive materials have been
made available through the efforts of various research organizations. These databases and
technologies were used to develop RISKIND in accordance with the needs of the local
community.

The RISKIND code was implemented on the basis of five objectives:

1. Calculation of site- and route-specific radiological consequences and
health risks to exposed individuals and the collective local population;

2. Modeling of the different exposure pathways for specific exposure
scenarios;

3. Estimation of the amount of radioactive material released under potential
accident scenarios;

4. Estimation of cask accident responses specific to the transportation of
SNF; and




5. Enhancement of risk communication, that is, to help the user better
understand and appreciate the complexities of the problems to be analyzed
and the relevant input parameters, as well as the resulting consequences.

To accomplish the first objective, RISKIND is designed to calculate radiological
impacts at specific receptor locations for a variety of exposure scenarios. Comprehensive
mathematical models capable of handling site-specific information at the time of exposure are
used; such information includes specific receptor locations, exposure conditions (including
individual air and food intake rates), and meteorological conditions. The model used to assess
the potential acute health effects from short-term exposures is based on the model developed by
Harvard University and the NRC (1985) and the revised model of Abrahamson et al. (1989,
1991). The dose-to-health-risk conversion factors for estimating latent health effects are taken
from Publication 60 of the International Commission on Radiological Protection (ICRP 1991).

RISKIND meets the second objective by considering all environmental pathways,
including short-term exposure from the initial passing radioactive cloud, accidental exposure
from loss of the cask shield, and long-term exposure from ground deposition and ingestion from
the food chain pathways. Pathway analysis can be tailored to model impacts in a wide range of
locations, from large metropolitan areas to rural agricultural areas.

To meet the third objective, a radionuclide source inventory was compiled from the
database developed by Oak Ridge National Laboratory (ORNL) in which the data are specific to
the type of spent fuel (pressurized-water reactor [PWR] or boiling-water reactor [BWR]), cooling
times, and burnup rates (DOE 1987b, 1992a). User-supplied inventories are also permitted for
different spent fuel types and other radioactive materials.

To meet the fourth objective, the cask accident responses and the radionuclide release
fractions modeled by Lawrence Livermore National Laboratory (LLNL) in its report for the NRC
were incorporated into RISKIND as default values. This LLNL/NRC report is commonly -
referred to as the “NRC modal study” (LLNL 1987). Other cask responses and release fractions
supplied by the user may be used as input in place of the default values.

To meet the fifth objective, RISKIND was equipped with an easy to use Windows™
interface and a scenario-oriented program input structure with on-line help capabilities. The
input is flexible enough to allow the user to model most plausible situations. Input parameters
are grouped according to function, and the parameter definitions are available via on-line help.
The on-line help also contains diagrams depicting scenarios with the relevant input parameters
highlighted to aid the user in understanding how the input relates to the problem. Graphical
output displays help convey the consequences in a more meaningful context.




1.3 OVERVIEW

The RISKIND code was developed on the basis of the considerations discussed above.
The primary function of this code is the estimation of radiological risk to individuals and to local
population subgroups under various site-specific environmental settings. The radiological risks
analyzed by RISKIND include incident-free transportation as well as accident conditions. The
code is designed to be responsive to scenarios associated with truck or rail transport of SNF.
Therefore, the coding approach in RISKIND emphasizes the scenario descriptions,
environmental settings, receptor locations, and potential health effects. The code also
incorporates the latest available methodologies and databases to facilitate the analysis of
radiological risks. Figure 1.1 is a flow diagram of RISKIND showing the calculation of
radiological risk to an individual from the transportation of SNF or other radioactive materials.

1.3.1 Incident-Free Transportation

Exposure from incident-free (i.e., routine) transportation results solely from the external
doses received by individuals from the neutron and gamma radiation emitted from the SNF cask
or other radioactive material shipping package. Incident-free exposure includes those
occurrences when the transport vehicle is in transit (i.e., moving) or at a stop. The receptors for
the in-transit exposure may include the residents living adjacent to a highway or railway and the
passengers sharing the traffic route with the transport vehicle; exposed individuals at a stop may
include the vehicle inspector, a gas station attendant, a nearby person in a traffic jam, and
so forth.

The model used by RISKIND for predicting external exposure is based on dose rates
(Chen and Yuan 1988) derived specifically for a spent fuel cask and takes into account the
ground/air scattering of the emitted gamma or neutron radiation. The model also contains
provisions for adjusting the dose rate for changes in cask sizes (i.e., outer radius and length) and
provides a realistic, although still somewhat conservative, estimate of the external doses to
a receptor.

1.3.2 Accident Conditions

Potential exposure to individuals under accident conditions can occur through many
environmental pathways if an accident leads to the environmental release of the radioactive
contents of the cask. In RISKIND, the estimated exposure and the resulting health effects are
presented individually and for each potential pathway.

Various scenarios in RISKIND have been characterized according to an array of SNF
cask responses as described in the NRC’s modal study (LLNL 1987). In that study, all accidents
are represented by discrete response regions (severity categories). These response regions range
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FIGURE 1.1 Flow Diagram for Calculating the Radiological Risk to an
Individual from Transportation of Spent Nuclear Fuel

from likely events (with minor consequences) to highly unlikely events (with severe
consequences). Twenty response regions are characterized according to two major accident
parameters: impact force and thermal force (i.e., heat from a fire). Thus, accident conditions
would be affected by vehicle speed, object hardness, impact angle and orientation, and fire
duration and location. In the NRC modal study, the bounding case release fractions have also
been estimated for each response region. All credible accident scenarios are thus fully
represented by the 20 response regions.

To support the consistency of release estimates, the SNF radionuclide source inventory
was derived from the database developed by ORNL (DOE 1987b, 1992a). In addition, potential
release from crud (i.e., a mixture of reactor coolant corrosion products) spalling off (breaking




loose from) the fuel rods is also incorporated. The estimate of crud release is based on a study by
Sandia National Laboratories (Sandoval et al. 1991).

The atmospheric transport module in RISKIND includes models that simulate
dispersion phenomena following a short release. RISKIND’s transport model estimates levels of
air and ground contamination on the basis of specific meteorological conditions, geometry, and
elevation of the release. Plume rise from the thermal buoyancy of a release involving fire and
dispersion effects near the release are also considered. The uncertainty of the effect of weather
conditions on the calculated doses can be considered by constructing a cumulative probability
distribution of dose values with wind-rose data for a given site. This probabilistic dose
distribution is then used to determine the “median” (50% weather probability) and reasonable
“maximum” (95% weather probability) dose values at a given receptor.

The pathway model includes exposure pathways from direct external radiation from the
cask (due to loss of shielding), external exposure from the radioactive cloud and ground
contamination, and internal exposure from inhalation of radionuclides in the air and potential
ingestion of contaminated foods and water.

Health effects to individuals are estimated in terms of potential acute or latent fatalities,
latent nonfatal cancer incidence, and latent adverse genetic effects from short-term exposure
during initial plume passage and long-term exposure originating from deposited radioactive
material. Acute fatalities are estimated using the latest NRC health effects model (NRC 1985;
Abrahamson et al. 1989, 1991). The latent health effects are estimated using dose-to-health-risk
conversion factors suggested in ICRP Publication 60 (ICRP 1991).

The consequence model of RISKIND includes provisions for incorporating the
consequence reduction benefits of indoor shielding, evacuation, interdiction of contaminated
foods, and other protective actions such as cleanup of contamination to comply with
U.S. Environmental Protection Agency (EPA) protective action guide (PAG) levels (EPA 1991).
Consequences can be presented either deterministically (i.e., with fixed accident parameters and
weather conditions) or probabilistically (analyzed over the spectrum of accident response regions
and weather conditions).

1.4 REVISIONS TO RISKIND

RISKIND, Version 1, incorporates a number of changes to the original code (Yuan et al.
1993) that increase the user-friendliness and flexibility of the program. Some of the major
changes are listed in the following subsections.




1.4.1 New User Interface

The user interface has been totally revamped. The original DOS menu system has been
replaced by the now familiar look and feel of a Windows™ application. Even users unfamiliar
with the Windows™ operating system will quickly become accustomed to the intuitive interface.
The main input window provides for selection of the major input options and a quick visual
summary of the case under analysis. All input parameters are grouped logically according to
function and are only one or two windows away from the main input window. The use of a
mouse is preferred for navigating the input windows and displaying results; however, input from
the keyboard for navigation is also supported. Another benefit of the Windows™ interface is its
support of graphics. The original graphical display of results for certain health risks has been
enhanced and upgraded. The user is able to gain a better understanding of the results through
studying the data in a clearer pictorial format.

1.4.2 Model Input Parameters

To enhance the flexibility of the program, the remaining model input parameters for dose
calculations that were previously unmodifiable by the user have been made user accessible. The
interface can now accept user-supplied receptor shielding values and dose rate curves for
incident-free calculations, and, for accident calculations, user-supplied shipment inventories,
release characteristics, the remaining ingestion pathway input parameters, and receptor
shielding values.

Receptor shielding values for incident-free and accident calculations had been user
selectable from a predefined list, but custom values could not be input. This restriction has been
revoked, and users may now input their own shielding values for a custom analysis if the data
are available.

Previously, the user was confined to the use of the default gamma and neutron dose rate
curves for estimating external exposures from stopped or passing shipments. These dose rate
curves are based on representative radiation spectra from commercial spent fuel. To
accommodate fuel-specific dose rate curves, RISKIND, Version 1, is equipped to accept user
input values for the dose rate curve coefficients. This new feature allows the user to input
external dose rate information that can be derived from realistic data such as actual
measurements. In addition, this capability provides the means for adjusting dose rates for
nonstandard SNF or other radioactive materials.

Radionuclide shipment inventories input by the user are now supported by RISKIND,
Version 1. This new feature offers additional capabilities to accommodate fuel types that are
outside the spectrum represented by BWR or PWR fuels; thus, the user is able to input a set of
specific radionuclides and their respective amounts for nonstandard spent fuel. Furthermore,
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inventories input by the user offer the flexibility of conducting analyses for shipments of
radioactive materials other than SNF.

Shipping cask release characteristics (response region conditional probabilities and
radionuclide release and dispersion fractions) can now be input by the user with RISKIND,
Version 1. The user is able to use the latest available data and can evaluate results using different
cask or shipping container designs. This new feature also permits user input of accident
classification schemes other than those used in the modal study (LLNL 1987), such as that
employed in NUREG 0170 (NRC 1977b).

1.4.3 Enhanced Capabilities

Potential accident consequences are highly dependent on weather conditions for the
dispersion of released radioactivity. RISKIND is now capable of reading joint frequency data in
Stability Array (STAR) format. Data in this standard format are widely available, and this new
capability frees the user from having to convert data to the format used in RISKIND. The data
from the STAR file are averaged over all directions for a complete health risk analysis, or, in
keeping with the site-specific capabilities of RISKIND, the weather data for a particular direction
may be selected for conducting a direction-specific risk analysis.

Deposition of radionuclides from the passing radioactive cloud after a potential
radionuclide release caused by a possible accident would result in cloud depletion and ground
contamination. The rate at which this deposition occurs is accounted for in the health risk
calculations with the use of the radionuclide deposition velocity. A single deposition velocity
had been used for all radionuclides with the exception of inert gases, which are assumed not to
deposit. However, a radionuclide such as iodine deposits much more quickly than many other
radionuclides. RISKIND, Version 1, assigns independent, user-accessible, deposition velocities
to each of the five radionuclide types recognized by the program for individual receptor
calculations. In addition, each radionuclide may be independently assigned to a particular
radionuclide type. This flexibility permits the analyst to account for speciation of a particular
radionuclide under the given circumstances, if the relevant data are available.

The health effects models have been revised. A new method for estimating acute dose
rates and doses has been implemented, and updated latent health dose-to-health-risk conversion
factors are used. Latent nonfatal cancer incidence has also been added to the effects estimated.

1.4.4 Databases Revised and Updated

The original SNF radionuclide database (Notz et al. 1987) has been updated in
RISKIND, Version 1, with information from DOE (1992a). These updated data have been
qualified by an OCRWM-sponsored peer review as meeting the requirements of the OCRWM
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Quality Assurance Program. More information on the radionuclide database can be found in
Appendix A.

The dose conversion factor (DCF) file database has been revised and now reflects the
values from EPA Federal Guidance Reports (FGR) 11 and 12 (Eckerman et al. 1988; Eckerman
and Ryman 1993). Dose conversion factors for internal exposure from inhalation and ingestion
are taken from FGR 11, and factors for external exposure are taken from FGR 12. The DCF data
are now maintained in an ASCII text file that also contains the data format for those who wish to
substitute custom values for exposure calculations. This accessibility allows for the analysis of
sensitive populations, such as children or the elderly, if the appropriate DCFs are available.

1.4.5 Output Revised

The output file has been reformatted for a clearer presentation of results. In addition, a
complete input echo of all RISKIND input parameters to the output file has been added in
Version 1. The presence of the input echo adds a new level of quality assurance and provides a
permanent record of the input data used to calculate the accompanying results.

Isopleth contours for ground-level air concentrations and ground contamination are
determined for estimating the risks to a population subgroup from a potential accidental release
of radioactivity. RISKIND, Version 1, reports the number of persons per isopleth and their
associated risks separately on an isopleth-by-isopleth basis, as well as collectively. This
breakdown of the results enables the user to better understand where the highest areas of risk are
located in the affected area. ‘

The calculations in RISKIND are now based on input parameters using the SI system of
units. However, the doses estimated for receptors are presented in conventional units of rem
rather than sieverts (1 Sv = 100 rem), since the rem is the more commonly reported unit.

1.4.6 On-Line Help Added

On-line help with explanatory diagrams and definitions of all input parameters has been
added to aid the user in program input. Scenario diagrams are available under the Help menu to
aid the user in visualizing the situation to be modeled and to inform the user of the pertinent
input parameters. Other diagrams are available that depict various input parameters to help the
user understand their meanings. Pressing the F1 function key while a certain input parameter is
selected will bring up the Help support with a description of the parameter. Help on individual
input parameters may be accessed from the main menu bar as well.
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1.5 REPORT ORGANIZATION

The information presented in this report is organized as follows:

Incident-free transport models used in RISKIND — Section 2;

Accident impact models used in RISKIND — Section 3;

Health effects models used in RISKIND, including descriptions of the acute
effects and latent health effects models — Section 4;

Radionuclide inventory database specific to SNFs — Appendix A,

Model for estimating the external dose rates for varying dimensions (radius and
length) of the SNF cask — Appendix B;

Method for screening the radionuclides that are significant for radiological risk
analysis — Appendix C;

Method for estimating the spallation of crud material during accidents
— Appendix D

Method for estimating the cask response from user-supplied accident scenarios
— Appendix E;

Program structure and data transfer used in RISKIND — Appendix F;
Input required to execute RISKIND —Appendix G;
Sample problems — Appendix H; and

Quality assurance — Appendix L
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2 RADIOLOGICAL DOSE ASSESSMENT FOR INCIDENT-FREE TRANSPORT

During incident-free transportation, individuals are exposed to the direct external
radiation emitted from the shipping package, such as a spent fuel cask. The radiation may consist
of gamma rays and neutrons.

2.1 EXTERNAL DOSE MODEL

The external dose model in RISKIND is based on dose rates (Chen and Yuan 1988) that
have been calculated separately for gamma and neutron radiation for a specific spent fuel cask
configuration (Figure 2.1). These dose rates represent the values at the midplane perpendicular
to the cask axis and account for both air and ground scattering from the cask in a horizontal
position. Doses derived from this approach can be adjusted to accommodate different cask
dimensions, according to the method described in Appendix B. The total external radiation dose
rate at a given location with respect to the cask can be derived from the following equation:

D(r) = D,(r) + D,(n) , 2.1)
where
D(r) = total dose rate (rem/h) at a distance r meters from the cask surface;
D: (r) = dose rate (rem/h) from gamma (i = g) or neutron (i = n) radiation at

a distance r meters from the cask surface; and

r = distance in meters from the cask surface: r = ro + r;, where ry is the
distance from the outer lateral surface of the vehicle; and r; is the
distance between the cask surface and the outer lateral surface of the
vehicle.

The default dose rates (rem/h) for gamma and neutron radiation were derived from a
representative spent fuel cask (DOE 1987a) used in assessing radiation exposures from the
transportation of spent fuel (Chen and Yuan 1988). Other scenario-specific dose rates can be
calculated with existing codes such as MCNP (the Monte Carlo N-Particle Transport Code
System) (Los Alamos National Laboratory [LANL] 1994) and SCALE 3 (ORNL 1986) for
gamma or neutron radiation and Microshield (Negin and Worku 1992) for gamma radiation. The
calculated dose rates can be expressed by the following empirical formula for input to RISKIND:

log [D,(r)] = Ay, + A, log r + A, (log r)* + A;; (log 1) + A, (log r)*
+ Ay (log r)° + Ag; (log r® + A, (log r)’.

(2.2)
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FIGURE 2.1 Configuration of Spent Fuel Cask Relative to the Recéptor and
Scattering Media (air and ground)

The coefficients Ag; to A7; (i = g for gamma, n for neutron [ACOEFU(8,i)]) are fitted coefficients
in the applicable range of 1 to 1,000 m. These coefficients were obtained from statistical dose
rates calculated by using the Monte Carlo method, with an assumed air/ground environmental
setting. A simple 1/r* relationship is assumed to extrapolate the dose rates for distances exceed-
ing 1,000 m. These coefficients are normalized so that the dose rate is set at the regulatory limit'
of 0.01 rem/h (10 mrem/h) at 2 m from the side of the transport vehicle or from the cask edge
(r, = 0 m in Figure 2.1). The normalized coefficients are listed in Table 2.1.

The coefficients are adjusted accordingly, when other dose rates are specified. At 1 m

(r = 1), Equation 2.2 reduces to
log [D,(D] = 4, . (2.3)

The coefficient Ag; is actually the logarithm of the dose rate due to gamma (i = g) or neutron
(i = n) radiation, which, in RISKIND, is derived from the total dose rate and the fraction due to
gamma radiation:

A,, = log [f, D(D] , (gamma)

2.4)

A, = log [(1 = f,) D] , (neutron)

" The 10 mrem/h limit at 2 m is based on specifications of the Code of Federal Regulations (CFR), Title 10,
Part 71 (NRC 1994), and Title 49, Part 173 (U.S. Department of Transportation [DOT] 1994).
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TABLE 2.1 Coefficients of the Fitted
Equations for Neutron and Gamma
Dose Rates from a Spent Fuel Cask,
with Groundscattering

Gamma Neutron
Coefficients (i=g) (i=n)
AOi 1.32271 1.29038

>

-0.863263  -0.97916
-0.78497 0.855591

&

A, 0.361914  -3.77234
A, -0.22023 4.27579
A 0.094219  -2.36094
A -0.015457 0.650231
A, -0.000746  -0.072219

1

Note: The dose rate is normalized to
10 mrem/h at 2 m from the cask surface.

Source: Chen and Yuan (1988). Extra-
polation beyond 1,000 m is assumed to
follow the 1/r? relationship.

where

D(l) = total dose rate (mrem/h) at 1 m from the cask surface [TIDX]; and

f¢ = fraction of total dose rate due to gamma radiation [FRAD(1)]); the

remaining fraction is attributed to neutron radiation; D (1) = f, D(1)
and D, (1) = (1 —£,) D(1). ’

2.2 EXPOSURE AT FIXED DISTANCES

For transportation vehicles at stops (Figure 2.2), radiation exposure concerns are usually
limited to persons located at fixed distances from the cask. Such individuals would include truck
drivers, train crews, inspectors, escorts, service attendants, and members of the public who are
exposed at shipment stops or in traffic jams.

The radiation dose to an individual receptor exposed at a fixed distance can be
calculated by

D(r) = [D,(r) + D,(NSFG)T() , (2.5)
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FIGURE 2.2 Schematic Diagram of External Exposures to Various Receptors from a
Stationary Spent Fuel Shipment (Equation 2.5 for individuals, Equation 2.6 for a

population subgroup).
where
D(r) = individual dose to receptor j at distance r (rem);
r = distance in meters from the cask surface to receptor j: r = ro + ry,

where ro [DISTSTOP(j)] is the distance from the outer lateral
surface of the vehicle to the receptor; and r; [TIOFF] is the distance
between the cask surface and the outer lateral surface of the vehicle;

SF(j) = shielding factor for receptor j for incident-free transportation: 0 =
full shielding, 1=no shielding (unitless) [set to the value in
Table 3.5 as determined by ISHLT() (shelter type), which uses
groundshine shielding factors]; and
T(j) = time duration of exposure (h) for receptor j [TSTP(j)].

For exposure to a population subgroup, such as members of the public at shipment stops,
the population density is assumed to be uniform within two concentric circles (representing
minimum and maximum distances) around the cask. The dose received is

D, = 2[R/ -r)IN, T, j D(r) rdr, 2.6)
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where
Dpsi = dose to population subgroup at stop i (person-rem);
N; = number of times at stop i [NSTP()];
P; = number of persons at stop i [PSTP(i)];

ri; = minimum distance in meters from the cask surface at stop i: ry; =
rry; + ry, where rry; [DSTP(1,i)] is the distance from the outer lateral
surface of the vehicle; and r; [TIOFF] is the distance between the
cask surface and the outer lateral surface of the vehicle (m);

r; = maximum distance in meters from the cask surface at stop i: ry =
rry + ry, where rry; [DSTP(2,i)] is the distance from the outer lateral
surface of the vehicle; and r; [TIOFF] is the distance between the
cask surface and the outer lateral surface of the vehicle (m); and

T; = duration of exposure at stop i (h) [HSTP(i)].

2.3 EXPOSURE FROM A PASSING SHIPMENT

An off-link individual (e.g., roadside resident) will experience a changing exposure field
that is dictated by the constantly changing distance between a passing shipment vehicle and the
individual, as shown in Figure 2.3. The total dose, D(x), received by an individual at the nearest
distance x from the passing shipment is calculated by the integration of the dose rate, D(r), over

the total exposure period:
D(x) = 2 SF(j) _[ZOD(r) dt . 2.7)

From the relationship y = vt (speed x traveling time), Equation 2.7 becomes

2 [=.
D) = K, SF() = ["Biay | 28

where

D(x) = total dose to receptor j at distance x (rem);

x = nearest distance (m) of receptor j to passing shipment [DISTPASS(j)];

r = distance to cask surface (m) given by
r=[@+n)’+y1" (2.9)
ri = distance between the cask surface and the outer lateral surface of the vehicle
(m) [TIOFF];

v = vehicle speed (km/h) [SPEED];
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FIGURE 2.3 Schematic Diagram of External Exposures to Various Receptors from a
Moving Spent Fuel Shipment (Equation 2.12 for individuals, Equations 2.14 and 2.16 for
population groups)

Ky = unit conversion constant (10'3 km/m); and

dy = vdt,thedistance traveled in time df (m).

Equation 2.8 can be rewritten (NRC 1977b) by substituting for y, according to Equation 2.9:

D(x) = K, % 1) (2.10)
where |
Ix) = | Dory——— dr . @.11)
RN o

Two different population groups are exposed during transit of a shipment, those off-link
(e.g., roadside residents) and on-link (i.e., drivers and passengers). Figure 2.3 depicts the two
groups and the relevant parameters for dose estimation. The off-link population dose from a
passing shipment is an extension of Equation 2.10 to cover an area with a uniform population
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density from the minimum distance of the group (x,) to the route, to a maximum distance from
the route (xe,) for a distance Lg:

2
Dy = [(SFF, + (1-F,)]PDLyK, = [t (x) dx (2.12)
where
D, = dose (person-rem) to off-link population in a given area from a
passing shipment;
F, = fraction of people indoors while shipment passes by the area [RFIE];

PD = population density for the area (persons/kmz) [POPD];
Lg = length of the route along the area (km) [SHIPDIST];
Xmin = nearest distance of area to shipment route (km) [XPZ(1)];
xmax = farthest distance of area to shipment route (km) [XPZ(2)]; and
SF = shielding factor: 0 = full shielding, 1 = no shielding:
SF = X Fr,SF, ; . (2.13)

i=1to 5
Fr; = fraction of indoor population located in a given shelter type i
[WSHLT()]: frame house (i = 1), office building (i = 2), brick house
(i = 3), automobile (i = 4), or other (i = 5, user-defined); and

SF; = shielding factor for each shelter type i, values from (NRC 1975), user-
defined type variable is SHLDVAL.

The dose is computed for three groups in on-link dose estimation. The estimated dose for
those persons traveling in the same direction as the shipment is calculated for two
groups — those traveling in adjacent lanes to the shipment and those in the same lane (in front
and behind) as the shipment. The third group consists of those traveling in the opposing direc-
tion of the shipment.

For those persons traveling in the same direction and in the same lane as the shipment,
the dose is estimated by

2 .
D, =PD, L K, [‘;JWL Fpwar, (2.14)

do
where

D, = dose (person-rem) to persons sharing the route (on-link population);

PD

on

on-link population density for the route (persons/km?) given by
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})veh D KO
PD, = = —— 2.15)
vw,
P,, = number of persons per vehicle [PPVH];

TD = traffic density for one lane (vehicles/h) [TRAF_DEN];
L = length of travel assumed to be 1 km;

w, = lane width (m) [RDWTH];
d0 = 2m; and
D(r) = total dose rate (rem/h) at a distance  meters from the cask surface,

estimated according to Equation 2.1.

For truck transport, the dose to an exposed population in lanes adjacent to the shipment
traveling in the same direction and to those traveling in the opposite direction is calculated in a
manner similar to the off-link population. The truck shipment is assumed to travel in the
rightmost traffic lane. An average population density over the road width is assumed, and the
dose is estimated by integration over the appropriate portion of the roadway: '

2
D, = PD, LK, > Prrexyax (2.16)

where

D = dose to on-link population in adjacent lanes or opposing traffic

on

(person-rem);

x, = nearest distance to traffic of interest (m), assumed to be 1 m for

adjacent lanes or, for opposing traffic, the distance across the
adjacent lanes and any median separating traffic traveling in opposite
directions [1 + NUMLANES — 1) x RDWTH + WDTHMED]; and

x, = farthest distance to traffic of interest (m): for adjacent traffic,
x,+ (NUMLANES ~ 1) xRDWTH; for opposing traffic, x,+
NUMLANES x RDWTH.

For rail transport, the on-link dose estimate is for opposing traffic on neighboring tracks.
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3 RADIOLOGICAL HAZARD FROM ACCIDENTS

Accidents associated with the transport of SNF are very rare. The probability has been
estimated (Saricks and Kvitek 1994) to be on the order of one incident per ten million miles of
truck or rail shipment in the United States. In addition, SNF is shipped in NRC-certified, or
equivalent, casks that meet the extremely stringent safety standards of 10 CFR 71 (NRC 1994).
Thus, even in the event of an accident, the robustness of such casks would adequately protect the
health and safety of the public. However, as in the case of other existing regulations, cask
certification procedures are designed to provide protection against “design-basis” accidents, the
majority of all potential accidents. No radioactive contents, or an insignificant amount, would be
released as the result of a design-basis accident. This section addresses the hypothetical,
including the exceedingly rare “beyond-design-basis,” accidents that could potentially release
SNF radioactive contents to the atmosphere, thereby threatening public health and safety.

The fuel assemblies used in commercial power reactors contain solid ceramic uranium
oxide (UO,) fuel pellets. During reactor operation, the fission of uranium fuel creates a number
of radioactive products. Physically, most of the radioactive material remains in solid form within
the pellets, although the pellets may exhibit some degree of fracturing. A small fraction of the
fission products, however, is in gaseous or volatile form. The radiological hazards that could
conceivably be created by this material can occur through two distinct mechanisms: (1) a release
of material from a damaged cask, or (2) an increase in the external radiation level emanating
from material within a damaged cask. Material releases can occur in gaseous, volatile, or solid
form. Significant hazards to humans can result from inhalation of the released material,
ingestion of contaminated food, and exposure to external radiation from a passing cloud of the
material or from the material deposited on the ground. Increased radiation levels from material
still within the cask could occur as the result of voids in the cask shielding, which can result from
mechanical forces or temperatures high enough to cause shield materials to melt. The following
sections describe the methods used to assess these potential radiological hazards. Section 3.1
describes the cask accident response release model, Section 3.2 the accident release model,
Section 3.3 the dose calculation model for individuals, and Section 3.4 the dose model for the
collective local population. Further discussions on the models and the relevant input parameters
can be found in Appendix G.

3.1 ACCIDENT RESPONSE MODEL

The response of SNF casks under a range of highway and railway accident conditions
has been investigated by LLNL for the NRC. The results of this study are provided in detail in
the NRC modal study (LLNL 1987). In the NRC modal study, all potential damage to a shipping
cask during an accident is categorized according to two principal variables: the cask structural
and thermal responses induced by cask impact and fire, respectively. Twenty cask response
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regions (or categories) based on varying levels of cask strain and temperature are categorized to
represent the entire spectrum of transportation accidents. The regions range from those with high
probability and low impacts to those with low probability and higher impacts. Figure 3.1 shows
the cask response regions and the conditional probabilities of occurrence for combined
mechanical and thermal loads [FSEV(i) for each response region i] should an accident occur.

The most important accident conditions used to define the mechanical loads imposed on
a cask during an accident are those associated with various physical impacts. Because of the
large weight, hardness, and rigidity of spent fuel casks, loads caused by crushing, projectiles, or
other mechanisms have been demonstrated to be far less damaging than loads caused by impacts
with hard, massive objects. As in any impact involving a motor vehicle or train, the damage
sustained would depend on vehicle speed, angle of impact, hardness of the object struck, and
orientation of the vehicle and object at the time of impact.

The temperature of an accident-generated fire is the most important consideration in
assessing potential cask functional degradation. The cumulative heat affecting a cask depends
not only on the temperature and duration of the fire but also on the extent to which the cask is
exposed. Data on fire temperatures and durations are not readily available in accident records;
however, conservative estimates of fire temperatures and durations can be calculated on the basis
of pertinent information about the accident, such as the maximum fuel volume carried by a
typical truck and the nature of the product being shipped. Another accident condition required to
describe cask response is the location of a cask relative to the fire during an accident.
Appendix E presents the method used in RISKIND for estimating the cask response from user-
supplied accident scenarios.

3.2 ACCIDENT RELEASE MODEL

According to the NRC modal study (LLNL 1987), three mechanisms are necessary for
establishing a release path from the spent fuel to the environment: (1) diffusion from cracked fuel
pellets, (2) a leak from a breach of the fuel rod cladding, and (3) a leak through deteriorated cask
seals. Before radioactive material is released into the cask cavity, the cladding must be breached
during an accident as a result of high impact or high temperature. The percentage of fuel rods
that may be breached under various impact and fire conditions in a transportation accident is
estimated in the NRC modal study. After a fuel rod is breached, radioactive gases, volatiles, and
solids can potentially escape into the cask cavity. Only rod burst and oxidation were considered .
significant release mechanisms in the NRC modal study. It was conservatively assumed that all
the released materials in the cask cavity would be released to the environment if a leak path
developed in the containment (LLNL 1987). A leak path is assumed to occur for any
transportation accident resulting in a maximum strain in the inner containment shell greater than
0.2%, or in a lead midlayer thickness temperature exceeding 500°F.




23

(L86T "IN'TT :321108) SPeo] [euLdy],
PUE [E3IUBYIDA] PIUIGUIO)) 10] IDUILINII(Q) JO SAPI[IqeqodJ pue suoi3axy asuodsay yse) Jo x1e| 1°¢ MANOIA

(4, ‘samyesadws) ssaudry} JoAB[pIw ped]) esucdsoy [BULIDYY,

(090T) (099) (009) (009)
v..r n.—.. N.H I 1L

30T X 6¥5'T 40T % 0¥T'9 »OT X T196°L ¢-0T % 9131 296£66°0('d)
¢-0T X 0L9'6 g0 x 9297 40T X 297 0T X L89'T 916¥66'0CdD)
@' o'va €©va @' a‘a

L g1 6 g 1
¢-0T X 9LO'T LOT % 169G 40T % 995°€ LOT X T10'g 0T X H0ZLECD
¢-0T X T0Z'L 0T X Z69'T 10T % 800°€ 101 % 0BE'Z ¢0T % 261860
(g2 ‘2 (e'2y @y (T2

81 14 ot 9 z
¢-0T x 9629 0T X Z9T°g g01 x ¥89°9 01 X 130T 0T % 959'9CD
0T X EL8'F LOT X 9L0°T 10T X ¥80'Z LOT X 19T ¢01 * $86L'TCD
(g'ent »'ed e'end @' (‘e

61 o1 14 L g
»-0T X 63¥°€ 10T X 1991 101 X LET'G ¢1-0T X 06%°8 601 X 98L'ICA)
93-0T X T> 07-0T X 189°L y1-0T X 96¥°T y1-01 % 926'¢ 101 * 289 10D
g'va v €'y @'ra a‘ya

0% 91 3t 8 14

“Supaqumu uoidax esuodsas JFwd NIMSTY #ueselda [[o0 yowe JO Jeu100 puvy-jydu seddn ety uy Joqunu o],
*8M300 JUIPRIB (T8I ¥ SUTWMEEE TN Jo L3Mqeqord = ()
"IN00 JUSPIIE YINL} B JUTUMESE GOUALINIO JO AJIqBGOL] = A.&

‘puede]

0

(4

0e)

(% ‘TI°Y 49UUY UO UTeNs WMuIXww) ssuodsey [eIINNS




24

On the basis of the above assumptions, the radionuclide fractions released and dispersed
to the atmosphere are presented in Table 3.1 for five types of radionuclides [NUTYPE(5)] and
the 20 modal study cask response regions. Radionuclides are grouped by physical and chemical
behavior: particulates; ruthenium, cesium, and iodine isotopes (considered to be in the form of
vapors); and noble or inert gases. The total release to the environment for a radionuclide in a
dispersed, respirable form is given by

O = & FFAILj FRELJ} FDISij ’ (3.1
where
Qo,- = initial amount of radionuclide i released (Ci);
Q, = radionuclide i inventory amount in the spent fuel cask, which can
~also be used for total shipment inventory of a multiple package
shipment (Ci);
Fe, n = fraction of failed rods in the spent fuel cask that can also be used

for fraction of failed packages in a multiple package shipment for
other radioactive materials (unitless) [FAILS(j) for accident
response region j;

F RELj, = fraction of inventory released from failed rods to the cask cavity,
which can also be used for the fraction released from the
shipping package (unitless) [FRELS(j,k) for accident response
region j for radionuclide type k]; and

FD,Sij = fraction of released inventory dispersed to the atmosphere as a
respirable aerosol for accident response region j for radionuclide
type k (unitless) [FDISP(j,k)].

Appendix A describes the SNF radionuclide inventory derived for use in RISKIND. The
program can perform an assessment with up to 100 radionuclides. A screening method is
available, as described in Appendix C, to limit the analysis to the most radiologically signifi-
cant radionuclides.

The release of radioactivity in the crud is treated separately in RISKIND because crud is
a mixture of reactor coolant corrosion products that have deposited on the surfaces of fuel rods
and can be released during a transportation accident without severe damage to the fuel rods or
cladding. The approach used in RISKIND to estimate the crud spalled (broken off) from the fuel
rods during an accident is based on the method of Sandoval et al. (1991) and is described in
Appendix D. All of the spalled crud material is conservatively assumed to be released to the
environment for all accident response regions except R(1,1), for which no release is assumed
because there is no leak path to the environment.
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3.3 INDIVIDUAL DOSE MODEL

RISKIND incorporates a standard Gaussian plume atmospheric dispersion model that
also considers the effective emission height of a release (plume rise); corrects the wind speed
according to height with a power law adjustment; and accounts for terrain height, the initial
dispersion geometry of the waste package, and buoyancy-induced dispersion. Doses are
calculated for individual exposure to external radiation from the shipping cask, the passing
radioactive cloud following the accident, resuspended contamination, and radionuclides
deposited on the ground; exposure from inhalation during the radioactive cloud passage
following the accident; and exposure from ingestion of contaminated foodstuffs and water.

3.3.1 Atmospheric Transport Model

The atmospheric transport model used in RISKIND is a Gaussian puff dispersion model.
Radionuclides released from a shipping cask are transported by the wind and are diffused as a
result of atmospheric turbulence. The source must be described in terms of location and other
physical parameters, type of radionuclide, and the amount released to the atmosphere. For
individual receptors, the atmospheric transport model in RISKIND calculates concentrations in
air at the specified downwind location for the five types of radionuclides identified in the NRC
modal study: (1) particulate radionuclides; (2) ruthenium, (3) cesium, and (4) iodine vapors; and
(5) inert gaseous radionuclides. RISKIND uses a plume-rise model developed by Briggs (1969)
to estimate buoyancy-induced rise of the release, if applicable. An initial source dispersion
parameter is used to model the source geometry of the release. Depending on circumstances,
either the standard Pasquill-Gifford dispersion coefficients (Slade 1968; Eimutis and Konicek
1972) or the Briggs (1974) dispersion coefficients can be used. The former are suitable for
ground-level releases; the latter are better for elevated releases. For vapor or particulate
radionuclides, deposition of the plume content from the puff by dry and wet deposition is also
considered for any user-specified receptor location. Both air and ground concentrations of
radionuclides are calculated for the estimation of exposure via various pathways.

3.3.1.1 Effective Release Height

Material discharged to the atmosphere as a result of a transportation accident may rise
above the release point as a result of thermal buoyancy. The thermal buoyancy is fire related in
most accident cases. An effective release height H is used in the atmospheric dispersion
equations to account for the additional height of the release. The effective release height is the
sum of the actual physical release height, A, and the thermally-induced plume rise, Ak, with an
adjustment for terrain height:

H=h+Ah—-(1-P.) [min(h + Ah,E, - E,)] , 3.2)
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where
H = effective release height (m);
h = physical release height (m) [HS];
Ah = plume rise (m) [Equation 3.3, 3.4, 3.5, 3.6, or 3.7 1;
P. = plume-path coefficient (unitless) (Section 3.3.1. 1.2);

E, = receptor elevation (m) [XRECEP(3,i) for individual i, 0 for
population]; and

E, = release elevation, the reference point for the release height (m) [0].

3.3.1.1.1 Plume Rise. Plume rise is estimated in RISKIND with the formulas derived
by Briggs (1969) for buoyant plumes. The rise from thermal buoyancy is seen to be dependent
on stability class, wind speed, and receptor dlstance For stability classes A, B, C, and D, the

plume rise is given by

1.6 FY3 423 _
AR = —u—x ,forx < 10h : (3.3)
H
1.6 F3 (10 p)¥?
Ah = ( ) ,forx > 104h ; (34
Uy

where
F = 37x10°Q, m"sd),

Q, = heat flux from radionuclide release area (cal/s) [HEATF(i) for
accident response region i],

x = downwind receptor distance from release point (m) [XRECEP(1,i) for
individual receptor i, XPZ(1) to XPZ(2) for population], and

u, = wind speed at effective release height (m/s) [Equation 3.10].

For stability classes E and F, the plume rise is calculated according to

1.6 F1/3 2/3 .
A= 22X prx<oate (3.5)
Uy Js

or

/3
F
Ah = 29 (—} forx > 24 % , (3.6)

uy s
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except when the wind is so light that the plume rises vertically. Under such conditions, the final
plume rise is given by Briggs as

50 F¥4
= s whenu, < u,, , 3.7
where
5= % (aal; +e] , (3.8)
U, = 0195F"* s | (3.9)

tn
Il

stability parameter [Equation 3.8],
g = gravitational acceleration (9.80665 m/s?),
T, = ambient air temperature (K) [TABK],
£ = normal adiabatic lapse rate of the atmosphere (0.0098 K/m),

&

+¢ = potential temperature lapse rate [0.002 and 0.035 for stability
classes E and F respectively], and

&

~
]

vertical distance above the release point (m).

As recommended by Briggs, Equations 3.3 to 3.6 contain wind speed in the denominator, which -
would produce unrealistically high values for very low wind speeds. Because the Briggs
equations are applicable only to windy conditions, a minimum wind speed of 0.1 m/s is imposed
in the above plume-rise calculations.

3.3.1.1.2 Terrain Height Adjustment. Rising terrain downwind from a transportation
accident requires that the release height derived for flat terrain be adjusted accordingly. Stability-
dependent plume-path coefficients are used in RISKIND to estimate the effects of terrain
elevation on the height of the plume centerline. The correction to the release height for
downwind elevations is the third term in Equation 3.2, as given in Ross et al. (1985).

An increase in receptor elevation downwind effectively reduces the release height if the
release height is greater than zero. This condition is embodied in the min(h + Ah, E, — E,)
portion of Equation 3.2. On the other hand, the radioactive puff will not travel straight into a
hillside but will follow air currents part way up the hill on its approach. The portion of
Equation 3.2 with the plume-path coefficient, (1 — P.), partially defines the amount of the
effective reduction in release height and assures that the terrain height adjustment is not too
extreme. For neutral and unstable conditions (stability classes A, B, C, and D), P, is set to 0.5 so
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that the puff height remains at least one-half the distance above ground as it would be if no
adjustment were made. Similarly for stable conditions (stability classes E and F), P, is set to 0.3
so that the puff height remains at least one-third the height above ground as it would be if no
adjustment were made. A plume path coefficient of 1 represents a nonterrain-lifted plume.

3.3.1.2 Wind Power-Law Adjustment

For atmospheric dispersion calculations, the measured average wind speed at the
effective release height, ug, is not always available. RISKIND uses a power-law function with
the following form to estimate the wind speed at the desired height:

H
Ya (—T , (3.10)
ua Za

where
u, = wind speed at measurement height (m/s) [WSM],
z, = height of anemometer for Wind speed measurement (m) [ANH], and
p = power for height ratio (unitless) [Table 3.2].

The wind speed of u, from the measurement height z, is adjusted to the effective release height H
of the plume for the dispersion calculations. Values for the exponent p were taken from
Irwin (1979), as modified by Hanna et al. (1982), for the different population zones and
stability classes.

3.3.1.3 Atmospheric Dispersion

For a puff generated from a point source with an effective release height H above
ground level, the Gaussian time-dependent dispersion equation is (Pasquill 1974)

C,(i,x,y,2,t)= o exp exp |————— |+ exp |— | [(3.11)
(27)™ o} o, 20} 2 0 20’ |
where
Cu(ixy,z,t) = air concentration of radionuclide i at x, y, z from a release at
0, 0, H at time ¢ after release (Ci/m3);
Q., = depleted source strength of nuclide i at distance x
[Equation 3.27];

- 6, = horizontal dispersion coefficient [Equation 3.46];
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o, = vertical dispersion coefficient [Equation 3.44];

P = x - th)z + y2, assumes Gaussian symmetry, that is,
hx= f.|y (m2);

x = downwind receptor distance from the release point (m)

[XRECEP(1,i) for individual receptor i;

y = crosswind receptor distance from the plume centerline (m)
[XRECEP(2,i) for receptor i];

u, = average wind speed at the effective release height (m/s)
[Equation. 3.10];

t = time following accidental release(s); and

H = effective release height (m) [Equation 3.2].

The ground-level air concentration (Ci/m®) for a discrete puff is obtained by setting z = 0 in
Equation 3.11.

, 20, r? H?
Ca (i,x, 5,00 =m eXp — ?EZ;' + 20_3 . (3.12)

As a conservative measure, the receptor is assumed to be located downwind of the plume
throughout the entire course of plume passage; radionuclide decay is ignored during this time
period. Thus, the time-integrated ground-level air concentration (Ci-s/m®) from the time of
release to infinity at the receptor location is used for the dose estimation and is calculated as

C, (i,x,y) =f0°°c,, (%, 0,0 dt (3.13)

TABLE 3.2 Estimates of the Power (p) in Equation 3.10 for
Population Zones as a Function of Stability Class

Stability Class
Population
Zone A B C D E F
Rural 007 007 010 015 035 055

Suburban/urban  0.15 0.15 020 025 040 0.60
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which can be shown to be (Slade 1968)

C. G xy) 0. A (3.14)
s Ay = ———— | eXp— , .

« BB = re o, uy P 20, 20,

where Q. is the initial source term for radionuclide i, corrected for wet and dry deposition from

the puff (Equation 3.27).

3.3.1.4 Plume Reflection

The existence of a stable air layer at higher altitudes under unstable and neutral
atmospheric conditions affects the atmospheric dispersion at great distances from the release
point. The upward dispersion of the plume is eventually restricted when the plume encounters an
elevated stable layer (or lid) or a mixing height at some height L. In RISKIND, the plume is
assumed to be reflected by this stable layer at these distances. With vertical distribution limited
by reflections, Equation 3.14 becomes

_ 0., ¥
: I 3.15
C, (,xy) o 5, iy 7 &*P [2 °§] , (3.15)

where

L = mixing layer height sometimes referred to as lid height (m) [DMIX].

The following conditions (Powell et al. 1979) are used to determine which of these two
equations, Equation 3.14 or 3.15, is used for the dispersion calculation.

Equation 3.14 is used for distances where G, is small compared to L, when

1 - —
o, L
R < —eee—
=S (3.16)

Equation 3.15 is used when G, is of the same order as L and a uniform distribution can
be assumed, when

(1) 0 £ H/L < 05, and

c HY H
= > -237|= 0489 | — . .
3 [L] + 9[L]+ 0.756 (3.17)
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or

(2) 05 < H/L < 10, and

% > 237 Al + 4.25 o 113 3.18
L 2 317 257 13 . (3.18)
At downwind distances between the no-mixing (Equation 3.16) and the total-mixing (Equa-

tions 3.17 and 3.18) conditions, the concentration is determined by a linear interpolation between
Equations 3.14 and 3.15.

3.3.1.5 Depletion Correction and Ground Contamination

As a radioactive plume travels downwind, its radionuclide content decreases as the
result of ground deposition. Two deposition mechanisms, dry and wet, account for this
radionuclide depletion from the plume. This section describes the methods used in RISKIND for
calculating plume depletion and ground contamination from radionuclide deposition.

3.3.1.5.1 Dry Deposition. With the exception of inert gases, all fission products
released from a shipping cask will primarily be in particulate form. Unless the shipping casks are
severely damaged, these particulates are generally released in small sizes (i.e., less than a few
microns). The vertical movement of these small particles is largely dependent on the vertical
turbulence and mean motion of the air; settling of the particles by gravity is minimal. Deposition
of such small particles on the ground surface is the result of turbulent diffusion and Brownian
motion. Chemical absorption, impaction, and other physical and chemical processes cause the
material to be retained at the surface. Such a deposition mechanism depletes the amount of
radioactivity in the plume, causing ground contamination, and thus affects the potential
radiological hazards as the plume travels farther downwind. Radiological hazards to individuals
occur by way of either direct exposure from the ground or indirect exposure via the ingestion of
contaminated foodstuff.

Calculation of the dry deposition rate involves the concept of deposition velocity, that
is, the ratio of the deposition rate to the air concentration expressed in units of velocity. The
time-integrated ground surface concentration is given by

C,.xy)=C,GxNV, (3.19)

where

C,(i,x,y) = initial ground concentration of radionuclide i at receptor

location x, y after plume passage (Ci/m?),
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@(i,x,y) = time-integrated ground-level air concentration (Ci—s/m3)
[Equation 3.14 or 3.15], and

Va. deposition velocity (m/s) [VDEPNUC() for nuclide class j].

J

The deposition velocity is determined from either field or laboratory measurements of air and
ground concentrations.

When plume depletion by dry deposition is considered, the initial source term, @, at the
release point can be replaced by a depleted source term Q.. along the downwind sector. In this
approach, known as the source depletion model, it is assumed that the depletion reduces only the
effective source strength and that the vertical Gaussian profile remains unchanged. In this
derivation, the total activity has been conserved.

The reduced source strength, Qxi, as the result of deposition is calculated from the

following equation (Slade 1968):

Vd ; x
Q. = O, exp| - RT _L F(x)dx| , (3.20)
5 =
where
Qx. = depleted source strength of nuclide i at distance x (Ci),
1
Qo,- = initial amount of radionuclide i released (Ci) [Equation 3.1],

F(x) = Equation 3.21 or 3.22 (1/m), and

u = average wind speed at effective release height (m/s)
[Equation 3.10].

At downwind distances not affected by the presence of a mixing layer,

—H?
exp( 26: ]
F(x) = ——=, (3.21)

(¢)

4

where

H = effective release height (m) [Equation 3.2], and

Q
1

vertical dispersion coefficient [Equation 3.44].
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At downwind distances where total mixing by the presence of a mixing layer can be assumed
(Powell et al. 1979),

F(x) = 3.22)

1
L ’
where

L = mixing layer height sometimes referred to as lid height (m) [DMIX].

At downwind distances between the no-mixing (Equation 3.16) and total-mixing (Equations 3.17
and 3.18) conditions, F(x) is determined by a linear combination of Equations 3.21 and 3.22.
The integral expressions in Equation 3.20 are evaluated numerically in RISKIND with a
Simpson’s rule subroutine.

3.3.1.5.2 Wet Deposition. Radionuclides can also be removed from a plume by rain or
snowfall. In wet deposition, the depletion mechanism of radionuclides is such that the plume is
“washed out” by rain or snow. Thus, the wet deposition rate is dependent on the total amount of
radioactivity contained in the plume, in contrast to dry deposition for which the depletion is
closely related to the air concentration at ground level. The fraction of material removed per unit
time by wet deposition is known as the “washout coefficient,” V,,, and is defined as follows:

V. = - 1L 4, , (3.23)
Y C, dt
where
Vi = washout coefficient (1/s), and
C; = local air concentration (Ci/m3).

Calculated and measured values of the washout coefficient range from about 1.0 x 10° to
1.0 x 102 per second (Ritchie et al. 1978; McMahon and Dennison 1979). The value of the
washout coefficient increases with an increasing rainfall rate and is linearly dependent on the
rainfall rate:

V, = W.R , (3.24)
where
W, = 10x 107 (1/s)(mmv/h)! for stability classes A to D and 1.0 x 10™
(1/s)(mm/h)’! for stability classes E and F [Ritchie et al. 1978], and
R = rainfall rate (mm/h) [RAIN].
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The ground concentration in the precipitation region is given by (Slade 1968):

Cor. (s X, ) Q,—m“' i —y (3.25)
1, X, = €X . .

WET, y o o, Uy P ) o_i

where

Cyer, (i,x,y) = initial ground concentration from wet deposition for
nuclide i at location x, y after plume passage (Ci/m?).

The depleted source strength from wet deposition, assuming a steady rainfall rate and wind speed
is given by

V x
Ower,, = Qo, €XP [— = ] : (3.26)

Uy

For low rainfall rates (i.e., a few millimeters per hour), Equations 3.24 and 3.25 are
adequate. For high rainfall rates, the redistribution of the deposited radioactivity from surface
runoff should be taken into account while evaluating the ground contamination from washed
activity. Such conditions are not accounted for in RISKIND.

3.3.1.5.3 Dry and Wet Deposition. Dry deposition is always considered in RISKIND.
When wet deposition is also considered, the depleted source strength at a distance x downwind
becomes a function of both dry and wet deposition. The depleted source strength becomes a
combination of Equations 3.20 and 3.26 and is calculated according to

wa Vdj x

0, =0 exp] -| + —— [ Faxf . (3.27)
Uy T

( ] o ]

2
Likewise, the initial ground concentration (Ci/m?) from wet and dry deposition for nuclide i at
location x, y after plume passage becomes

Cg(i,x,y) = CDRyg(i,x,)’) + CWETg(i’xsy) ’ (328)

and can be written as

C. (i, )—L[V—”+ Y —H ] ~y 3.29
g \L X, Y _-\/—T;Gyu,, 1/5 -\/—TEO'ZCXP 20_: €Xp 20_3’ ’ (3.29)
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when the plume vertical distribution is not limited by a stable layer (Equation 3.16 holds), or as
_ Q. WV, +V, /L) —y?
C, (i,x,y) = exp : (3.30)

V2n O, uy 2 0’§

when there is uniform mixing between the ground and the mixing layer (Equation 3.17 or
3.18 holds).

Use of the above methodologies allows the total activity of the plume to be conserved
when estimating risks. '

3.3.1.6 Mixing Height

The value of the mixing height (L) is either a direct input value (DMIX) for a user-
specified weather condition or estimated from the annual average input values for morning and
afternoon (Holzworth 1972). In the latter case, the mixing height is estimated from the following
equation:

15 L,, foran extremely unstable atmosphere (stability class A)
L= 05(L,, + L,,) for a neutral atmosphere (stability class D) , (3.31)
where
L.n = mean annual morning mixing height (m) [AMIX], and
Lyn = mean annual afternoon mixing height (m) [PMIX].

For other unstable situations (stability classes B and C), L is taken to be equal to Ly, The
mixing height does not apply to stable atmospheric conditions.
3.3.1.7 Meteorological Conditions

As presented in the previous sections, the dispersion model in RISKIND requires the
following meteorological data:

1. Stability class (A through F),

2. Wind speed (m/s),

3. Mixing height (m) (for stability classes A through D),
4. Ambient temperature (K), and

5. Rainfall rate (mm/h).
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Either a single stability class and wind speed can be used, or joint-frequency data on weather
conditions over a period of time (e.g., annual data) can be input manually or read from a STAR
format data file.

The atmospheric stabilities are classified into six categories (A, B, C, D, E, and F) in
order of increasing stability on the basis of criteria established by Pasquill (1974). The
dispersion equations in the models used are generic to all stability categories and empirical in
nature. For each stability category, a set of dispersion coefficients, o, and o,, were derived for

use in the equations.

For accidental releases at or near ground level, the values for o, and O, are initially
calculated on the basis of the Pasquill-Gifford curves (Eimutis and Konicek 1972) and later
adjusted for the initial dispersion geometry (Section 3.3.1.8) and buoyancy-induced dispersion
(Section 3.3.1.9). The Pasquill-Gifford dispersion coefficients are calculated according to

o, = (0000246 o, + 000576 G, + 0.066) x> | (3.32)
and
O, =axy, +c . (3.33)

Table 3.3 contains the values for the uhitless dispersion parameters G,, a, b, and ¢ as a function of
stability class. The variables xy.y and xzg are defined below.

Briggs (1974) developed formulas for the dispersion coefficients on the basis of data
collected from elevated releases:

o orc,=ax, (1+bx,), (3.34)
where

Xyve = X + Xyvirs, (3.35)

Xzef = X+ Xzvir, (3.36)

Xy = effective receptor distance downwind from virtual point source for
horizontal dispersion coefficient calculation (m),

x, = distance from source location to virtual point source for horizontal
dispersion coefficient calculation (m) [see Section 3.3.1.8 on initial
dispersion geometry; Equation 3.39 for Pasquill-Gifford coefficients
and Equation 3.41 for Briggs coefficients],

Xpir = effective receptor distance downwind from virtual point source for

vertical dispersion coefficient calculation (m), and
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TABLE 3.3 Pasquill-Gifford Dispersion Parameters for Ground-Level Releases

Coefficients
Applicable Range Stability

(downwind distance, m) Class (o) a b c

x> 1,000 A 25 0.00024 2.094 -9.6
B 20 0.055 - 1.098 2.0
C 15 0.133 0.911 0.0
D 10 1.26 0.516 -13.0
E 5 6.73 0.305 -34.0
F 1.5 18.05 0.18 -48.6

100<x < 1,000 A 25 0.00066 1.941 9.27
B 20 0.0382 1.149 33
C 15 0.113 0911 0.0
D 10 0.222 0.725 -1.7
E 5 0.211 0.678 -13
F 1.5 0.086 0.74 -0.35

x < 100 A 25 0.192 0.936 0.0
B 20 0.156 0.922 0.0
C 15 0.116 0.905 0.0
D 10 0.079 0.881 0.0
E 5 0.063 0.871 0.0
F 1.5 0.053 0.814 0.0

Source: Data from Eimutis and Konicek (1972).

x, = distance from source location to virtual point source for vertical

dispersion coefficient calculation (m) [see Section 3.3.1.8 on initial
dispersion geometry; Equation 3.40 for Pasquill-Gifford coefficients
and Equation 3.42 for Briggs coefficients].

In addition, Briggs coefficients have been derived for rural and urban population zones. The
urban values are also used in suburban population zone calculations in RISKIND. See Table 3.4
for values of a, b, and c.

3.3.1.8 Initial Dispersion Geometry

The initial dispersion of the puff at the source is modeled by using a virtual point source
as implemented by Petersen and Lavdas (1986). The size of the source is first estimated in the
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TABLE 3.4 Briggs Dispersion Coefficients for Elevated Releases

Oy
Rural Urban
Stability
Weather Conditions Class a b c a b c
Extremely unstable A 0.22 0.0001 -0.5 0.32 0.0004 0.5
Moderately unstable B 0.16 0.0001 -0.5 0.32 0.0004 0.5
Slightly unstable C 0.11 0.0001 0.5 0.22 0.0004 0.5
Neutral D 0.08 0.0001 0.5 0.16 0.0004 -0.5
Moderately stable E 0.06 0.0001 0.5 0.11 0.0004 0.5
Very stable F 0.04 0.0001 0.5 0.11 0.0004 0.5
a,
Rural Urban
Stability
Weather Conditions Class a b c a b c
Extremely unstable A 0.20 0.0 0.0 0.24 0.001 0.5
Moderately unstable B 0.12 0.0 0.0 0.24 0.001 05
Slightly unstable C 0.08 0.0002 0.5 0.20 0.0 0.0
Neutral D 0.06 0.0015 -0.5 0.14 0.0003 -0.5
Moderately stable E 0.03 0.0003 -1.0 0.08 0.00015 0.5
Very stable F 0.016 0.0003 -1.0 0.08 0.00015 -0.5

Source: Briggs (1974).

form of initial values for o, and 6,. Since the dispersion equations are based on a point source
model, these initial dispersion coefficient values are then used to back calculate the distance
upwind from the source, which would correspond to an equivalent (virtual) point source. The
distance that generates the initial value of a dispersion coefficient is called the virtual distance.
The virtual distance is added to the distance of the receptor from the release before calculating
the dispersion coefficients for that location, thereby adjusting for the initial size of the source.

For releases at high elevations, the initial dispersion usually has little influence on
downwind concentrations. However, if the source is large enough or close enough to the ground,
then the initial size of the release is important in determining ground-level concentrations near
the source. For a cask near the ground, the initial horizontal dispersion coefficient is calculated
according to (Martin 1979; Petersen and Lavdas 1986)

o, =L, /43, (3.37)

Yo
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where

0y, = Iinitial value for o, at the source location (m), and

Leask = horizontal length of the shipping cask (m) [HSIZE].

The initial vertical dispersion parameter is estimated by (Martin 1979; Petersen and Lavdas
1986)
c, = 2R

cask

/215, (3.38)

where

c,, initial value for o, at the source location (m), and
Roas = radius of the shipping cask (m) [RSIZE].

These initial dispersion parameters are then used to estimate the virtual source location.
Rearranging Equations 3.32 and 3.33, the virtual distances for Pasquill-Gifford coefficients are
calculated as

G 1/0.9031
Yo .
= , 3.39
i (0.000246 o + 000576 0, + 0.066J G-
where
xy, = virtual distance for oy (m),
and
GZO -c 1/b
Xz, = p , (3.40)
where
x = virtual distance for G, (m).

Zvint

For Briggs dispersion coefficients (Equation 3.34), no simple analytical solution is available for
solving x. A simple iterative method to reach convergence is used in RISKIND for estimating
the virtual distances in this case. The equations used are

GYo

T T a(l + bxyw.,,)c - N

and
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C.
X, = 2 : (3.42)

a (1 +bx,, )c

This method of accounting for the cask size of a near-ground-level release gives
reasonable concentration estimates at downwind distances greater than approximately five times
the initial horizontal dimension of the cask.

3.3.1.9 Buoyancy-Induced Dispersion

Buoyancy-induced dispersion is considered in RISKIND because emitted plumes undergo
a certain amount of growth during the plume-rise phase as a result of turbulent motions
associated with plume release conditions and turbulent entrainment of ambient air. Pasquill
(1976) suggests that this induced dispersion, G, can be approximated by the following equation:

o, = M (3.43)
» 7 35° ‘
where
6 = buoyancy-induced vertical dispersion (m).

The effective dispersion coefficient used in RISKIND calculations can then be determined by
adding variances such as
o, = (4 +02)" . (3.44)

z z

At the distance of final plume rise and beydnd, O becomes constant.

Because the plume can be assumed to be symmetrical about its centerline in the initial
growth phases of release, the calculation assumes that buoyancy-induced dispersion in the
horizontal direction is equal to that in the vertical direction:

Ah
0, =55, . (3.45)

where

o = buoyancy-induced vertical dispersion (m).

This expression is combined with that for dispersion resulting from ambient turbulence, in the
same manner described above for the horizontal direction, to give the vertical dispersion
coefficient used in the RISKIND calculations for estimating air and ground concentrations:

’ 12
o, = (ofb + o)) . (3.46)

y
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In general, buoyancy-induced dispersion has little effect on maximum concentrations
unless the release height is small compared with the plume rise. Also, buoyancy-induced
dispersion is most effective in simulating concentrations near plume centerlines close to the
source, where treating the emission as a point source confines the plume to a volume much
smaller than the actual plume.

3.3.2 Environmental Pathway and Dosimetry Models

Two basic elements are necessary to assess human health hazards from released
radioactivity. First, the concentrations of radioactive material in the surrounding environment
must be determined. Second, the pathways of exposure that should be considered must be
selected. Figure 3.2 shows the environmental pathways following an accidental release and the
potential exposure modes. For an accidental release over a short duration, such as that
considered in RISKIND, the concentrations of contaminants along the dispersive paths generally
build up to a maximum value shortly after the release and decrease steadily thereafter.

Adequate prediction of health hazards to an individual depends on an accurate
description of the time-dependent behavior of contaminants in the environment. A small change
in a time constant can significantly affect the magnitude of exposure. Following an airborne
release of relatively short duration, radioactive material becomes airborne as the “radioactive
cloud” is dispersed and diluted by turbulent diffusion. When the cloud passes over an area, the
people occupying that area may be exposed to radiation emanating from the cloud and may also
inhale radioactive material suspended in air.

In RISKIND, exposure resulting from the initial passing plume is categorized as short-
term because it is of relatively short duration, and the radioactive material is relatively
concentrated. In addition to the exposure received from the passing plume, external exposure
resulting from the loss of cask shielding may also contribute to short-term exposure.
Section 3.3.2.1 describes modeling of short-term radiation exposure. Exposure to radionuclides
depleted from the cloud is categorized as long-term because the ground-deposited contaminant
may persist in the environment over a prolonged period of time following the initial release. In
general, the radiological hazards to individuals tend to be lower from long-term exposures than
short-term because the radionuclide concentrations in the environmental media are diluted
further. However, the cumulative dose to the exposed individual over the long term could be
potentially significant for cases in which no remediation is taken following an accident.

Several environmental pathways are identified for long-term exposures: exposure from
the contaminated ground, inhalation of radioactive materials resuspended in the air, and ingestion
of contaminated foodstuffs. In addition, initial deposition onto surface water bodies may also
result in dose exposure via the drinking water pathway. Section 3.3.2.2 describes the models
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Environmental Pathways Exposure Modes
Initial Plume
| Direct Air > Inhalation and External
Concentrations Doses from Air Submersion
Short-Term Direct Loss of » Increased External Doses
Exposure Deposition Cask Shielding from Exposure to Cask
v >
. Surface-Water g \yater Ingestion Dose
Initial Ground Concentration
Concentrations External Doses from
L > Contaminated Ground
+ Prior to any Remedial
— Action Taken
Ground
Concentrations - External Doses from
with Cleanup Contaminated Ground
Resuspended Al Inhalation and External
c :1’ petn ? - $ Doses from Submersion
oncentrations in Resuspended Air
Deposition from
Resuspended Air
Long-Term
Exposure 1
A 4
_*_.J Vegetation
Concentrations P Vegetable Ingestion Doses
Meat .
—>‘ Concentrations ——p» Meat Ingestion Doses
Milk . .
—P> Concentrations —— Milk Ingestion Doses

* Pathway is not applicable if foc;d interdiction takes place.

FIGURE 3.2 Environmental Pathways and Exposure Modes for a Spent Nuclear Fuel
Cask Accident
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used to calculate long-term environmental media concentrations. Once the radionuclide concen-
trations in the environmental media are determined, the doses to individuals can be calculated.
Section 3.3.2.3 describes the modeling of the long-term radiation exposure.

Radiation doses are calculated only for individuals at each receptor location defined by
the user. These receptor locations are normally defined to represent locations where potentially
higher exposures are likely as the result of a release. The estimate of early health effects is
dependent on the exposure information from short-term exposures; the estimate for latent health
effects is dependent on the total dose from both short- and long-term exposures. A discussion of
health effects models is presented in Section 4.

3.3.2.1 Short-Term Exposure

The model to calculate short-term radiation doses is described in this section. Such
doses include external radiation from radionuclides in the passing cloud and radionuclides
deposited on the ground, external exposure from loss of cask shielding, and internal radiation
from inhaled radioactive material.

3.3.2.1.1 External Exposure from the Radioactive Cloud. External radiation doses
received from a radioactive cloud are calculated as the product of the time-integrated air
concentration and the cloud gamma DCF and take into account any shielding at the receptor
location:

D(J) prst = SF(J) uirsr K, Z(_Ja(i,x, y) DCF,, (i) , (3.47)
where
D(),,.sy = dose to receptor j from inhalation during plume passage (rem);
DCF,, (i) = dose conversion factor for air submersion for radionuclide i
(Sv/Bg-s/m>);
C,(i,x,y) = time-integrated ground-level ‘air concentration (Ci-s/m’)
[Equation 3.14 or 3.15];

K, = conversion factor, 3.7 X 10* rem-Bg/Sv-Ci; and

SE() AirST. = short-term shielding factor for air immersion: 0= full
shielding, 1 = no shielding (unitless) [set to the value in
Table 3.5 as determined by ISHLT(j) (shelter type) for
receptor j, which uses the cloudshine shielding factors].

The cloud DCFs are taken from External Exposure to Radionuclides in Air, Water, and
Soil, EPA Federal Guidance Report No. 12 (FGR 12) (Eckerman and Ryman 1993).
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TABLE 3.5 Shielding Values for Routine and Accident
Exposures

Shielding Factor

Structure Inhalation Cloudshine Groundshine

Outdoors 1.0 1.0 1.0
Frame house 1.0 0.9 04
Brick house 1.0 0.6 0.2
Office building 1.0 0.2 0.02
Car 1.0 1.0 0.5

Source: NRC (1975).

3.3.2.1.2 External Exposure from Ground-Deposited Radionuclides. A passing
cloud of radioactive material can deposit its radioactive contents on the ground by dry and wet
deposition, as described in Section 3.3.1.5. The deposited radioactive material can become a
source of external radiation. The external exposure dose from radioactive material deposited on
the ground is calculated by

D(j) st = SF(J) guast K3 ;Cg(i,x,y) DCF,,, () Tg,, () (3.48)
where
D), o7 = short-term external dose for receptor j from ground-deposited
radionuclide i (rem);
DCF,, (i) = dose conversion factor for external radiation from the ground
for radionuclide i (Sv/Bg-s/m’);
K2 = conversion factor, 1.332 X 10'® rem-Bq-s/Sv-Ci-h;
SF())g,4sr = Short-term shielding factor for external ground radiation:

0 = full shielding, 1 = no shielding (unitless) [set to the value
in Table 3.5 as determined by ISHLT(j) (shelter type) for
receptor j, which uses the groundshine shielding factors]; and

short-term exposure time for receptor j at location x,y after
plume passage (h) [TEXT(j)].

)

The DCFs used for this mode of exposure are also taken from EPA FGR 12 (Eckerman and
Ryman 1993). Additional factors required are the time of exposure, Tg.(j), and a shielding
factor, as appropriate, to account for any protective structures; see Table 3.5 for the shielding
options provided by RISKIND.
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3.3.2.1.3 External Exposure from Loss of Cask Shielding. Loss of cask shielding in
a transportation accident may result in increased external exposure to the affected individuals.
Such an event may involve, for example, the loss of neutron shielding in an accident involving
fire, or the loss of gamma shielding because of the lead slump resulting from severe impact.

Doses from such accident exposures are modeled after Equation 2.5, routine dose to an
individual during a shipment stop, and can be expressed as

D()) gusr = SFaasr [M, (k) D, (j) + M, (k) D, (N T, (J) (3.49)
where
D(j),,cc = short-term external dose for receptor j from the shipping cask
(rem);
l'),.( J) = dose rate (rem/h) from gamma (i = g) and neutron (i = n)

radiation at the location of receptor j [Equation 2.1 where

7=+,

SF, o = shielding factor for external radiation at receptor location:
0 = full shielding, 1 = no shielding (unitless [set to the value in
Table 3.5 as determined by ISHLT(j) (shelter type) for
receptor j, which uses the groundshine shielding factors];

Mg(k) = dose multiplication factor for gamma radiation due to loss of
shielding (unitless) [SEXT(k,1) for accident response region kJ;
and

M (k) = dose multiplication factor for neutron radiation due to loss of
shielding (unitless) [SEXT(k,2) for accident response region k]. -

The only major difference between Equation 2.5 and Equation 3.49 is the addition of the dose
multiplication factors for gamma and neutron radiation due to loss of shielding. The dose
multiplication factors are the increased dose rates measured in multiples of the original external
cask dose rates for incident-free conditions. Methods for calculating such factors can be based
on estimates using the codes mentioned in Section 2.1.

3.3.2.1.4 Exposure from Inhaled Radionuclides. Individuals can be exposed to
radiation by inhaling radionuclides. Although some of this inhaled material is immediately
exhaled, a fraction is retained in the individual’s body. The fraction retained depends on the
particle size distribution, the radionuclide’s solubility in body fluid, and the individual’s
breathing rate. The inhalation dose is calculated as follows:

D(Niusr = SF(J) pusr K5 BR(j) Za(i,x,y) DCF,, (1) , (3.50)
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where

D(j),,.cr = short-term inhalation dose for receptor j from radionuclide i

(rem);
DCF mpl) = dose conversion factor for inhalation for radionuclide i
(Sv/Bg);
Ea(i, x,y) = time-integrated ground-level air concentration (Ci—s/m3)
[Equation 3.14 or 3.15];
K3 = conversion factor, 1.172 x 10° rem-Bq-yr/Sv-Ci-s;
SF(j),usy = short-term shielding factor for inhalation: 0= full shielding,

1 =no shielding (unitless) [set to the value in Table 3.5 as
determined by ISHLT(j) (shelter type) for receptorj, which
uses the inhalation shielding factors]; and

BR(j) = breathing rate for receptor j (m3/yr) [BRTIND()].

In RISKIND, all particle sizes are assumed to be respirable. The DCFs are taken from Limiting
Values of Radionuclide Intake and Air Concentration and Dose Conversion Factors for
Inhalation, Submersion, and Ingestion, EPA Federal Guidance Report No. 11 (FGR 11)
(Eckerman et al. 1988). The DCFs for each radionuclide were selected from the solubility class
that would yield the highest effective dose equivalent.

3.3.2.2 Environmental Media Concentration Models

This section describes the models, equations, and data employed in the determination of
the radionuclide concentrations in the environmental media following a release. Initial
concentrations following passage of the radioactive cloud are derived. These concentrations are
then integrated over the exposure period of interest for an individual to obtain the time-integrated
concentrations used in the calculation of long-term doses (described in Section 3.3.2.3), that is,
those doses resulting from the deposition and reconcentration of radionuclides in environmental
media subsequent to the passing of the initial plume. These media include ground surface;
resuspended contamination in air; and vegetation, meat, and milk. For convenience, symbols
representing time-integrated media concentrations are capped with a bar [e.g., Ea Gxyl;
symbols representing instantaneous concentrations are not capped.

Long-term environmental media concentrations are calculated as functions of the ground
concentrations (Section 3.3.2.2.1) that result directly from deposition of radionuclides from the
passing cloud and the amount of time that an individual is exposed to these concentrations. The
ground concentrations related to these pathways can be calculated from the time-integrated air
concentrations described in Section 3.3.1. Figure 3.2 shows the environmental pathways
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following an accidental release and the exposure modes. Long-term concentrations in air are
produced by ground disturbance, which causes resuspension of the deposited radionuclides as
described in Section 3.3.2.2.2. Deposition of resuspended contamination is also considered in
calculating accumulated concentrations in various types of vegetation, including hay and forage
(animal-consumed vegetation). Section 3.3.2.2.3 covers the calculation of radionuclide concen-
trations in vegetation followed by the description of calculations for radionuclide concentrations
in meat and milk in Section 3.3.2.24. Section 3.3.2.2.5 concludes with calculations for
radionuclide concentrations in water.

3.3.2.2.1 Ground Surface Concentrations. Initial ground surface concentrations are
calculated from time-integrated air concentrations arising directly from accidental releases
(Section 3.3.1.5.3). The concentration of radionuclide i on a ground surface at time ¢ following a
release is related to the initial concentration as

C,Gxy.0) = C,Gxy [exp] - (M) +4,] )] . (3:51)

where

C.(ixy,t) = ground concentration of radionuclide i at receptor location x,y
after time ¢ following release (Ci/m?),

M) = radioactive decay constant for radionuclide i (1/yr), and

A¢ = rate constant for environmental loss (1/yr) [0.693/PHALF];
PHALF is the removal half-life of any radionuclide from
the soil.

The environmental loss rate constant A, is derived from an assumed half-life in the soil with
respect to environmental availability. This parameter is used to account for loss through
chemical binding during downward migration in soil and other environmental loss mechanisms
such as wind or water erosion. It is assumed that this parameter applies to all radionuclides
subject to ground deposition.

For long-term dose calculations, the time-integrated ground concentration is used.
Equation 3.51 is integrated from the time of the accident (¢ = 0) to time 7 (yr) to cover the length
of exposure:

C,GxyT) = C,(ixy)

(3.52)

[ exp - [mo) + ] T}1
[1 - M) + A, J ’




where

C,GxyT)

3.3.2.2.2 Resuspended Air Concentrations.
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= time-integrated ground concentration of radionuclide i at

receptor location x,y at time T following a release (Ci-s/m?),
and

= time following accidental release (yr) [YEVD].

Resuspended air concentrations are

calculated with a time-dependent resuspension factor, which, for deposits of age ¢ years, is

where

AtoG

FI =

FE =

Flexp(—l,t), for t < T

R, () = - 3.53
o0 () {FE,fort>7; 523

ratio of resuspended air concentration to ground concentration

for a ground concentration at time ¢ yr (1/m);

initial value of the resuspension factor for fresh deposits (1/m)
[SUHL];

resuspension decay constant (1/yr) [0.693/RSALF]; RSALF is
the resuspension factor decay half-life;

final value of the resuspension factor (1/yr) [SUFF]; and
time required for the resuspension factor to decrease from its

initial to final value (yr); ¢t = T, when

FE = Flexp(-A, T,) (3.54)
and rearranging,

1 FE
T = - y h{n] : (3.55)

The formulation of the above expression for the resuspension factor is based on work in
NRC (1974) and Anspaugh et al. (1974).

The resuspended air concentration may be estimated with the following equation:

where

Clixyt) =

C,- (irx’y’t) = Cg (i,x9y9t) RAmG (t) ’ (3'56)

resuspended air concentration of radionuclide i at receptor
location x,y after time ¢ following release (Ci/m?), and
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R, () = ratio of resuspended air concentration to ground concen-

tration for a ground concentration at time ¢ yr (1/m)
{Equation 3.53].

This approach has been shown to predict results consistent with the recent data collected from
Europe after the Chernobyl accident (International Atomic Energy Agency [IAEA] 1992).

The time-integrated resuspended air concentration is derived from Equation 3.56 and is

found to be
. {- exp{—[l(i)+7\.g +7L,]T}-} r<7
FICg(z,x,y)l_l - M) + 7\-g Y _I Y B
C (i = ' 57
¢ @xy.) | Ir exp{ ~ [Mi) + &, +4,] Ta}1 (3.57)
FICB(”"’”[ b- AG) + A, + A, }
+ FE[C,GxyT) - C,ixyT)| , T > 1T, ,
where

a(i,x, ».T) = time-integrated resuspended air concentration of radio-
nuclide i at receptor location x,y at time T following a release
(Ci-s/m?).

3.3.2.2.3 Concentrations in Vegetation. Concentrations in vegetation may be the
result of direct depositon from the initial passing plume (short-term) or of root uptake from soil
and deposition of resuspended contamination (long-term). Therefore, these concentrations are
derived from the previously derived air and ground concentrations. Ground concentrations are
used to determine concentrations in vegetation that are the result of root uptake of soil
radioactivity; air concentrations are used to determine concentrations in vegetation that are the
result of foliar retention of deposited radioactivity. Two categories of vegetation are treated in
RISKIND: vegetables consumed by humans and pasture grass (or hay) that is fed to animals that
provide food for human consumption (NRC 1977a). The concentration on vegetation from the
initial direct deposition from the passing radioactive cloud is expressed as (NRC 1977a)

C,G,%y) V,(m) F, E, exp(-1, T,)
Y »

Ve

CVM GGxy) = (3.58)




51

where

CVd (i,x,y) = vegetation concentration of radionuclide i at location x,y from
€ . ., . : .
g direct deposition from the passing plume (Ci/kg),

V,(m) = deposition velocity for radionuclide type m (m/s)
[VDEPNUC(m)],

F, = fraction of deposition retained on the plant (unitless)
[F_RETAIN],

Evk = fraction of foliar deposition reaching edible portions of
vegetation type k (for human consumption or pasture grass
for animal consumption) (unitless) [F_EDBL_HUM or
F_EDBL_COW],

Z,V = decay  constant for = weathering losses (1/d)

" [DECAY_WEATHER],

Tvk = time from accidental release to first harvest of vegetation
type k (d) [T_HARVEST_HUM or T_HARVEST_COW],
and ,

v = yield density of vegétation type k (kg/mz) [YIELD_HUM or
YIELD_COW].

Equation 3.58 is used to calculate the radionuclide concentration in vegetation from the first
harvest following an accidental release. If the initially contaminated vegetation is interdicted,
this concentration would be zero.

The vegetation concentration over the long term resulting from ground concentration can
be expressed by

. . 1
C,(i,x,y,t) B, (i) exp(—2Ay ty,
CV;, (i,x,)’:t) = : p ) - + Cr(i,x,)’,t) Vd’(m) Fr EVki- 1 - )\'V i )_i ’ (3-59)
k Vw

Y,
where
C,,Gxy) = long-term vegetation concentration of radionuclide i at receptor

location x,y after time ¢ following release (Ci/kg),

C, (i,x,y,f) = ground concentration of radionuclide i at receptor location x,y
after time ¢ following release (Ci/mz) [Equation 3.51],

soil-to-plant transfer factor for radionuclide i (unitless),

B, ()
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C,(i,x,y,t) = resuspended air concentration of radionuclide i at receptor
location xy after time ¢ following release (Ci/m’)
[Equation 3.56], and

= time duration for growing season for vegetation type k (days)

[T_GROW_HUM or T_GROW_COW].

t Ve

The first term in Equation 3.59 represents the root uptake mechanism; the second term represents
the resuspension and redeposition. The soil-to-plant transfer factors, B,(i), are listed in Table 3.6.

Starting with Equations 3.58 and 3.59, the time-integrated vegetation concentrations over
the exposure period of interest are calculated as

C,(,xy) V,(m) F, E, exp (— Ay Tv,,)
A

C, ,xyT) =

3.60)
(%) B, (i) [ o (=M 1) (

1
+ C.(G,xyT)V,(m)F. E | ,
d Vkl_ Yvk A’VN J

where

6‘,‘ (,x,y,T) = time-integrated radionuclide i concentration in vegetation
type k at location x,y at time T after an accidental release
(Ci-s/kg).

3.3.2.2.4 Concentrations in Meat and Milk. Radionuclides deposited on hay or
pasture grass can be ingested by animals whose meat or milk is consumed by man. The equation
used to estimate radionuclide concentrations in meat is

G, (,x,y.T) = G, (i,x,y,T) @, F, (i) , (3.61)

where

C_‘b (i,x,y,T) = time-integrated concentration in meat (b) for radionuclide i
at location x,y at time T after accidental release (Ci-s/kg),

Ev, (i, x,y,T) = time-integrated radionuclide concentration in vegetation for
animal consumption (hay or pasture grass) at location x,y at
time T after accidental release (Ci-s/kg) [Equation 3.60],

Q = animal feed ingestion rate (kg/d) [QA], and

F b(i) = feed-to-meat transfer factor for radionuclide i (Ci/kg per
Ci/d).
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TABLE 3.6 Transfer Coefficients Applicable to Food Chain Pathways
for Various Radionuclides

Transfer Coefficients

Soil-to-Plant Grass-to-Meat  Grass-to-Milk

Index B.(i) Fy(i) En(i)
(i) Element (dimensionless) (d/kg) (d/L)
1  Hydrogen 48 1.2x10? 1.0x10?
2 Helium 0.0 0.0 0.0
3 Lithium 83x10* 1.0x 107 50x 107
4  Beryllium 42x10* 1.0x 10° 1.0 x 10*
5  Boron 1.2x 10" 8.0x 10 2.7% 10>
6  Carbon 55 3.1x 107 12x102
7 Nitrogen 75 7.7 %107 2.2%10?
8  Oxygen 1.6 1.6 x 107 2.0x 107
9  Fluorine 6.5x 10 1.5x 107! 14x102
10  Neon 1.4x 107! 2.0x 107 2.0x10?
11  Sodium 5.2x 107 3.0x 107 4.0x%10?
12 Magnesium 1.3x 10" 5.0x% 10 1.0x 10?
13  Aluminum 1.8x 10* 1.5%x10? 50x10*
14  Silicon 1.5%x 10* 4.0x 103 1.0x 10
15  Phosphorous 1.1 4.6 x 10 2.5x% 107
16  Sulfur 5.9% 10" 1.0x 10" 1.8 x 10?
17  Chlorine 5.0 8.0x 107 5.0% 10
18  Argon 0.0 00 0.0
19  Potassium 3.7x 10" 1.2x 102 1.0x 10?
20  Calcium 3.6 x 10 40x10° 8.0x10°
21  Scandium 1.1x10? 1.6 x 10? 5.0x 10
22  Titanium 54x%10° 3.1 % 10 5.0x%10°
23  Vanadium 1.3x10? 23x10? 1.0x10°
24  Chromium -  2.5x10% 2.4x103 22x10?
25  Manganese 2.9x 102 8.0x 10 2.5x10*
26 Iron 6.6 x 10™ 4.0x10? 1.2x10?
27  Cobalt 9.4x 10> 1.3x 107 1.0x 103
28  Nickel 1.9x 102 53x%x10° 6.7x10°
29  Copper 1.2x10" 8.0x10? 1.4x10?
30 Zinc 40x 10" 3.0 x 10 3.9x 102
31  Gallium 2.5%10* 1.3 5.0x10°
32  Germanium 1.0 x 10 2.0x 10" 5.0x% 10*
33 Arsenic 1.0 x 10 2.0x10° 6.0x10°
34  Selenium 13 1.5x 102 45x10°
35  Bromine 7.6 x 10! 2.6 x 10 5.0x 1072
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TABLE 3.6 (Cont.)

Transfer Coefficients

Soil-to-Plant Grass-to-Meat  Grass-to-Milk

Index By(i) Fu(i) Fu(i)
(i) Element (dimensionless) (d/kg) (d/L)
36 Krypton 0.0 0.0 0.0
37  Rubidium 1.3x 10" 3.1x 102 3.0x 10
38  Strontium 1.7 x 10 6.0x 10* 8.0x 10*
39  Yttrium 2.6%10° 4.6x 10> 1.0x 107
40  Zirconium 1.7x10* 3.4 % 107 5.0x%10°¢
41  Niobium 9.4x 10> 2.8x 10 25%107
42 Molybdenum 1.2x 10" 8.0x 107 7.5%10°

Source: NRC (1977a)

The corresponding equation to estimate radionuclide concentrations in milk is

C, (,x,y,T) = C, (i,x,5.T) @, F, (i) , (3.62)

where

Em @(,x,yT) time-integrated concentration in milk (m) for radionuclide i

at location x,y at time T after accidental release (Ci-s/kg),

Ev,, (xyT) time-integrated radionuclide concentration in vegetation for
animal consumption (hay or pasture grass) at location x,y at
time T after accidental release (Ci-s’kg) [Equation 3.60], and

Fm(i) feed-to-milk transfer factor for radionuclide i (Cikg

per Ci/d).

3.3.2.2.5 Concentrations in Drinking Water. Surface water contamination can result
from the deposition of radionuclides onto the water bodies that serve as potential sources of
drinking water. Contamination may also occur by rain washoff and runoff from contaminated
land areas. In RISKIND, the drinking water pathway considered is via fresh surface water, which
could occur within a short period (e.g., a week) following an accidental release. Other water
pathways requiring a longer period — such as irrigation of farmland, water ingestion by animals
that serve as food sources (meat or milk), and ingestion of aquatic food — are not included in the
current version of RISKIND.
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The calculation of doses from drinking water is based on a model that requires the
deposition of radionuclides onto the water body, individual water consumption rates, duration of
water consumption from the contaminated water body, and water treatment efficiency. In the
current version of RISKIND, all materials deposited onto the water body are assumed to be
thoroughly mixed with portions of or all of the water body. The removal of radionuclides by
sedimentation is not considered, thus yielding a conservative estimate of the radionuclide
concentrations in water.

The initial radionuclide concentration in a drinking water body from deposition from the
passage of the radioactive cloud is estimated as

Amount C,(i,x, ) AL (%) Cl,x,y) F,(x,y)
Volume — A,(x,y) W,(x,y) W, (x,)

C, (i, %) = , (363

where

C, (i,x,y) = initial water concentration from wet and dry deposition for
nuclide i at location x, y after plume passage (Ci/m?);

C, (ix y) = initial areal (ground) concentration from wet and dry deposition
for nuclide i at location xy after plume passage (Ci/m?)
[Equation 3.29 or 3.30];

A’ (x,y) = area of water body at location xy subject to contaminant
deposition from the passing puff (m?);
A, (x,y) = area of water body at location x,y (m?);
W, (x,y) = effective mixing depth of the water body at location x,y (m)
[WBDYDj) for receptor j];
F,(xy) = fraction of the water body at location x,y covered by the passing

puff, assumes puff travels the full distance across the water body
in the downwind direction (unitless), where

1,ifF,(xy) =1

Fu(xy) = {Fw(x,y), ifF,(xy) <1, (3.64)

and
2n o,
W.(xy)
o, = horizontal dispersion coefficient [Equation 3.46]; and

W (x,y)

F (x,y) = (3.65)

crosswind width of the water body at location x,y (m)
[WBDYW(j) for receptor j].
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At time t following an accidental release, the drinking water radionuclide concentration is
estimated as

C, (,x,y) F,(x,y) (1 - E,) exp {- [AG) + A, (x.y)] 1}

C, (i,x,y,t) = W, (%.y) R (3.66)
where
C,(G,x,y,f) = radionuclide i concentration in water body at location x,y at
time ¢ after puff passage (Ci/m’);
E, = water treatment efficiency, fraction of contamination removed

by water treatment facilities before use (0 = no contamination
removed, 1 = all contamination removed) [TREATM];

A (i) = radioactive decay constant for radionuclide i (1/yr).

A, (xy) water exchange rate for water body at location x,y (1/yr)

[WEXCG(j) for receptor j]; and

Equation 3.66 is derived from Equation 3.63 by including the efficiency of water treatment
systems for removing the contamination and accounting for the concentration dependencies on
radionuclide decay and dilution. For dose calculations, the time-integrated drinking water
concentration is calculated from Equation 3.66 as

C, G.xF, (63 (1-E,) (1 - exp{-[AG) + &, (53] T}
W, (x,9) [MD) + Ay (1,9)]

C, (i,x,y,T) = , (3.67)

where
C, (i,x,y,T) = time-integrated radionuclide i concentration in water body at
location x,y at time T after puff passage (Ci-yr/m3), and
T = time following accidental release (yr) [YEVD].

3.3.2.3 Long-Term Dose Models

The long-term dose from a given release is calculated by integrating the dose over a
period of T years following the release and using the time-integrated media concentrations
developed in Section 3.3.2.2. Doses to individuals can be calculated for all known significant
pathways: inhalation; external exposure to air and ground contamination; and ingestion of
vegetables, meat, and milk. Internal doses from inhalation and ingestion pathways are calculated
with DCFs. Because radionuclides taken into the body via ingestion or inhalation will continue
to irradiate the body as long as they exist and are retained by the body, these internal DCFs
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represent the committed dose (ICRP 1977), that is, the dose integrated over an interval of
50 years.

3.3.2.3.1 External Doses from Resuspended Air Concentrations. External radiation
doses received from resuspended air concentrations are the product of the time-integrated
resuspended air concentrations, the cloud gamma DCF, and shielding considerations:

D(J) winr = SF(J) pinr K, Za(i,x,y,T) DCF,,. () , (3.68)

where

dose to receptor j from long-term external radiation exposure
from resuspended contamination (rem);

D(i)AirLT

SF(j),,;r = long-term shielding factor for air immersion for receptor J:
0 = full shielding, 1 = no shielding (unitless), where
SF(J) iy = OF,,(j) + OF,(j) SF, () ; (3.69)
OF (j) = fraction of time spent outdoors by receptor j (unitless)
[OCUPF(,DI;
OF, (j) = fraction of time spent indoors by receptor j (unitless)
[OCUPE(,2)];
SF,.(7) = shielding factor afforded receptor j by shelter type k for air
immersion [set to the value in Table 3.5 as determined by
LSHLT(X)];
K1 = conversion factor, 3.7 X 10" rem-Bq/Sv-Ci;
C,(ix,y,T) = time-integrated ground-level air concentration (Ci-s/m)
[Equation 3.57]; and
DCI':“r(i) = dose conversion factor for air submersion for radionuclide i

(Sv/Bq-s/m3).

The cloud DCFs used by RISKIND are those published in FGR 12 (Eckerman and Ryman 1993).

3.3.2.3.2 External Exposure from Ground-Deposited Radionuclides. Radioactively
contaminated ground provides a long-term source of gamma radiation for individuals residing
near contamination. For long-term exposure, the external doses from radioactive material
deposited on the ground are calculated as the product of the time-integrated ground
concentrations, the ground DCFs, and shielding considerations:

"DNear = SFD grar K ;Eg(i,x, y,T) DCF,, (i) , (3.70)




58

where

dose to receptor j from long-term external radiation exposure
from ground contamination (rem);

PWgnarr

SF(Dgur = long-term shielding factor for external ground radiation for
receptor j: O = full shielding, 1 = no shielding (unitless),
where

SE(Denar = OF,, () + OF,()) SFigoa(J) 3 (3.71)

SF, . () = shielding factor afforded receptor j by shelter type & for
external ground radiation [set to the value in Table 3.5 as
determined by LSHLT(k)];

63 (i,x,y,T) = time-integrated ground concentration of radionuclide i at
receptor location x.y at time T following a release (Ci-s/m?)
[Equation 3.52]; and

DCF n d(i) dose conversion factor for external radiation from the ground

for radionuclide i (Sv/Bq—s/mz).

The ground DCFs used in RISKIND are also from FGR 12 (Eckerman and Ryman 1993).

3.3.23.3 Inhalation Doses from Resuspended Air Concentrations. Long-term
inhalation doses are calculated using the time-integrated resuspended air concentrations,
individual receptor breathing rates, 50-year committed inhalation DCFs from FGR 11 (Eckerman
et al. 1988), and shielding factors. The equation used is

D(J) jpur = SF(J) jyur K3 BR(j) Zf’,(i,x, »T)DCF,, (i) , (3.72)
where
D@y = dose to receptor j from long-term inhalation of resuspended
contamination (rem);
SF()), ,,;r = long-term shielding factor for resuspended contaminant

inhalation for receptor j: 0= full shielding, 1 = no shielding
(unitless), where

SE(Dpwer = OF,, (J) + OF,(j) SFy,,(J) ; (3.73)

SFth(I) = shielding factor afforded receptor j by shelter type k for
inhalation [set to the value in Table 3.5 as determined by
LSHLT(k)]; ‘

K, = conversion factor, 1.172 x 10° rem-Bq-yr/Sv-Ci-s;
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BR(j) breathing rate for receptor j (m’/yr) [BRTIND(j)]; and

DCF, ()

dose conversion factor for inhalation for radionuclide i (Sv/Bq).

3.3.2.3.4 Ingestion Doses from Agricultural Products. Ingestion doses are calculated
for vegetables, meat, and milk on the basis of the time-integrated concentrations derived in
Sections 3.3.2.2.3 and 3.3.2.2.4. The 50-year committed ingestion DCFs used in RISKIND are
those in FGR 11 (Eckerman et al. 1988).

Vegetable ingestion doses are calculated by

D(j),, = DF U, CF, K, ,Z@h @(,xyT) DCF,, (i) , (3.74)
where
D(j)Veg = dose to receptor j from ingestion of contaminated vegetables
(rem);
DF = decontamination factor, that is, the fraction of contamination

remaining on vegetation after food preparation at time of
consumption (unitless) [DFACT];

Uv = human consumption rate of vegetables (kg/d) [XIN(1)];
CF, = fraction of consumed vegetables that are contaminated
(unitless), [PFIN(1)];
K, = conversion factor, 4.282 x 10’ rem-Bq-d/Sv-Ci-s;
a,h (i,x,y,T) = time-integrated radionuclide i concentration in vegetation for

human consumption at location x,y at time 7 after an
accidental release (Ci-s/kg) [Equation 3.60]; and

dose conversion factor for ingestion for radionuclide i
(Sv/Bq).

DCF,, (i)

Doses from meat ingestion are calculated by

D()) e = U, CF, K, 3.C,(,x,T) DCF, (i) , (3.75)
where
D(i)Meat = dose to receptor j from ingestion of contaminated meat
(rem);

U,

human consumption rate of meat (kg/d) [XIN(2)];
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CF , = fraction of consumed meat that is contaminated (unitless)
[PFIN(2)]; and
(T‘b( ixyT) = time-integrated concentration in meat for radionuclide i at

location x,y at time T after accidental release (Ci-s/kg)
[Equation 3.61].

The dose to an individual from milk ingestion is given by

D(j) sy = U, CF,K, 2C,(i,xyT) DCF,, (i), (3.76)
where
D(]')Mﬂk = dose to receptor j from ingestion of contaminated milk
(rem);
Un = human consumption rate of milk (kg/d) [XIN(3)];
CF,, = fraction of consumed milk that is contaminated (unitless)
[PFIN(3)];
K, = conversion factor, 4.282 x 10 rem-Bq-d/Sv-Ci-s;
5," (,x,yT) = time-integrated concentration in milk (m) for radionuclide
at location x,y at time T after accidental release (Ci-s/kg)
[Equation 3.62]; and
DCF Ing(i) = dose conversion factor for ingestion for radionuclide i

(Sv/Bq).

3.3.2.3.5 Ingestion Doses from Drinking Water. The dose to an individual from
drinking contaminated surface water is calculated by

D(Dwuer = U, CF, K ZEw(i,x, »T) DCF,, (@) , 3.77)

where

D)

Water dose to receptor j from ingestion of contaminated water
(rem);

U = human consumption rate of water (L/d) [XIN(5)];

CF = fraction of consumed water that is contaminated (unitless)
[PFIN(5)];

K_ = conversion factor, 1.351 x 102 rem—Bq-d—m3/Sv-Ci-yr-L;
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av (i,x,y,T) = time-integrated radionuclide i concentration in water body at
location x,y at time 7 after puff passage (Ci-yr/m®)

[Equation 3.67]; and
DCF Ing(i) = dose conversion factor for ingestion for radionuclide i

(Sv/Bq).

The total long-term ingestion dose to an individual for an exposure period of T years
following an accidental release is obtained by summing the vegetable, meat, milk, and water
ingestion doses per the following equation:

D(j)lng = D(j)Veg + D(j)Meat + D(j)Milk + D(j)Water 4 (378)
where )
D) g = Dose to receptor j from ingestion of contaminated food and water
(rem).

3.3.2.3.6 Analysis of Weather Uncertainty on Individual Doses. Weather conditions
and their frequency of occurrence at a site can be characterized by site-specific wind-rose data.
These data are in joint-frequency form, that is, the fraction of time the wind is blowing at a given
wind speed in a given stability category for each of six average wind speed groups and six
Pasquill weather stability categories.

When the risk over all weather conditions is selected, the uncertainty of the effect of
weather conditions during an accident on the calculated individual dose consequences is
estimated by constructing a cumulative probability distribution of dose values by using seasonal
or annual joint-frequency data for a given region. This probabilistic dose distribution is then
used to determine the “median” (50% weather probability) and reasonable “maximum” (95%
weather probability) dose values for each receptor of interest when the joint frequency wind
speed/stability class options are used. The 50% weather probability dose value calculated for a
receptor is one that is not exceeded approximately 50% of the time (50% of the time a higher
dose would be expected). Similarly, the 95% weather probability dose value calculated for a
receptor is one that is not exceeded 95% of the time (5% of the time a higher dose would
be expected).

3.4 POPULATION DOSE MODEL

A population dose model was developed for RISKIND to assess the potential collective
doses to the exposed population as the result of a release associated with a radioactive material
transportation accident. The population dose model implemented in RISKIND calculates the
total collective dose based on the average individual doses and the distribution of doses in the
exposed population within the specific area of interest. The same weather uncertainty
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calculations discussed in Section 3.3.2.3.6 for individual risks can be selected for population
risks also.

To calculate the distribution of radiation doses to the exposed population from a release,
the areas and magnitudes of air and ground concentrations in the downwind direction are needed.
This information is calculated with the equations developed for atmospheric transport in
Section 3.3.1 for determining individual receptor concentrations. Section 3.4.1 gives the
approach implemented in RISKIND for estimating the area and concentration. The collective
dose models are based on those for individual receptors and are described in Sections 3.4.2 and
3.4.3. Section 3.4.4 discusses the auxiliary PAG calculations performed in RISKIND to estimate
soil cleanup levels that would result in doses below the suggested limits.

3.4.1 Contaminated Areas and Concentration Isopleths

In Section 3.3.1, contaminant radionuclide concentrations in the environmental media
were calculated for specific receptor locations. For a population dose calculation, it is necessary
and more expedient to determine concentrations on a broader scale and to portion the affected
area into isopleths on the basis of air and ground concentrations. Because of the assumptions
made in the air transport models, air and ground concentration isopleths will coincide in space
(not magnitude) when there is no wet deposition. However, the location of the isopleths is
calculated separately for the air and ground concentrations since their locations will not coincide
if rainfall is present (greater than 0 mm/h).

Beginning at the accident location, air and ground concentrations will generally increase
to a maximum and then decrease as the distance downwind increases. Where the maximum
concentrations occur strongly depends on the effective release height and atmospheric conditions
at the time of release. In RISKIND, up to 20 isopleths in the direction downwind of the release
at the time of the accident are calculated from a nearest distance, X, up to a maximum distance,
Xmax, as specified by the user (see Figure 3.3).

The first step in determining the isopleths is to find the maximum concentration
between Xmin [XPZ(1)] and x,na [XPZ(2)] that will occur along the plume centerline (y = 0). A
variation of Brent’s method (Press 1986) is used to find the maximum concentrations;
Equation 3.14 or 3.15 can be used for air concentrations and Equation 3.29 or 3.30 for ground
concentrations. The surrounding contour (C;) for the innermost isopleth is then defined by a
concentration value +/10 smaller than the maximum concentration. The contour for ground-
level air concentrations where no mixing with the stable layer has occurred is a rearrangement of
Equation 3.14 and is given by

1/2
Q. &
y,(x) = % oy{ 2 1n (n —— Ea(i,x,y,t)] > ] (3.79)

4
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A CZ. = Estimated air or ground concentration between contour i-1 and i
i
y(x) = Isopleth contour
A = Area of contamination between X, and X,y with a concentration level of Cx 2 Cx
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FIGURE 3.3 Areas of Estimated Air or Ground Concentration Contours for Population
Dose Calculation

between Xpmin and Xpg. If the puff is limited by a stable layer and mixing has occurred, the
contour is derived from Equation 3.15 and given by

172
0,
. . . .8
¥, (x) + cy[ 2In [«/EG, Uy LCa(i’x’}"t)]J .

Similarly, for ground concentration isopleths, the isopleth contour will be given by

1/2
(x) = to, |21 2. Ve Ve ex Hz (3.81)
YoiH = =5 nw/—CSuHC(lxy)\/__ J_c Pl2 '

for the no-mixing condition (from Equation 3.29), or by

172

o, (v, +V,,/L)

= 21 .82
yg(x) 9 B w/ﬁc uy C,(i,x,y) (3-82)

if the plume is limited by the stable layer (from Equation 3.30) and mixing has occurred. The
total area of contamination within the isopleth contour for a given ground or air concentration

is then
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A=2 j:"“‘ yx) dx | (3.83)

where y(x) is given by Equation 3.79, 3.80, 3.81, or 3.82.

Now that the innermost isopleth and its surrounding contour, which defines the area of
maximum concentration, have been defined, the next larger isopleth is defined in a similar
manner. A contour (C,) is defined, by using a concentration value of V10 smaller than the
previous contour, and so on, until the number of specified isopleths is achieved (maximum
of 20): '

¢, =41oc, , (3.84)
where

C; =  air or ground concentration for the ith isopleth contour.

The isopleth areas are calculated from the total areas within the isopleth contours by

A=A-A, , (3.85)
where _

Z,. = isopleth area (area between concentration contours C; and C;.;) (mz),

A; = total area within contour i for isopleth i where i ranges from 1 for the
innermost isopleth to NISOPL (number of isopleths) for the
outermost isopleth [Equation 3.83], and

A, = (the area for the innermost isopleth) is determined directly by using

Equation 3.83.

The air and ground concentration values to be used for each isopleth are determined
from the isopleth contours by using the geometric mean

CZ, = G G, (3.86)
where
C; = ground or air concentration of interest for the area A,.
For the innermost isopleth,
C: =G G (3.87)

where

Cnax = maximum ground or air concentration within X, and X,ug.
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For dose calculations, the number of persons present in each isopleth is given by

P = PDA, , (3.88)

where
PD = population density (persons/kmz) [POPD].

3.4.2 Short-Term Exposure

For short-term exposures, the dose to an individual in each isopleth from inhalation and
external radiation is calculated according to the methodology in Section 3.3.2.1 for individual
doses by using the isopleth concentration values discussed in Section 3.4.1. The dose to each
isopleth is determined by multiplying the total individual dose in each by the number of persons
in the respective isopleth. The total collective population dose is obtained by summing over
all isopleths.

3.4.2.1 External Exposure from the Radioactive Cloud

The external radiation dose to an individual in isopleth j from the passing radioactive
cloud is calculated as

D, st (J) = SF s K iZCZ‘_I_ DCF,,.(i) , (3.89)

where

D,,(j) = short-term external cloudshine (immersion) dose to an
individual in isopleth j (rem);

SFu,st = short-term shielding factor for air immersion: 0 = full shielding,
1 = no shielding (unitless), where
SFysr = OF ¢ + OF, o SF,,. ; (3.90)
OF ST = short-term fraction of population outdoors (unitless) [1 - RFIE];
OF e short-term fraction of population indoors (unitless) [RFIE];
SF,. = shielding factor afforded by various shelter types from
cloudshine for different people, where
SF,, = XFP SF,, ; (3.91)
k
FP = fraction of indoor population afforded shielding by shelter type k
[WSHLT(k)];
SF = shielding factor for shelter type k for cloudshine, 0 = full

kAir

shielding, 1 = no shielding (unitless) [Table 3.5];




DCF, (i)
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conversion factor, 3.7 x 10" rem-Bg/Sv-Ci;

time-integrated ground-level air concentration for radionuclide i
in isopleth j (Ci-s/m3) [Equation 3.86 in conjunction with
Equation 3.14 or 3.15]; and

dose conversion factor for air submersion for radionuclide i
(Sv/Bg-s/m’).

3.4.2.2 External Exposure from Ground-Deposited Radionuclides

The external dose to an individual in isopleth j from ground contamination following an
accidental release is calculated as

where

Dgpasr (J)

SFGndS T

SFGnd

SFand

Dot (J) = SFgpyeqr Ty K, ;CKﬁ DCF,, (@) ,

short-term external groundshine dose to an individual in
isopleth j (rem);

short-term shielding factor for external ground radiation: 0 = full
shielding, 1 = no shielding (unitless), where

SFopasr = OF ¢ + OF,q SFg,, 5
shielding factor afforded by various shelter types from
groundshine for different people, where
SFeua = XFF, SFigy, ;
k
shielding factor for shelter type k& for groundshine: 0 = full
shielding, 1 = no shielding (unitless) [see Table 3.5];
short-term exposure time after plume passage (#) [HTEXP];

conversion factor, 1.332 X 106 rem-Bq-s/Sv-Ci-h;

initial ground concentration from wet and dry deposition for
radionuclide i in isopleth j after plume passage (Ci/m?)
[Equation 3.86 in conjunction with Equation 3.29 or 3.30]; and

dose conversion factor for external radiation from the ground for
radionuclide i (Sv/Bg-s/m>).

(3.92)

(3.93)

(3.94)
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3.4.2.3 Exposure from Inhaled Radionuclides

The inhalation dose to an individual in isopleth j from the passing radioactive cloud is
calculated as '

D, s (J) = SF,, K, BR iZCZj DCF,, (@) , (3.95)
where
D,,sr(j) = short-term inhalation dose to an individual in isopleth j (rem);

SF st short-term shielding factor for inhalation: 0 = full shielding,
1 = no shielding (unitless), where

SFyysr = OF 50 + OF,q SF, ; (3.96)

[

SF,. = shielding factor afforded by various shelter types from
inhalation for different people, where

SF,, = XFP SF,, ; (3.97)
k
SF k= shielding factor for shelter type & for inhalation: O = full
shielding, 1 = no shielding (unitless) [Table 3.5];
K = conversion factor, 1.172 X 10° rem-Bg-yr/Sv-Ci-s;

BR = individual breathing rate for population calculations (m>/yr)
[BRTPOP];

C; = time-integrated  ground-level air  concentration  for
radionuclide i in isopleth j (Ci-s/m®) [Equation 3.86 in
conjunction with Equation 3.14 or 3.15]; and

dose conversion factor for inhalation for radionuclide i
(Sv/Bg).

DCF, (i)

3.4.2.4 External Exposure from Loss of Cask Shielding

The shielding on the shipping cask may be compromised in an accident, resulting in
increased levels of radiation. The collective dose is calculated for an annular region from
Xmin [XPZ(1)] tO Xmax [XPZ(2)] about the cask location in a manner similar to that for routine
stops (Equation 2.6). The dose is calculated by ’

D,y = 2% PDSF, o T, f"_‘"[SLg D,(r) + SL, D,(n)| rar , (3.98)




68

where

= short-term external dose to population around the shipping cask
following an accident (person-rem);

PD = population density (persons/kmz) [POPD];

caskST

SF, o = short-term shielding factor for external ground radiation: 0 = full
shielding, 1 = no shielding (unitless) [Equation 3.93];
TExt = short-term exposure time after plume passage (h) [HTEXP];
1'),. (r) = dose rate from gamma (i = g) or neutron (i = n) radiation at a

distance r meters from the cask surface (rem/h) [Equation 2.2];

SL; = shielding loss factor for gamma (i = g) or neutron (i = n)
radiation from the cask, an integral multiple of the original
routine dose rate [SEXT(@1)];

Xmin = minimum distance from the cask surface (m) [XPZ(1)]; and

Xmax = Mmaximum distance from the cask surface (m) [XPZ(2)].

The total short-term dose to the collective population is the external dose from the
shipping cask plus the sum of the doses over all isopleths, which in turn is the sum of the
individual dose for each exposure pathway in a given isopleth times the number of persons in
that isopleth.

PDOSE, = Z.Pi [D,isr () + Dgusr () + Dppr (D)1 + Depsr (3.99)
J

where

PDOSE, = collective dose from short-term exposure to an accidental

release (person-rem).

3.4.3 Long-Term Exposure

For long-term exposures, the dose to an individual in each isopleth from inhalation and
external radiation is calculated according to the methodology in Section 3.3.2.3 for individual
doses by using the isopleth concentration values discussed in Section 3.4.1. The ingestion dose
model described in Section 3.4.3.4 is similar to that used for individuals but is a societal dose
model and is based on the amount of contaminated food produced. The dose to each isopleth is
determined by multiplying the total individual dose (excluding the ingestion dose) in each
isopleth by the number of persons in the respective isopleth and then adding the ingestion dose
for that isopleth. The total collective population dose is obtained by summing over all isopleths.
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3.4.3.1 External Doses from Resuspended Air Concentrations

Long-term exposure to external radiation from resuspended air concentrations for an
individual in isopleth j is calculated according to

Dyur(j) = SFyur K; XC; DCF,, (i) , - (3.100)
where
D,;,.r(j) = long-term external cloudshine (immersion) dose to an individual
in isopleth j (rem);
SFAirLT = long-term shielding factor for air immersion: 0 = full shielding,
1 = no shielding (unitless), where
SFyur = OF,, + OF, SF,, ; (3.101)
OF = long-term fraction of population outdoors (unitless)
[OCUPFE(1,1)];

OFI,’l = long-term fraction of population indoors (unitless)
[OCUPF(1,2)];

SF, = shielding factor afforded by various shelter types from
cloudshine for different people, where
SF,, = XLFP, SF,, ; (3.102)

k

K .= conversion factor, 3.7 X 10'? rem-Bq/Sv-Ci;

C;v_-_ = time-integrated ground-level resuspended air concentration for
radionuclide i in isopleth j (Ci-s/m®) [Equation 3.86 in
conjunction with Equation 3.57]; and

DCF, (i) = dose conversion factor for air submersion for radionuclide i
(Sv/Bg-s/m°).
3.4.3.2 External Exposure from Ground-Deposited Radionuclides
The long-term dose to an individual in isopleth j from ground-deposited radionuclides is
given by

Dgpur (J) = SFgur K, ;CZ,., DCF,, (i) , (3.103)
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where
Dg .7 = long-term external groundshine dose to an individual in
isopleth j (rem);
SF .r= long-term shielding factor for external ground radiation:
0 = full shielding, 1 = no shielding (unitless), where
SF; .y = OF,, + OF, SF;,, ; (3.104)
SF ond = shielding factor afforded by various shelter types from
groundshine for different people, where
SF,,, = XFP, SF,, ; (3.105)
k
K = conversion factor, 3.7 X 10 rem-Bq/Sv-Ci;
Cz, = time-integrated ground concentration -for radionuclide i in
isopleth j (Ci-s/m?) [Equation 3.86 in conjunction with
Equation 3.52]; and
DCF G d(i) = dose conversion factor for external radiation from the ground

for radionuclide i (Sv/Bq-s/mZ).

3.4.3.3 Inhalation Doses from Resuspended Air Concentrations

The long-term inhalation dose from resuspended air concentrations to an individual in
isopleth j is calculated by

D7 (J) = SFpr K, BR ;C;j DCF,, @) , (3.106)

where

D, ,..() = long-term inhalation dose to an individual in isopleth j (rem);

SFInhLT = long-term shielding factor for inhalation: O = full shielding, 1 =
no shielding (unitless), where
SFyuz = OF,, + OF, SF,, ; (3.107)
SF_, = shielding factor afforded by various shelter types from

Inh
inhalation for different people, where
SF,, = XFP,SF,, ; (3.108)
k

K. = conversion factor, 1.172 x 10° rem-Bq-yr/Sv-Ci-s;

BR = individual breathing rate for population calculations (m*/yr)
[BRTPOP];
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C., = time-integrated resuspended ground-level air concentration for
radionuclide i in isopleth j (Ci-s/m®) [Equation 3.86 in
conjunction with Equation 3.57]; and

dose conversion factor for inhalation for radionuclide i
(Sv/Bq).

DCF, (i)

3.4.3.4 Ingestion Dose Model

Unlike the other population dose models, the ingestion dose model is based on the
societal dose concept. The total collective dose from ingestion pathways is calculated on the
basis of regional agricultural productivity rather than the local population because the total
radioactive contamination in the food determines the potential collective doses. Because all food
may not be consumed locally, ingestion population doses are calculated by using the
following procedures.

The annual productivity (kg/km>-yr) of each food category (vegetables, meat, and milk)
is assigned by the user; these productiVity values can be either site-specific data or the default
state average values. For each nested isopleth, the mean radionuclide concentrations in each food
type are calculated by using the approach in Section 3.3.2.2. The values are then multiplied by
the farm production rate and the farm area to find the total radioactive contamination in each
food for each area (A;). Collective doses are then determined by assuming that either all or
some fraction of the food produced in the contaminated region of interest is eventually
consumed.

First, the total amount of radioactive contamination in each food type is calculated
according to

0,Gj) = K;G, A, F,, UF, C; (3.109)
where
[0 f(i, J) = gross content of radionuclide i produced in isopleth j in food type f,
where f represents v for vegetables, b for meat, and m for milk
(Ch);
K_ = conversion constant, 1/(3.156 x 10’ s/yr);

Gs = farm production rate of food type f (kg/yr-km? [GVEGE,
GMEAT, or GMILK];

A, = areaencompassed by isopleth j (km?) [Equation 3.85];
= fraction of land that is farmland (unitless) [FARM];

farm
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fraction of contaminated food type f produced that is consumed by
humans (unitless) [UF(f)]; and

time-integrated concentration of radionuclide i in food type f in
isopleth j (Ci-s’kg) [Equation 3.86 in conjunction. with
Equation 3.60, 3.61, or 3.62].

Next, the dose from each food category is calculated for each isopleth. The societal dose
from vegetables grown in isopleth j is calculated as

PDOSE,, (j) = DFK, 30,(,j) DCF,, (i) , (3.110)

PDOSE Veg(]) societal dose from ingestion of contaminated vegetables
. produced in isopleth j (person-rem);

DF decontamination factor, that is, fraction of contamination
remaining on vegetation after food preparation at time of
consumption (unitless) [DFACT];

K . conversion factor, 3.7 X 10"? rem-Bgq/Sv-Ci;

, Qv(i, J) gross content of radionuclide i produced in isopleth j in
vegetables (Ci) [Equation 3.109]; and

DCF Ing(i) dose conversion factor for ingestion for radionuclide i
: (Sv/Bq).

The societal dose from meat products is calculated as

PDOSE,.(j) = K, 30,(, j) DCF, () , (3.111)

where

PDOSE ,..(j) = societal dose from ingestion of contaminated meat grown in
isopleth j (person-rem); and

O (ij) = gross content of radionuclide i produced in isopleth j in
meat (Ci) [Equation 3.109].

The societal dose from milk products is calculated as

PDOSE ., (j) = K, 20, j) DCF, () , (3.112)
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where
PDOSE /) = societal dose from ingestion of contaminated milk produced
in isopleth j (person-rem); and
Qm (4j) = gross content of radionuclide i produced in isopleth Jj in

milk (Ci) [Equation 3.109].

If water ingestion for a population analysis is specified, water ingestion doses are
calculated in a manner similar to that for individuals in Section 3.3.2.3.5. The only real
difference is the multiplication of the individual dose by the number of persons drinking from a
specific water body.

PDOSE,,,,.(k) = P,

a

(k) U, K, £C,(i,xyT) DCF, (i) , (3.113)

where

dose to receptors from ingestion of contaminated water
from water body k (person-rem);

PDOSE (k)

P (k) = number of persons drinking from water body &
[POPW(K)];

U, = human consumption rate of water (L/d) [XING(5)];

Ks = conversion factor, 1.351 x 102 rem-Bq-d-m3/Sv-Ci-yr-L;

C,GxyT) time-integrated radionuclide i concentration in water body
at location x,y at time 7T after puff passage (Ci-yr/m’)

[Equation 3.67]; and

dose conversion factor for ingestion for radionuclide i

DCF Ing(i)
(Sv/Bq).

The total ingestion dose is given by the summation over the food categories in each
isopleth, added to the sum over all water bodies selected:

PDOSE , = S{[PDOSE y,, (j)+ PDOSE y,(j)+ PDOSE 105, ()]} + % PDOSEy,, (k) ,(3.114)

where
PDOSE g = societal ingestion dose following an accidental release (person-
rem),
J = index over isopleths, and

k = index over water bodies.
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In turn, the total collective long-term dose is the sum of all pathways over all isopleths,
plus the societal ingestion dose and is calculated as

PDOSE,; = 3P, [Dyur()) + Dopasr(J) + Dypur()] + PDOSE,, ,  (3.115)
7

where

PDOSE, = collective dose from long-term exposure to an accidental

release (person-rem).

Finally, the total collective population dose (person-rem)-is calculated as the sum of the
doses from short- and long-term exposures:

PDOSE = PDOSE, + PDOSE,, . (3.116)

3.4.4 Protective Action Guidelines

The EPA has published suggested PAGs dealing with exposure to accidental radioactive
releases (EPA 1991). These guidelines deal with the early (short-term) and later (long-term)
phases following an accidental release. Early phase considerations are not implemented in
RISKIND because forewarning (i.e., time to mitigate potential exposure) of an accidental
transport-related release may not be likely. On the other hand, cleanup of soil contamination to
safer levels might be a viable solution over the long term. On the basis of a PAG value input by
the user, the program will estimate the maximum soil concentrations necessary to maintain
radiation exposure over the long term at the PAG limit. These concentrations are calculated to
give the user an assessment of the amount of cleanup necessary to achieve the specified PAG
limit, not for analyzing mitigative cleanup actions.

RISKIND performs an auxiliary set of calculations for a given population isopleth if an
average individual in that isopleth were to receive a long-term dose greater than the user-
specified PAG over the course of the specified exposure time [YEVD]. Calculations are then
performed to determine the maximum contaminant ground concentrations allowable that will still
~meet the PAG limit. A second table of isopleth ground concentration values after cleanup is
listed in the program output for comparison with the levels calculated following release. Short-
term and water ingestion doses are not considered in the calculations.
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4 HEALTH EFFECTS MODELS

This section discusses the health effects models and parameters used in RISKIND.
Potential early health effects from acute, short-term high dose rate exposures from a hypothetical
severe accident scenario are addressed, as well as the latent health effects from short- and long-
term low dose rate exposures incurred during routine transport or from potential accident events.

Early health effects are nonstochastic effects that are associated with the degree of
radiation trauma received by such vital body organs as the bone marrow, the lungs, or the
gastrointestinal (GI) tract (Evans et al. 1985; Abrahamson et al. 1989, 1991). These effects
exhibit a nonlinear, threshold relationship with dose and are typically measured in acute lethality.
Absorbed dose is used for assessing the early health effects. Section 4.1 describes the method for
estimating the absorbed doses and assessing early health effects.

Latent health effects, on the other hand, are stochastic effects where the chance of
contracting such an effect increases with the radiation dose received by the organs. Stochastic
health effects exhibit a linear, nonthreshold relationship with dose (National Research Council
1990) and are typically measured in cancer incidence, cancer fatality, or genetic effects. Because
of the assumed linear relationship with dose, latent health effects are conveniently related to the
dose (in terms of effective dose equivalent) by simple health effects conversion factors (ICRP
1991) described in Section 4.2.

4.1 EARLY EFFECTS

A health effects model was developed for early (acute) effects of short-term exposure to
radiation from transportation accidents involving radioactive materials. The model applies to
hypothetical accident conditions in which individuals would be exposed to relatively large doses
in a short period of time. The early effects estimated are fatalities that might occur within the
first year after radiation exposure. The model is based on the NRC health effects study (Evans et
al. 1985; Abrahamson et al. 1989, 1991). The fatalities modeled are the result of injury to the
(1) bone marrow (hematopoietic syndrome), (2) GI tract (GI syndrome), and (3) lungs
(pulmonary syndrome). Dose responses for basic first aid and more extensive medical treatment
are provided. Also, options are available for bounding model parameters at three estimation
levels — lower, central (assumed to be the most realistic), and upper —to compensate for
uncertainty associated with the model.

Two basic categories of acute dose are considered: brief and protracted. Brief dose is
due to sudden exposure during the short-term period immediately following an accidental
release. The brief dose includes the dose received from inhalation within the first 24 hours of a
release, as well as the external dose due to external gamma rays from a passing radioactive cloud,
the radionuclide-contaminated ground surface, or loss of cask shielding. Protracted dose is the
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dose due to internal exposure from inhaled radionuclides during the short-term period, up to one
year from the time of release. For radiation exposure resulting from SNF transportation
accidents, the first dose category is usually not as significant as the second because SNFs
generally contain a significant portion of radionuclides that can potentially deliver internal doses
over a longer period of time after intake. |

4.1.1 Dose and Dose Rate Estimation

For the health risk calculation, radiation dose refers to the average absorbed dose (units
of rad or Gy, 1 Gy = 100 rad) to the specific organ of interest. Dose rate refers to the average
absorbed dose rate to the target organ of interest over a given time period from external and
inhalation exposure. The early effects of exposure are generally associated only with relatively
high radiation dose rates 2 0.06 Gy/h); the severity of these effects diminishes with lower dose
levels. This dose-response relationship implies a dose threshold below which no early effects
are apparent.

4.1.1.1 Absorbed Dose

The radiation trauma, that is, physical damage, induced by high dose rates can be
quantified in terms of the absorbed dose. The doses estimated in Sections 2 and 3 are in terms of
the effective dose equivalent (units of Sv or rem, 1 Sv = 100 rem), which considers both physical
and biological factors. The effective dose equivalent is a weighted average of organ dose
equivalents. The dose equivalent is estimated by multiplying the absorbed dose by a weighting
factor, referred to as the quality factor (Q, International Commission on Radiation Units and
Measurements 1993), since some types of radiation are more destructive than others. The quality
factor takes into account the relative biological effectiveness (RBE) of different radiation types
and energies. Weighting factors of 1, 10, and 20 are recommended by the ICRP (1991) for
gamma, neutron, and alpha radiation, respectively. Therefore, an absorbed dose of 1 rad from
gamma radiation is equivalent to an equivalent dose of 1 rem; an absorbed dose of 1 rad from
neutron radiation is equivalent to an equivalent dose of 10 rem.

As discussed in the following subsections, the methodology for estimating some
absorbed doses will be similar to that used in Section 3. However, organ-specific dose DCFs are
used in place of the effective DCFs, and the estimated dose is then adjusted by using the
suggested Q weighting factors, if the dose is a result of alpha or neutron radiation.

4.1.1.2 External Exposure

The brief external doses to the three target organs can be calculated according to
Equations 3.47 and 3.48 in Section 3 for radioactive cloud and contaminated ground exposure,
respectively, by substituting organ-specific DCFs (Eckerman and Ryman 1993) for whole body
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DCFs. The dose rates to each organ are calculated by dividing the individual organ doses by the
short-term exposure time used in Equations 3.47 and 3.48. For exposure from loss of cask
shielding, the equivalent dose to each organ is calculated according to Equation 3.49. The
neutron radiation portion of the dose is adjusted by the weighting factor of 10 to obtain the
absorbed dose. The dose rate is calculated by dividing the absorbed dose by the time of
exposure [7..(j)].

4.1.1.3 Inhalation Exposure

Currently, no published DCFs are available for the target organs and specific time
intervals of interest for estimating early effects from accidental radionuclide exposure from
inhalation. The shortest time period for which DCFs are available is 1 year for selected target
organs, as derived by Dunning (1986). A simplified method is used in RISKIND to interpolate
doses and dose rates from Dunning’s 1-year DCFs to factors for shorter, specified periods
of time.

The inhalation dose rate to a target organ (and therefore the resulting dose) following an
acute radionuclide exposure may be related to the rate of clearance or the retention function of
the body. The radionuclide metabolic model and model parameters have been described in
various sections of ICRP Publication 30 (ICRP 1979-1982). The ICRP model assumes that
radionuclide retention in the lungs and other organs can be represented by either a single or linear
combination of up to five exponential functions, except for the alkaline earth elements (calcium,
strontium, barium, and radium). For these elements, a combination of exponential and power
functions were considered more appropriate (ICRP 1972).

In RISKIND, as in the ICRP model, retention of radionuclides in all organs or tissues is
assumed to be a single or linear combination of exponential functions. For the alkaline earth
elements, the retention in the body over the first 365 days following exposure is represented by
the sum of two exponential functions. This expression is constructed from a least-squares fit of
the retention data given in ICRP Publication 20 (ICRP 1972). The retention function for any
radionuclide in one of the three target organs is given by a single exponential function (j=1) ora
linear combination of exponential functions (j > 1) of the form

R Gk = 3 al,jk) exp{ - [ i, j.k) + K, A)] 1}, A.1)
where
R(i,k,f) = retention of radionuclide i in organ k after time # (unitless);
a(ijk) = fraction of radionuclide i originally absorbed in subcompart-

ment j of organ % (unitless) [Tables 4.1 and 4.2], where
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% a(i, j,k) =1 42)
J

As(i,jk) = biological removal constant for radionuclide i in subcompartment
j of organ k, 0.693/T},(i,j,k) (1/d) [Tables 4.1 and 4.2 for values of
T(iy,k)];

K = conversion constant, 1/365.25 (yr/d);
A@) = radioactive decay constant for radionuclide i (1/yr); and
t = time since exposure (d);

The retention parameters for the lungs and bone marrow are given in Tables 4.1 and 4.2,
respectively. The dose rate and dose to each part of the GI tract (i.e., stomach, small intestine,
upper large intestine, and lower large intestine [LLI]) are a function of the radionuclide residence
period and the quantity absorbed from the gut into the blood pool. Of the four parts of the
Gl tract, the LLI is considered to be the critical section because it has the longest transit time.
The retention function for the GI tract consists of one exponential [a(i,1,3) = 1] that uses a
biological half-life of 0.75 days [A4(i,1,3)], which corresponds to a mean residence time of
18 hours in the LLI

TABLE 4.1 Retention Parameters for the Lungs for Each Translocation Class

Translocation Class Y Translocation Class W Translocation Class D
Biological Biological Biological
Fraction Half-Life Fraction = Half-Life Fraction Half-Life
Absorbed [T,,(i,j,l)]b Absorbed  [Ty(i,j,1)] Absorbed  [Tu(i,j,1)]
Subcompartment (j) _ [a(i,j,1)]* (days) fa(i,j,1)] (days) [a(i,j,1)] (days)
1 0.6 500 0.6 50 1 0.5
2 04 1 0.4 1

* a=fraction of radionuclide originally absorbed in subcompartment of the lungs.
® T, = biological half-life of radionuclide in subcompartment j of the lungs.

Source: ICRP (1972).
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TABLE 4.2 Retention Parameters for Bone Marrow Dose Calculations

Subcompartment 1 Subcompartment 2 Subcompartment 3 Subcompartment 4

Biological Biological Biological Biological

Fraction Half-Life Fraction  Half-Life Fraction Half-Life Fraction Half-Life

Absorbed  [Ty(i,1,2)° Absorbed  [Tv(i,2,2) Absotbed  [T»(i,3,2) Absorbed [Tw(i,4,2)

Element  [a(i,1,2)"] (days)] [a(i,2,2)] (days)] [a(i,3,2)] (days)] [a(i,4,2)] (days)]
H 1 0 0 0 0 0 0 0
Be 1 0 0 0 0 0 0 0
C 1 40 0 0 0 0 0 0
N 1 0 0 0 0 0 0 0
F 1 0 0 0 0 0 0 0
Na 1 10 0 0 0 0 0 0
P 1 0 0 0 0 0 0 0
S 0.75 20 10.25 2,000 0 0 0 0
Cl 1 10 0 0 0 0 0 0
Ca 0.5 6.9 0.5 1,650 0 0 0 0
Sc 0.1 5 0.9 1,500 0 0 0 0
Cr 0.62 6 0.38 80 0 0 0 0
Mn 1 0 0 0 0 0 0 0
Fe 1 2,000 0 0 0 0 0 0
Co 0.6 6 0.2 60 0.2 800 0 0
Ni 1 1,200 0 0 0 0 0 0
Cu 1 40 0 0 0 0 0 0
Zn 0.3 20 0.7 400 0 0 0 0
Se 0.1 3 0.4 30 0.5 160 0 0
Br 1 10 0 0 0 0 0 0
Kr 1 0 0 0 0 0 0 0
Rb 1 44 0 0 0 0 0 0
Sr 0.78 3 0.22 963 0 0 0 0
Y 1 36,500 0 0 0 0 0 0
Zr 1 7 0 0 0 0 0 0
Nb 0.5 6 0.5 200 0 0 0 0
Mo 0.1 1 0.9 50 0 0 0 0
Tc 1 1.6 0 37 0 22 0 0
Ru 0.15 0.3 0.35 8 03 35 0.2 1,000
Rh 0.15 0.3 035 8 03 35 0.2 1,000

Pd 1 15 0 0 0 0 0 0
Ag 0.1 35 0.9 50 0 0 0 0
Cd 1 25 0 0 0 0 0 0
In 1 36,500 0 0 0 0 0 0
Sn 0.2 4 0.2 25 0.6 400 0 0
Sb 0.95 5 0.05 100 0 0 0 0
Te 1 20 0 0 0 0 0 0
I 1 0 0 0 0 0 0 0
Cs 0.1 2 0.9 110 0 0 0 0
Ba 0.92 0.9 0.09 592 0 0 0 0
La 1 3,500 0 0 0 0 0 0
Ce 1 3,500 0 0 0 0 0 0
Pr 1 3,500 0 0 0 0 0 0
Nd 1 3,500 0 0 0 0 0 0
Pm 1 3,500 0 0 0 0 0 0
Sm 1 3,500 0 0 0 0 0 0
Eu 1 3,500 0 0 0 0 0 0
Gd 1 3,500 0 0 0 0 0 0
Tb 1 3,500 0 0 0 0 0 0
Ho 1 3,500 0 0 0 0 0 0
Tm 1 3,500 0 0 0 0 0 0
Hf 1 7 0 0 0 0 0 0
Ta 0.5 4 0.5 100 0 0 0 0
w 1 0 0 0 0 0 0 0
Re 0.75 1.6 0.2 37 0.05 22 0 0
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TABLE 4.2 (Cont.)

Subcompartment 1 Subcompartment 2 Subcompartment 3 Subcompartment 4
Biological Biological Biological Biological
Fraction Half-Life Fraction Half-Life Fraction Half-Life Fraction Half-Life
_Absorbed (Tw(i;1,2)° Absorbed [Tw(i,1,2) Absorbed [Tw(i,1,2) Absorbed  [Tx(i,1,2)
Element _ [a(i,1,2)") (days)] [a(i,1,2)] days)] {a(i,1,2)] days)] {a(i,1,2)] days)]
Pb 0.8 12 0.18 180 0.02 10,000 0 0
Bi 0.6 0.6 04 5 0 0 0 0
Po 1 50 0 0 0 0 0 0
Rn 1 0 0 0 0 0 0 0
Ra 0.92 13 0.08 413 0 0 0 0
Ac 1 36,500 0 0 0 0 0 0
Th 1 700 0 0 0 0 0 0
Pa 1 36,500 0 0 0 0 0 0
U 1 6 0 0 0 0 0 0
Np 1 36,500 0 0 0 0 0 0
Pu 1 18,200 0 0 0 0 0 0
Am 1 18,200 0 0 0 0 0 0
Cm 1 18,200 0 0 0 0 0 0
Cf 1 18,200 0 0 0 0 0 0

?  a = fraction of radionuclide originally absorbed in subcompartment of the bone marrow.
> T, = biological half-life of radionuclide in subcompartment of the bone marrow.

Source: ICRP (1972).

The dose received from a given radionuclide in the target organ over a period of time
will be proportional to the time-integrated retention function:

N Y0 [1 = exp (= [A, G i) + Ko A1)}
0= 7 A, G, j.k) + Kg Mi) ’

4.3)

where

R(i,k,t) = time-integrated retention of radionuclide i in organ k after time ¢
(unitless).

For any particular organ k and radionuclide i, the ratio of time-integrated doses, D(i,k,t) and
D(ik,ty), for time periods ¢#; and #, following exposure is given by

ati, j,k) (1 - exp - [A, G, k) + Ko M) 1))

DG.k.t) _ RGkt) _ A, (L3, k) + K Mi) 4.4)
DGi.k.ty)  R(.k.t,) 5 900 (1 - exp{-[Aik) + KA 1, ) '
7 Ay (s 7 k) + Kg Mi)
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Rearranging results in

G ik (1= exp{ = [AG7k) + K AG)] 1))
A, j, k) + K¢ AG)

DGi,k,t,) = D(i,k,1,) — , 4.5)
9030 (1 - exp{ - [AG. ) + K6 AD)] 1,))
j A, j.k) + Kg Ai)
where
D(ik,t;) = acute absorbed dose from radionuclide i to target organ k from
time period of interest t, (rad); and
D(ikt;) = acute absorbed dose from radionuclide i to target organ k from

time period of interest t2; in RISKIND, t2 is set to 1 year and the
l1-year dose equivalent conversion factors for the target organs
given by Dunning (1986), who used a quality factor of 20 for
alpha radiation, are used to estimate the acute inhalation
according to Equation 3.50 (rad). A weighting factor of 1/20 is
used to reduce the dose for those radionuclides emitting alpha
radiation to obtain the absorbed dose.

Once the dose to the target organ is determined, the average dose rate to the target organ is
calculated as

DR(i,kt,) = M , 4.6)
1

where

DR(i,k,tl) = average dose rate to target organ k during time period of interest
7 (rad/d).

As described in Section 4.1.2, the dose rate is used in the determination of the lethality risk.

In the above calculations, A and t, are assumed to be functions of radionuclide i and

target organ k where

365 days, i > 365 days

1
P Gm

t,(,k) = 1 1 (4.7)
—’ 'f —
AGik) Ak

< 365 days .




* For brief exposures,

1 day, > 1day

1
if ————
G k)
_ 1 . 1
— 0,
A G, J.k) A (i, ],k)

t,(i,k)

(4.8)
< 1day .

For protracted exposures,

1
| TP(k), if m > TP(k)
Wik =1 ; “9)

— 0, if ——(—— < TP(k),
e A < T
where
TP(k) = time periods of exposure of 30, 365, and 7 days, respectively,
for organs (k), bone marrow, lungs, and GI tract; and
A, (i, j,k) = minimum decay constant (longest half-life) of radionuclide i

from all subcompartments j from organ & (1/d); minimum value
of Ay(i,j k) over all j.

4.1.2 Lethality Risk

In this section, the term lethality risk represents the probability of fatality from an
incurred radiation dose. A hazard-function approach is used to derive fatality risk estimates for
effects in the three target organs of the body and to determine the total risk resulting from
exposure of these organs. The lethality is calculated from the cumulative hazard H (Evans et al.
1985; Abrahamson et al. 1989). The general expressmn used for the lethality hazard is the
following two-parameter Weibull function:

H,(k) = In(Q) X(k)" , (4.10)
where
H A(k) = lethality hazard for organ k (unitless);
D(k)
X(k) = ; 4.11
(k) Dy (k) (4.11)

'D(k) = acute dose to organ k, sum of pathway doses (external radiation
from passing radioactive cloud, contaminated ground, and loss of
cask shielding; and time-integrated dose from inhalation) (Gy);
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Dso(k) = median lethal dose, dose to organ k that produces the effect of
interest in 50% of the population at risk (Gy) [Table 4.3]; and
V = shape parameter [Table 4.3]:

The lethality risk is then related to Hy by the expression (Abrahamson et al. 1989, 1991)

Lethality risk(k) = 1 — exp [— Hu(k)] , 4.12)
where

Lethality risk(k) = risk of lethality from organ k.

The total lethality risk from all acute effects considered is calculated by summing the
cumulative hazards for each lethal mode of injury, that is, the hematopoietic syndrome (bone
marrow), the gastrointestinal syndrome (intestines), and the pulmonary syndrome (lungs). The
estimated lethality risk from these three competing injuries can be calculated as follows
(Abrahamson et al. 1989, 1991):

Lethality risk = 1 — exp{— [ Ha(bone) + Huy(lung) + Hy(GD)]}. 4.13)

Application of this method is based on the calculation of X(k), which is the dose to
organ k normalized to the Dsy value (the dose that is expected to cause death in 50% of the
persons receiving such a dose). Ideally, X(k) would be calculated according to (Abrahamson
et al. 1989) -

D(k)

— 4.14
Dy, (D)) @19

b4

where D(k) is the instantaneous absorbed dose rate to organ k at time ¢, and the Dsy value is
dependent on the dose rate. The exact form of Equation 4.15 cannot be used because of the lack
of data for Dsp values. A simplified fixed parameter approach is used in the NRC health effects
study (Abrahamson et al. 1989, 1991). In this approach, the model parameter Dsg is assumed to
change only when the dose rate enters specific ranges. Two dose rate categories are defined:
brief high dose rates (> 0.06 Gy/h) and protracted long-term dose rates (< 0.06 Gy/h). Protracted
exposures are treated as less effective than brief exposures. Table 4.3 hsts the Dsg values used in
the calculations for specific dose rates for the three target organs.

In RISKIND, X(k) is approximated by an expression of the form (Abrahamson
et al. 1989)

Dy(k) | Dp(k)

X(k) = (4.15)

3
DSO.B DSO,P
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TABLE 4.3 Early Effects Model Parameters

Median Lethal Dose (Dsg, Gy) Shape Parameter (V) Threshold (X = 0.5)
Dose Rate -
Target Organ® (Gy/h) Central Lower Upper Central Lower Upper Central Lower Upper
Bone marrow >10 3 25 35 6 4 8 1.5 1.2 1.8
(minimum
treatment)
1 31 25 3.7 6 4 8 1.6 1.3 19
0.1 37 3.1 43 - 6 4 8 1.9 1.6 22
0.05 44 3.6 52 6 4 8 22 1.8 2.6
0.01 10 8 12 6 4 8 5 4 6
Pulmonary 100 10 8 12 12 12 . 12 5 4 6
10 15 10 20 12 12 12 7 5 9
1 40 20 60 12 12 12 20 10 30
0.5 70 40 100 12 12 12 40 20 60
0.1 310 160 460 12 12 12 160 80 230
0.05 610 310 910 12 12 12 310 160 460
GI tract > 0.06 15 10 20 10 10 10 8 5 10
< 0.06 35 25 50 10 10 10 18 13 25

* Multiply dose values by 1.5 or 2 for supportive treatment for bone marrow or pulmonary calculations, respectively. Brief
exposure: dose received within the first day following initial exposure. Protracted exposure: dose received from inhalation
within the first 30 days for bone marrow, 365 days for lungs, and 7 days for GI tract.

Source: Abrahamson et al. (1989, 1991).

where

Dg(k) = dose to target organ k during the brief exposure time (Gy),

Dg(k) = dose to target organ k during the protracted exposure time (Gy),

D, 0p = Ds; value for target organ k for dose rate during brief exposure
time (Gy), and

Dso,.v = Dy value for target organ k for dose rate during protracted

exposure time (Gy).

A threshold effect is assumed to be operative, and the value for X(k) is set to 0.0 if the calculated
value from Equation 4.15 is less than 0.5 (Abrahamson et al. 1989, 1991). Exposure due to
external gamma rays from the passing radioactive cloud, the radionuclide-contaminated ground
surface, and loss of cask shielding is evaluated for the brief exposure period that is considered to
be the short-term exposure time [TEXT(j) for individuals.or HEXT for population calculations].
Exposure from inhaled radionuclides is included in the brief dose by using an exposure time of
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24 hours. The protracted dose is calculated from the exposure from inhaled radionuclides for
periods of 30, 365, and 7 days, respectively, for the bone marrow, lungs, and GI tract.

4.1.3 Dose Response

Two types of dose responses are used for modeling the levels of medical treatment:
minimal and supportive. Minimal treatment assumes that no extraordinary means of medical
treatment are administered outside of basic first aid. Depending on the affected organ(s),
supportive treatment includes such measures as hospitalization with state-of-the-art antibiotic
therapy, blood transfusions, electrolyte replacement, and intravenous feeding. If supportive
medical treatment is considered [ITREAT = 1], the Ds, values used by RISKIND (Table 4.3) are
increased by a factor of 1.5 for bone marrow and 2 for pulmonary calculations (Abrahamson
et al. 1989).

4.2 LATENT EFFECTS

Latent effects may result from cumulative exposures, including the short- and long-term
exposures discussed in Section 3. As a conservative measure, no credit is given for exposures
resulting in acute fatalities, and the entire cumulative dose received is used in estimating the
latent health effects. Three latent health effects are considered in RISKIND: (1) nonfatal cancer
occurrence, (2) fatal cancer occurrence, and (3) genetic effects manifested in the exposed
individual’s descendants.

The latent effects are calculated with dose-to-health risk conversion factors (Table 4.4)
suggested by the ICRP (ICRP 1991). Two sets of conversion factors are provided, one for
occupational workers and the other, with higher values, for the general public. Workers are
assumed to be in better physical condition and, therefore, better able to tolerate exposure to
radiation than the population as a whole.

As was the case with the early effects, higher dose rates are more effective in inducing
adverse effects. The ICRP (ICRP 1991) recommends that the health risk conversion factors be
doubled for equivalent doses resulting from absorbed doses greater than or equal to 20 rad
(20 rem for gamma exposure), when the dose rate is greater than or equal to 10 rad/h. RISKIND
doubles the risk conversion factors in Table 4.4 when the estimated cumulative dose exceeds
20 rem per individual, regardless of the dose rate. This approach may overestimate the health
effects when the dose exceeds 20 rem. It will, however, account for situations where higher dose
rates occur in the short-term, and the cumulative exposure includes a long-term component at
relatively low dose rates.
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TABLE 4.4 Latent Effects Health Risk Conversion Factors

Fatal Cancers  Nonfatal Cancers ~ Genetic Effects
Exposed Population  per Person-Rem __ per Person-Rem _ per Person-Rem

" Occupational workers 4.0x10* 8.0x 10” 8.0x 10”

General public 5.0x10* 1.0x10* 1.3 %10

Source: ICRP (1991).
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APPENDIX A:

DESCRIPTION OF RADIONUCLIDE INVENTORY
DATABASE FOR SPENT NUCLEAR FUELS

A radionuclide inventory database specific to spent nuclear fuels was derived from the
computerized databases developed by Oak Ridge National Laboratory (ORNL) (Notz et al. 1987;
DOE 1992). These databases were developed for the U.S. Department of Energy (DOE), Office
of Civilian Radioactive Waste Management (OCRWM), to establish reference characteristics of
radioactive waste materials that may be accepted by DOE for emplacement in the mined geologic
disposal system developed under the Nuclear Waste Policy Act of 1982.

The inventory data applicable to spent fuels have been generated by the ORIGEN2
computer code (Croff 1980) and are contained in the Light-Water Reactor (LWR) Radiological
Quantities Database of DOE (DOE 1992). Specifically, the radioactivity, given in curies per
metric ton of initial heavy metal (C/MTIHM), is provided for a detailed list of radionuclides for
significant activation- and fission-product nuclides as well as actinides. The inventory data are
compiled according to reactor type, fuel burnup, and fuel cooling period. Two reference LWRs
were used, a pressurized-water reactor (PWR) (Westinghouse) and a boiling-water reactor
(BWR) (General Electric).

For application to the RISKIND code described in the main body of this report, a
somewhat condensed inventory database was compiled from the DOE database. This condensed
database contains inventory information for all isotopes contributing more than 0.01% to the total
inventory data. The burnup levels are 10,000, 20,000, 30,000, 40,000, 50,000, and
60,000 MWd/MTIHM for the PWRs, and 7,500, 15,000, 22,500, 30,000, 40,000, and
50,000 MWd/MTIHM for the BWRs. The cooling periods selected were 1, 2, 3, 5, 10, 15, 20,
30, 50, 100, 200, 300, and 500 years. A sample of such inventory data is given in Table A.1.

APPENDIX A REFERENCES

Croff, A.G., 1980, ORIGEN2 Isotope Generation and Depletion Code Matrix Exponential
Method, User's Manual, ORNL/TM-7175, Oak Ridge National Laboratory, Oak Ridge, Tenn.

Notz, K.J., et al, 1987, Characteristics of Potential Repository Wastes, vols. 1-6,
DOE/RW-0184, prepared by Oak Ridge National Laboratory, Oak Ridge, Tenn., for U.S. Depart-
ment of Energy, Office of Civilian Radioactive Waste Management, Washington, D.C.

US. Department of Energy, 1992, Characteristics of Potential Repository Wastes,
DOE/RW-184-R1, prepared by Oak Ridge National Laboratory, Oak Ridge, Tenn., for
U.S. Department of Energy, Office of Civilian Radioactive Waste Management, Wash-
ington, D.C.




A-6

00 00 00 00 00 00 00 (01 X8T'1 w/Z]-wWun[RL,

00 00 00 00 00 00 00 QOLXSTT LTT-WnEn[R],

00 00 00 00 00 DI X187 01X €86 01X 19T wgzl-waun[oL,

101 X789 00 00 00 00 00 00 00 w9z 1-Auowrnuy
00 00 00 00 (01 X €¥°6 O XST'T OIXE0Y LI X0I'T St1-Auowpuy

01 %289 00 00 00 00 00 00 00 9z1-ULL
00 00 00 00 00 0’0 00 DI X6y €CI-ulL

00 00 00 00 00 00 00 OIXP0T weTT-utL

00 00 00 00 00 00 00 D1 XST'T WQT-1ATIS

00 00 00 00 00 DI X¥8Y LI XIST QDI X9ET 901-wnipoyy

00 00 00 00 00 00 00 QOIXE0T wgQ[-wnipoyy

00 00 00 00 00 DL X8y LIXIST DI X9ET 901-wnwayny

00 00 00 00 00 00 00 01 XSTT €01-wniuayny
01X1T1 LI XITT OLX1T'T 00 00 00 00 00 66-WNNAUYIIL,
00 00 00 00 00 00 00 ,01 X 8E9 S6-WNIGOIN

101 X60°6 00 00 00 00 00 00 00 $6-WNIGOIN
43 00 00 00 00 00 00 00 wg6-WniqoIN

00 00 00 00 00 00 00 L1 X¥8°C S6-wnruooNZ

w61 00 00 00 00 00 00 00 £6-WnuooNZ

00 00 00 00 00 00 00 LOI X 9€'T T6-wnmx

01X 96y 01 XTT9 LI XP0T 01 X6T€ LOLXLTY LI X6TS LIX96°S L1 X959 06-wntm X
(01X 98 01 X1T'9 L1 X#0°T LI X6T'€ LOLXLTY 401 X 6T°S 01 X 96°S 401 X959 06-wnpuong
00 00 00 00 00 00 00 QO X¥TS 68-wnnuong

00 (01 X€€T DT X8E€E DI XETT O XSET OIX 67y OIX0C9 QI X€0'8 Sg-uopdAry

(01 X0LE 00 00 00 00 00 00 00 6L-WnWI[aS
09'6 01%96'1 01 X8 LOIXIEE DL XLS'E 0T XS8E 01 X00% LI XTry €9 TOPIN

0T 00 00 00 00 00 X0'0 00 65PN

00 00 0’0 LIXI19°1 DI X66S QOIX€TT OIX 1Y QOIX6TL 09-31290D

00 00 00 00 00 DIXLTT 01X19'8 Q01 X08T §g-uoi]

€Il 00 00 00 0’0 00 00 00 p1-uoqre)

00 00 0L X 05 DT X8ET D1 XTWT Q1 XSTY D1X79°S DI XE0L ¢-uadorpAl

3£ 00§ 3001 3K 05 K og K0z 3K 01 K Ky Sdotosy

oFTeyosi(] ooul§ SW] ¢ (WHLLIA/ID) UORBIUSIU0)

o (3818YOSI(F 3dUIS dwil], Jo uopduUN € Sk SIPIPNN JoNpoId
-UOISSIJ pue -uoneAnOY JuedusIS Ioj KJAndeorpey ul suoneLIeA ) L1ojuaAu] apipnuoipey adwes 'V FTdV.L




A-7

0s'1 00 00 00 00 00 00 00 Tyz-wnpoinig
00 Q1% 196 LOIX L0'T OIX6LT LOIXTSH LOIXIEL DIXIE6 DIXETT I¥g-wmmojnig
DX LTy QIXSry QUXLyy Q1% 8py QUX 1Y QIX Ly D1 X LY DUX9PY Obz-wnmonlg
LDIXOT'E DUX6LE Q1 X0T€E DIX0TE DI X0TE O1X0T'€ Q1% 0T€ DIX0TE 6£2-wnmom|g
0L X0Ep Q1XP9'6 OIXEPT QOIX L9 OIX 18] OIXS6T DIXE0T D1X907T gez-wnmuoINLq
OIXSE] OLX0p'] 0% 0p'T 00 00 00 00 00 6€z-wnumdoN
OIXTEL 00 00 00 00 00 00 0’0 Lez-unmumdan
L O1 X6 00 00 00 00 00 00 00 gEz-wnIueIn
8’1 00 00 00 00 00 00 00 peg-wmmueIn
01 X61°€ 00 00 00 00 00 00 00  Wpgz-wnmumoviolg
OIXTEL 00 00 00 00 00 00 00 gez-wnunoB0Ig
0T X6I'€ 00 00 00 00 00 00 00 pez-wnuoyy,
00 00 .00 OIX8YL DX €0€ QIXTTT OIX9T OUXTEY ss1-wnidomg
00 00 DIX9ET OLX6L9 QDIXTST DIXIPE Q01 X01°S DIXH0L pS1-wmdomg
09'L DIXS9T DUXEPT DIXP8T OIX90'E OIXIEE DUXPHE DUXSSE IS1-wnpeures
00 00 00 01X59% DIXES9 QOIXLI6 O XPb'e 0L X686 LYI-Nd
00 00 00 00 00 00 DL XERT HIXE0S  wpp]-wmmiApooserg
00 00 00 00 00 DIXSET LOIX6IT DIX6IY  ppl-wnmukpoaserg
00 00 00 00 00 DIX8ET 0L X61°T DLX6IY pp1-wnua)
00 00 00 00 00 00 00 DUX01'9 Ip1-unua)
01 %5678 LOIX€8'8 01X 08T 01X Shp 01X 19° OIXLOL OIXE6L L0IX0L'8 wLE-Whnpeg
01 X106 DOIXEEG OIX96T DIXOLY 0L X€6°S OLXLy'L 01 XSE°8 LOIX 616 LET-wMISE)
01 X 55°€ 00 00 00 00 00 00 00 Sg1-wnise)
00 00 00 00 DIX6S°T DIX8SH 0L X9T DI X Ep'6 pe1-wnsa)

3£ 005 3£ 001 1K og K og K oz Kot 7 K gdost

38reydsiq ourg owrL 1 (WHLLIW/ID) Uonenuaouo)

(u0)) T'VATAV.L




"(Z661) HOQ :201m0§
“paISY are 9,100 Wey 191eard Junnqyuoo sopIpUN
“4Md WHILIW/PMIN-000°€E © wolj d8reyostq

QIXSLT OIXELE OIX91'1 01X V61 01X 95T S01X65€ 01 X61'S QIX11Z IVIOL

00 0IXTTE O1X8I'T O1X0LY 01 X689 OIXI0T QO XTTT QOIXEp ppz-umuny

0Tl ShL 00 00 00 00 00 01 X8Y'L Zbz-wnum)

01X 0Pl 01 XOp'T 01X 0p'T 00 00 00 00 00 £pg-wnpEsUY

o1 506 00 00 00 00 00 00 WZpg-wnpUsUY

'l 106 00 00 00 00 00 00 Zyz-wnpuay

LO1x 881 DIXSS'E OIXIS'E OI X PO'€ OIXIST OIX 19T O X196 O X LO'€ I¥z-umpuoury
1 00§ 1 001 1K 05 K og Kot Kot K el gdonos]

~33TeYsIQ WIS SWLL ¢ GNHLLIN/ID) UORERUU0)

(3u0)) 1'V A'IAV.L




B-1

APPENDIX B:

METHOD FOR ADJUSTING CASK EXTERNAL DOSE
RATES RELATIVE TO CASK DIMENSIONS







B-3

CONTENTS

APPENDIX B: METHOD FOR ADJUSTING CASK EXTERNAL DOSE RATES

RELATIVE TO CASK DIMENSIONS. ......cooiitiiieeiiiecercrraeeeereesesesesseessssssssesens B-5

B.1 FOIMUIALION.........coiirriiiieiritieriitereteereeseeeeseeessessesessasessesesessnsasssssesessssessssssessnassssasnnn B-5

B.2 D0SE RAE CONVETSION ..eevveiereeeeieeerieerieeesieeeeeeeessesseessssessssesssssesesssssssssssassssssessssssnssssess B-5

B.3 Dose Rate AdJUSHIIENL .......ccoceuiieiinieienineccencteetneereess e sres sttt sessesesasseens B-7

APPENDIX B REFERENCE .........etiiiiitieieeieeieeereeeeteeeeessssesssssssesesssasssssssssssnsessssessssseeses B-8
FIGURE







B-5

APPENDIX B:

METHOD FOR ADJUSTING CASK EXTERNAL DOSE
RATES RELATIVE TO CASK DIMENSIONS

This appendix describes a method developed for adjusting the cask external dose rates
when different cask dimensions are used in place of a reference cask.

B.1 FORMULATION

In this method, the radiation source from the cask is approximated by a uniform surface-
source cylinder characterized by a radius R and length L and a surface source strength S, as
shown in Figure B.1. For a receptor P located at a distance r from the centerline of the cask
(Figure B.1), the radiation (neutron or gamma) flux f at the receptor can be calculated by (Jaeger
1968)

25, R
=2l py B.1
o(r) Rtr (¥, k) (B.1)
where

(L2
- w(22), ws

2(rR)112
ko= , and (B.3)

(r+R)
Foyh = J(1-k*sin*0)""d0 , (B.4)

o

where Y is the angle subtended by the centerline and the edge of the cask, as viewed by the
receptor (Figure B.1); L equals the length of the cask; R equals the radius of the cask; and r
equals the distance of the receptor measured from the center of the cask.

B.2 DOSE RATE CONVERSION

In the above calculations, it is assumed that the dose rate is directly proportional to the
flux at the receptor. If Kj is the flux-to-dose-rate conversion factor, then the dose rate at
receptor P is approximated by

D(r) =K, ®(r) . (B.5)
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FIGURE B.1 Schematic Diagram Correlating Doses to Cask Dimensions

If Do(r) represents the dose rate at r for the reference cask with dimensions Ry and Ly, and D'1 (2]
represents the dose rate at r for a new cask with dimensions R; and L,, the adjusted dose rate will
be D, because of the dimension changes. The dose rates at the reference distance (D, 1 m or
2 m) for both casks are assumed to be equal to the dose rate input by the user. The reference
distance includes the offset of the cask's outer surface from the transport vehicle outer lateral
surface. From Equation B.1, the following equations can be derived:

- SR K,
DO (RO + D) - (2R0 + D) F(WOD’ kOD) (B'6)
and
A sal Rl KO
D, (R, + D)= m F (Yo, kip) (B.7)
where
Voo = tan”(Ly/2D), (B.8)
vi» = tan” (L, /2D) , (B.9)

2[(R, + D) Ry
0 0
ko = = orp) (B.10)




2[(r,+D)R]"

k B.11
2 (2R, + D) B.11)
where  and k are evaluated at the reference distance from the surfaces of the two casks.
Thus, the dose rate at a distance d from the surfaces of the two casks is
. S Ry K,
=272 2 ) B.12
Do(d+Ro) d + 2R, F (Yo, ko) (B.12)
and
- Sa] Rl KO
=—4 2 Fy, k) , B.13
D, (d+R,) 4+ 2R (y1, k1) (B.13)
where
4 Lo
= tan’'|— B.14
v an (2 4 ( )
a4
=  tan~' |21 B.15
Wi an [2 4’ (B.15)
1/2
2 +d
ko [(RO ) RO] , and : (B.16)
(2R, +d)
172
2R +d) R
2k .

(2R, +4d)

B.3 DOSE RATE ADJUSTMENT

By using the relationship of S, and S, from Equations B.6 and B.7,
D,(R+D) = D,(R+D), and substituting Equations B.12 and B.13, the ratio Q(d) of the dose

rates at a distance d meters from the surfaces of the two casks becomes

D (d+R,)
d)=——F~ .18
o(d) D, (d+R) (B.18)
F OD’kOD
Q(d)= (2R0 +d) F(Wl’kl) X(ZRI +D) X (“II ) ) (B19)

X
(2R1+d) F(‘l’o’ko) (2R0+D) F(‘l’lp’klp)

The ratio Q(d) depends on the reference cask dimensions, Ry and Ly, and the new cask
dimensions, R; and L;. The ratio Q(d) can be used to adjust the dose rates obtained from
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Equation 2.1 due to changes in cask dimensions. That is, the adjusted dose rate D,(d) for a
receptor at a distance d meters from the cask surface can be obtained by

D,(d) = D,(d) Q) , (B.20)

where D,(d) is the known dose rate for the reference cask, and Q(d) is the dose-rate ratio
obtained from Equation B.19.
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APPENDIX C:

METHOD FOR SCREENING RADIONUCLIDES

Spent nuclear fuels (SNFs) are usually irradiated in nuclear reactors for many hundreds
of hours before they are removed for refueling. Thus, even after years of cooling, the spent fuels
may still contain several hundred different radionuclides. Because it is necessary to limit the
number of nuclides for each assessment when using RISKIND (up to 100 nuclides), and because
not all of these radionuclides are radiologically significant in the environment, selecting
radionuclides of potential importance becomes an essential task. With careful screening, the
number of nuclides selected can be reduced to a manageable size without sacrificing accuracy in
dose calculations. This appendix describes the process used to select radionuclides for dose
calculations.

C.1 KEY PARAMETERS

The relative importance of the various radionuclides contained in SNFs is evaluated by
considering (1) the quantity of each radionuclide present, (2) the fraction of each radionuclide
that would be released to the atmosphere during an accident, and (3) the various exposure
pathway-dependent factors. The latter includes soil-to-vegetation transfer factors, vegetation-to-
meat and -milk transfer factors and human and animal food ingestion rates; the dose conversion
factors for each exposure pathway; and the radionuclide decay constant and weathering removal
parameter that determines how long deposited radioactive material remains on the ground. Only
key parameters that are the most important in determining the relative radiological impacts to
humans are considered.

The quantity of each radionuclide present in the spent fuel is dependent on
characteristics such as fuel burnup, type of reactor (pressurized-water reactor [PWR] or boiling-
water reactor [BWRY]), and age of fuel (cooling time). Oak Ridge National Laboratory (ORNL)
has compiled a spent fuel radionuclide database (Notz et al. 1987) with the ORIGEN2 code
(Croff 1980). The results of the ORNL data compilation are given in the U.S. Department of
Energy (DOE) report Characteristics of Potential Repository Wastes (DOE 1992). In RISKIND,
the radionuclide source term in the spent fuel, Q(i), is calculated on the basis of the user's input
values for fuel burnup, type of reactor, and age of fuel.

The amount of a radionuclide that can be released to the atmosphere during an accident
is usually represented by the release fraction of the total source inventory in the cask. Because
the amount of radioactivity that could be released to the atmosphere is highly dependent on the
severity of the accident, accurate calculation of doses requires that this value be determined for
each accident scenario. In the RISKIND code, the screening process is calculated for each of the
20 cask response regions defined in the U.S. Nuclear Regulatory Commission (NRC) modal
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study (Lawrence Livermore National Laboratory [LLNL] 1987). For convenience, radionuclides
are grouped by physical and chemical behavior: particulates; ruthenium, cesium, and iodine
isotopes; and noble or inert gases. The release parameters for these five types of radionuclides
have been discussed in Section 3.2 of this document.

C.2 PATHWAY CONSIDERATIONS

In RISKIND, three pathways that would lead to human exposure following atmospheric
release of radionuclides are used to determine the relative health hazards of one radionuclide
versus others in the shipping cask. The first pathway (I) is the short-term exposure from air
immersion and inhalation during plume passage; it is used to determine the relative importance
of nuclides in causing individual doses from the passing plume. The second pathway (II) is the
long-term external radiation exposure from contaminated ground; it is used to screen each
nuclide's relative importance with respect to the long-term hazard of residing on the
contaminated land. The third pathway (III) is the long-term internal radiation exposure from
ingestion of contaminated foods; it is used to screen each nuclide relative to the hazard from
eating or drinking contaminated food products and water.

C.3 SCREENING PARAMETERS

The dose received from pathway I at a particular location from radionuclide i can be
expressed as

DI1()) = ,2;2 DFI(i, j) QG) RS() C. () (C.1)
7 =1
where
DI(i) = dose from pathway I (short-term) exposure for radionuclide i;
DFI(ij) = appropriate dose conversion factor for radionuclide i, exposure

pathway j;
J = 1, for inhalation; j = 2, for air immersion;
Q@) = source inventory of radionuclide i;
RS(@)
Cali)

expected fraction of radionuclide i released to the atmosphere; and

time-integrated air concentration factor at a reference location for
radionuclide i, Ea(i) is assumed to be independent of radio-

nuclide i, i.e., Ea(z) = E’a.
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The relative importance of a radionuclide for pathway I exposure is calculated as

DI(i)

3 DI (C.2)

FI() =

Equation C.2 can be expressed as

‘2 Q@) RS(i) DFI(i, j)

o d=12
fo=z T 0() RS() DFIG,)) €3)

The dose received from pathway II (long-term external exposure from ground contamination) can

be written as
DII(i) = DFTII(i)C, (i) (C.4)
Ce(i) = Qi) RS(i) C. () V, () TG() , (C.5)
where
DII(i) = dose from external exposure to ground contamination for

radionuclide i;
DFTI(i) = dose conversion factor for ground external exposure;

C () = time-integrated ground concentration for radionuclide i;

TGG) = [1-exp(- 4,0 T)]/ 24 ); (C6)
V(i) = deposition velocity for radionuclide i;

A (i) = effective removal constant, including radioactive decay and

weathering, for radionuclide #; and

T = total time period for ground external exposure (default: 50 yr).

The relative radiation hazard of a radionuclide from pathwdy II exposure is calculated as

DI
~ X DuG)

FI() (C.7)




Explicitly,

_ Q@) RS(i) V, (i) DFII() TG()
~ Z Q@) RS() V, () DFLIG) TGG)

FII(3)

(C.8)

Pathway III accounts for long-term food ingestion. The amount of radioactivity ingested
over time through the food pathway is difficult to assess. A simplified approach is used for
screening purposes. The dose received from ingestion of food is approximated by estimating

radionuclides in foodstuff via root uptake mechanisms from soil.

pathway III is approximated by

Q,
P

DIII() = DFING) S, (i) [F1G) + F2G) + F3G)] C, i)

F1()=F,()Q, U,/p
F2()=F,(i) Q, U,/p
F3()=05U,/p ,

ingestion dose factor for pathway III exposure;

ingestion dose conversion factor for radionuclide i;

= soil-to-vegetation transfer factor for radionuclide i;

= meat transfer factor for radionuclide i;

milk transfer factor for radionuclide i;

= human food ingestion rate for meat, milk, and vegetables,

respectively;
animal pasture ingestion rate for meat cattle and milk cows; and

vegetation yield density of pastureland or a vegetable garden.

The dose received from

(C.9)

(C.10)
(C.11)
(C.12)

The relative importance of radionuclide i for pathway III exposure can be expressed by

D)

FIOIG) = —ZD—HI(I) .

(C.13)




Explicitly,

DFIII(i) QG) RSG) V, (i) S, () [F1(i) + F2(i) + F3()] TG()
¥ DFIIG) QG) RS() V, (i) S, () [F1G) + F2G) + F3()| TGG)

FIII(G) = 14)

The radionuclide selection criterion in RISKIND is based on the calculated relative
importance of the values of FI(i), FII(i), and FIII(i). The screening procedure is such that
radionuclides are selected as

FI@@) > S, or FII(i) > S, or FIII(i)) > S , (C.15)

where S is the radionuclide selection criterion (default: 0.01, or 99%). In using RISKIND, the
radionuclide selection process follows the procedures described above until the total number of
selected nuclides exceeds the prescribed limit of 100. If the number of nuclides selected exceeds
this limit, it is recommended that the user change the input value of S to a smaller value so that
the dose calculation will cover the whole range of nuclides in the spent fuel. By selecting an
appropriate S value, the number of radionuclides considered can be reduced while maintaining a
high degree of accuracy in the calculated results.

The resulting impacts, which are estimated by RISKIND with the radionuclides selected
with a particular value of the radionuclide selection criterion, will not exactly match the accuracy
specified by the criterion. The selection criterion is only an approximate value since the
radionuclides are selected on the basis of general principles and not on the actual calculations
used. To ensure a given accuracy, the selection criterion should be set to a lower value. For
example, S should be set to 0.001 (99.9%) to ensure that 99% of the estimated dose is reported.
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APPENDIX D:

METHOD FOR ESTIMATING THE SPALLATION OF CRUD MATERIAL

This appendix describes the method used to estimate the amount of crud material that
could be released from a shipping cask during a transportation accident. The method follows that
described in a recent Sandia National Laboratory report by Sandoval et al. (1991). During
shipment, crud may spall from the rods, become airborne in the cask cavity, and be released to
the environment should a leak path develop in the cask containment system. Because of the
sparsity of experimental data on (1) crud activity levels, (2) crud spallation fractions from the
fuel rods, and (3) the resulting particle size distributions of the spalled crud necessary for
estimating airborne fractions, the results presented in Sandoval et al. (1991) are of limited use
and are upper bound estimates. Further experimental and analytical analyses are required for a
more accurate prediction of crud release.

D.1 CHARACTERISTICS OF CRUD

Crud is a mixture of reactor primary cooling system corrosion products that have
deposited on fuel rod surfaces. These deposits contain neutron-activated nuclides and may also
contain fissile particles and fission products. Limited studies suggest that deposits on assembly
skeletons are similar to, if not the same, as on the fuel rods themselves.

Two types of crud are observed. Some crud can be easily removed from the fuel rod with
a soft brush. This flocculent form is the dominant one found on boiling-water reactor (BWR)
fuel rods and was noted to constitute approximately 65% of the crud samples removed from a set
of BWR fuel rods (Asay and Blok 1978). This easily removed crud is mostly hematite (Fe,O5),
generally of a porous, hydrated nature. The other form of crud is more tenacious, usually found
on pressurized-water reactor (PWR) fuel rods, and is not readily removed from the fuel rods.
This latter form is composed of crystalline oxides, mainly a nickel-substituted spinel
(NiFe3.xO4). These two types of crud usually develop in layers and may form a sandwich-like
structure. The differences between the two types of fuel rods have been attributed to different
oxygen levels in the primary coolant water of the two reactor types (Strasser et al. 1985). Rods
currently being discharged from reactors tend to have less crud than before because of better
control of the reactor coolant chemistry. Even in the past, most fuel rods were visually observed
to have little or no crud. Those rods without visual crud deposits are expected to have a thin crud
film, because iron has been detected on the surface of some fuel rods without visual amounts of
crud. Table D.1 summarizes the general characteristics of crud found on BWR and PWR
fuel rods.




TABLE D.1 General Crud Characteristics®

Feature PWR BWR
Color Gray, reddish orange, = Orange, brown,
brown, tan, black, reddish brown
reddish brown
Thickness
Maximum” 4 mil 10 mil
Average® <1 mil 1 to 3 mil
Peak to average axial variation =2 =2
Chemical composition
Major elements Ni, Fe, Cr Ni, Fe, Cr, Cu
Ni/Fe ratio <1 <<<1 or>1
Structure Ni,Fes .04 Fe,0s3, NiO
Axial variation =2 =2
Radioactivity
Maximum observed Co-60 (uCi/cm?) 140 1,250
Range of Co-60 (uCi/cm?)* 0.1to 140 11t0 1,250
Major component after 10 years Co-60 Co-60

Co = cobalt, Cr = chromium, Cu = copper, Fe = iron, Fe,0; = hematite, Ni =
nickel, Ni,Fes.;0,; = nickel-substituted spinel, and NiO = nickel oxide.

Maximum thickness measured on any rod regardless of location.
Average of all the maximum thicknesses measured.

Maximum densities observed.

Source: Sandoval et al. (1991).

D.2 CRUD INVENTORY

The total crud inventory inside a shipping cask is the product of the total surface area of
the fuel rods and the crud surface activity density. The total surface area of the fuel rods inside a
cask is a function of the cask design, the number of fuel assemblies, and the type of fuel.
Table D.2 presents the total surface area of the cask cavity and the number and type of fuel rods
normally shipped in currently used casks. The default value for cask cavity surface area used in
RISKIND is for the NLI-1/2 truck cask or for the IF-300 rail cask, depending on the
transportation mode selected.




TABLE D.2 Current Cask and Fuel Assembly Design

Parameters”
: Fuel \" A,

Cask Type Type (m’) (m?) N,
NLI-1/2 PWR 0.155 39.0 1
NLI-1/2 BWR 0.129 26.7 2
TN-8° PWR 0.151 37.0 3
TN-9° BWR 0.070 13.6 7
NAC-1/NFS-4 PWR 0.257 39.5 1
NAC-1/NFS-4 BWR 0.268 27.2 2
IF-300 PWR 232 251.6 7
IF-300 BWR 2.34 209.5 18
NLI-10/24 PWR 3.27 357.4 10
NLI-10/24 BWR 3.27 227.6 24

2 VY = void volume of loaded cask; A, = total surface area of cask
cavity, including fuel rods; and N, = number of assemblies that
can be shipped in cask.

® TN-8 has three compartments; TN-9 has seven compartments;
values given are per compartment.

Source: Sandoval et al. (1991).

The crud surface activity density, as discussed in Sandoval et al. (1991), is a function of
fuel type, fuel age, isotope composition, and reactor system chemistry. Sufficient data are not
available to completely specify the crud activity characteristics for each type of fuel. Therefore,
the conservatively estimated average maximum surface activity densities measured on the fuel
rods and tabulated in Sandoval et al. (1991) are used by RISKIND for estimating the total crud
inventory in a cask. Table D.1 lists the range of crud activity densities found on spent fuel rods.
Because these density values are the maximums found on the fuel rods analyzed, many rods will
have substantially lower values, particularly since most rods in the studies analyzed were chosen
because of abnormal operating conditions, poor water chemistry, or heavy visual deposits of
crud. In addition, the average activity density for a given fuel rod will be much less than the
reported maximum spot density. Axially averaged values of 18 and 235 uCi/em? for PWR and
BWR maximum spot densities of 140 and 1,250 pCi/cmz, respectively, are used as defaults
in RISKIND.

The surface activity value input to RISKIND is adjusted by the decay of cobalt-60,
according to the age of the fuel in the cask at the time of the accident. It is assumed that the total
crud activity can be attributed to cobalt-60 because it accounts for 99% of the activity at 8 years
from fuel discharge for PWR fuel, and 98% of the activity at 5 years from fuel discharge for
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BWR fuel. The other isotopes commonly found in crud material are not considered because of
their small concentrations after the initial few years following discharge, primarily because of
their short half-lives (Table D.3). However, if fresh spent fuel is considered, isotopes such as
cobalt-58 and manganese-54 should be considered. Table D.4 lists maximum activity densities
measured for the different isotopes on both BWR and PWR fuel rods. Again, these are
maximum spot densities on fuel rods with quantifiable amounts of crud material. The majority
of fuel rods will contain much lower levels of crud.

D.3 CRUD RELEASE

The maximum amount of crud-borne activity that could be released to the environment
because of a breach in the integrity of the shipping cask is the total crud inventory in the cask.
For crud to be released, it must spall from the fuel rods, remain airborne, and pass through a leak
path (breach in the cask confinement) to the environment.

Crud can spall from the fuel rods as a result of mechanical force on the rods or from
expansion of the rods from heating (i.e., a fire). Because of insufficient data on crud particle
spallation due to impact- or shock-related force on the cask during transport, spallation fractions
of 1.0 were conservatively assumed by Sandoval et al. (1991) for all impact-related releases.
Such a value may significantly overestimate the amount spalled from PWR fuel rods where the
more tenacious form of crud dominates. In RISKIND, a spallation fraction of 1.0 is also
assumed for all levels of mechanical loads above 0.2% strain because of lack of data. A
spallation fraction of 0.15 was estimated as the upper bound for crud particle spallation fractions
for the regulatory fire accident condition (30-minute exposure to a fire of approximately 1,100 K
[1,500°F]). This value is assumed for all levels of thermal loads above a 530 K (500°F) lead
midlayer thickness temperature. Table D.5 gives the default values of the spallation fraction
assumed for the 20 accident response regions.

If crud is to be released during a transportation accident, it must remain airborne once it
has spalled off the fuel rods in order to pass through a potential leak path to the environment.
The ability of the crud to remain airborne once it has spalled from the fuel rods depends on its
particle size distribution. Very little information is available for crud particle size distribution on
BWR fuel and none is available for PWR fuel. No data are available on the particle size
distribution of the spalled crud. In RISKIND, all of the spalled crud material is conservatively
assumed to be released to the environment for all U.S. Nuclear Regulatory Commission (NRC)
modal study response regions (Lawrence Livermore National Laboratory [LLNL 1987]) except
region R(1,1), for which no release is assumed because no leak path has been identified (see
Section 3.1). A number of attenuation mechanisms can significantly mitigate this source term.
These include deposition and gravitational settling of the particulates during transport from their
point of origin to a breach point in the shipping package, the mode and duration of the driving




TABLE D.3 Radionuclides Found in Crud*

Half-Life, t,»
Parent - Radionuclide (days)
Cr-50 Cr-51 27.7
Nb-95 35
Fe-58 Fe-59 44.6
Sb-124 60.2
Zr-95 64
Ni-58 Co-58 70.8
Sn-113 115
Zn-64 Zn-65 244
Fe-54 Mn-54 312
Sb-125 996
Co-59 Co-60 1,935

* Mn = manganese, Nb = niobium,

Sb = antimony, Sn = tin, Zn = zinc and
Zr = zirconium.

Source: Sandoval et al. (1991).

TABLE D.4 Maximum Radioisotope Activity Density (corrected to fuel discharge)

Reactor Co-50 Co-60 Mn-54 Cr-51 Fe-59 7Zr-95 Sb-125 Zn-65

PWR (uCi/cm®)
Yankee Rowe 1,400 140 380 240 300
B&W Reactors [Z178] 400 100 170 30 1
Oconee 1 42 10 2
Point Beach 1 13 2 2 16 2
Benzau 1 215 16 13 391 25
Zion 1 EOC-3 Grid 6/7 346 73 43 127 25 36
H. B. Robinson 19 1
BWR (uCi/cm?)
Peach Bottom 11 5
Monticello 21 350 57 48 58 121
Tsuruga 1,250 625
Millstone 1 63 595 85 35 87 25
GE Reactors 50 180 90 80

Source: Sandoval et al. (1991).




TABLE D.5 Spallation Values for NRC Modal
Study Cask Response Regions

Response Spallation Response Spallation

Region Fraction Region Fraction
1 0.15 11 1
2 1 12 1
3 1 13 0.15
4 1 14 1
5 0.15 15 1
6 1 16 1
7 1 17 0.15
8 1 18 1
9 0.15 19 1
10 1 20 1

force that affects such transport, and the possibility that the spalled crud particles themselves
could plug the leak path.
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APPENDIX E:

METHOD FOR ESTIMATING CASK RESPONSE FROM
USER-SPECIFIED ACCIDENT SCENARIOS

In a shipping accident involving spent nuclear fuel, mechanical or thermal cask
response, or both, can be generated and the cask can be damaged. The response depends on
many factors described in the modal study of the U.S. Nuclear Regulatory Commission
(Lawrence Livermore National Laboratory [LLNL] 1987). Such factors include the mechanical
loadings generated by the accident impact velocity and the object that is struck and, in the event
of a fire, the thermal loadings generated by flame temperature and duration of the fire. This
appendix describes the subroutine implemented in RISKIND to determine the magnitude of the
cask response on the basis of user-specified accident scenarios. The subroutine incorporates the
parameters developed for the reference casks in the modal study. Because the response can be
different for various cask designs subjected to the same accident conditions, reevaluation of the
cask response may be necessary for a more accurate assessment of the potential radiation hazards
when cask designs significantly different from those of the reference casks are involved. In
the modal study, an analytical method based on various computer codes was used to estimate
cask responses. These computer codes have been benchmarked or validated against experi-
mental data.’

Two representative cask designs were developed in the modal study (LLNL 1987): one
for truck shipments and the other for rail shipments of spent fuel. The configurations of these
representative casks are shown in Figure E.1 for a truck cask and Figure E.2 for a rail cask. The
truck cask is designed to allow for transport of a single pressurized-water reactor (PWR) fuel
assembly; the rail cask capacity is 21 PWR fuel assemblies. Detailed descriptions of the designs
are provided in the modal study (LLNL 1987).

The cask response state during an accident is categorized in terms of the magnitude of
the mechanical and thermal loads that could be received by a spent fuel cask. Both loads
generate response states for a cask that could result in damage to the cask and the release
of radioactive material. Because specific mechanical and thermal loading conditions can affect
the cask under a variety of accident conditions, identifying the loading parameters is an
essential task.

1

The RISKIND program uses SI units (km/h and K) in the user interface for consistency across all models.
However, the model and algorithms in the modal study (LLNL 1987) use units of mph for speed and °F for
temperature to determine the accident response region. Both sets of units are provided in this appendix for the
user’s convenience.
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E.1 MECHANICAL LOADS

The dominant mechanical loads have been identified as the forces on the cask caused by
impact with a surface or hard object. Three major accident parameters have been identified that
affect the cask mechanical response and may cause damage: (1) impact velocity, (2) orientation
of the cask, and (3) hardness of the object impacted.

The impact velocity depends on the relative velocity of the cask and the angle of impact
with respect to the object impacted. The relative velocity is the velocity of the cask relative to
the impact object at the time of impact. The impact angle (o) is the angle between the cask
velocity (direction along which the cask is traveling) and the plane of the surface struck. The
impact velocity can be calculated as

Impact velocity = Cask velocity X sin & . (E.1)

The cask orientation angle (B) is the angle between the cask's longitudinal axis and the
impact surface; Figure E.3 shows the interrelationship of these accident parameters. The impact
on a surface with a 0° cask orientation constitutes a sidewise impact, whereas a 90° cask
orientation constitutes an endwise impact.

The object hardness is the hardness of the object impacted during the accident. Four
increasing levels of object hardness are categorized in the modal study (LLNL 1987): very soft
(water), soft (tillable soil), medium (hard soil/soft rock), and unyielding (hard rock).

The strain on the inner shell of the shipping cask was selected as the single parameter in
the modal study (LLNL 1987) to characterize mechanical load response states. The relationships
between the strain and various accident parameters such as cask velocity, impact angle, cask
orientation, and object hardness were investigated extensively. Three discrete levels of
maximum strain on the inner shell were used to relate ranges of response states and mechanical
loads to pbtential radiological hazards: 0.2% (elastic), 2% (plastic), and 30% (plastic) strain at
the inner shell. The relationship between strain and impact velocity has been developed for
various object hardnesses and cask orientations. The impact velocities required to reach the three
discrete levels of maximum strain on the inner shell for the representative truck and rail casks are
given in Table E.1. By using the bounding impact velocities for various cask orientations and
impact surfaces, the response regions for the representative truck and rail casks can be
determined by interpolation for any combination of impact velocity, cask orientation, and
impact hardness.




FIGURE E.3 Three Impact Loading Parameters Considered in the Response Analysis
for Impacts on Surfaces (Modified from LLNL 1987, Figure 2.1)

E.2 THERMAL LOADS

The temperature at the midlayer thickness of the lead shield (lead is the material assumed
for the reference cask) was selected in the modal study as the appropriate parameter for
characterizing thermal load response states. This temperature can be related to three accident
parameters: fire duration, fire location, and flame temperature. Fire duration is the duration of
the fire during the accident. Flame temperature, which usually ranges from 1,030 to 1,590 K
(1,400 to 2,400°F), is dependent on the burning materials and the amount of oxygen present in
the flame. Fire location is determined by the relative distance from the fire to the cask. Fire
location has been found to be an important factor in determining the thermal load. The heat load
received by the cask can decrease by a factor of 4 for a fire 6 m (20 ft) from the cask, compared
with the heat load for an engulfing fire.

For casks with lead shielding, four discrete temperature response levels — 530, 590,
616, and 839 K (500, 600, 650, and 1,050°F) — are used to characterize the ranges of thermal
response states and, therefore, the release potentials. The fire durations required to reach these
four response states for a 1,200 K (1,700 F) engulfing fire were estimated in the modal study
(LLNL 1987). Table E.2 shows the results of the required fire durations for the 1,200 K
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(1,700°F) engulfing fire to reach the four lead TABLE E.2 Fire Duration Required
. . to Reach the Four Levels of Lead
. Th
midlayer thickness tempe?ratures T e response Midlayer Thickness Temperatures for
states for fires that deviate from the 1,200 K a 1,200 K (1,700°F) Engulfing Fire

(1,700°F) engulfing fire were examined in the

modal study; the approach developed in that o
study to extrapolate the fire duration results Temperature Duration (h)

estimated for the 1,200 K (1,700°F) engulfing ® CF Track Cask  Rail Cask

fire is presented in the following paragraphs.

530 500 1.1 12

For a given fire scenario, the thermal 500 600 1.4 1.8
response represented by the lead midlayer 616 650 2.1 2.7
thickness temperature can be related to the fire 839 1,050 33 5.1

duration, flame temperature, and fire location.
The general equation developed in the modal
study to extrapolate the thermal response of the 1,200 K (1,700°F) engulfing fire to any other fire
scenario is expressed as '

d, (t1) = 8(¢) 8(1) dy(1,700°F) , (E.2)

Source: LLNL (1987).

where dj, (t,]) is the fire duration corresponding to a lead midlayer thickness temperature (°F) for
flame temperature ¢ and fire location /. The temperature multiplication factor, 8(f), is used to
estimate the relative fire duration required for a flame temperature ¢ to match a 1,200 K (1,700°F)
fire on the basis of thermal response measured in terms of lead midlayer thickness temperature.
Values of &(¢) provided in the modal study are given in Table E.3. The distance multiplication
factor, 8(J), is used to extrapolate the results of thermal response computed for the engulfing fire
(distance [ = 0) to the away-from-the-cask fire (distance = ). For the representative truck cask,
8(l) is expressed as

(1) = 0.78 exp (0.7732 +0.06287 I) for 1> 1.5 ft. (E.3)

For the representative rail cask, &(J) is expressed as

(1) = 0.78 exp (0.62874 + 0.08471 1) forl> 4 ft. (E.4)

E.3 DETERMINATION OF RESPONSE REGIONS

Cask responses during a transportation accident depend on the containment vessel strain
and the lead midlayer thickness temperature. The potential responses have been partitioned into
20 response regions R(ij) (i = 1,2,3,4; j = 1,2,3,4,5) consisting of the combination of four
structural response regions and five thermal response regions, as shown in Table E.4.
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TABLE E.3 Heat Flux Factors
for Flame Temperatures
(engulfing fire)

Flame
Temperature, t

K (°F) S(t)

1,030 1,400 1.72
1,090 1,500 143
1,140 1,600 1.21
1,200 1,700 1.0

1,260 1,800 0.86
1,310 1,900 0.73
1,370 2,000 0.64
1,420 2,100 0.56
1,480 2,200 0.49
1,530 2,300 0.44
1,590 2,400 0.39

Source: LLNL (1987).

TABLE E.4 Response Regions Categorized by Vessel Strain and
Lead Midlayer Thickness Temperature

Structural Response ' Thermal Response
Region (i) Condition Region (j) Condition
1 < 0.2% strain 1 < 530 K (500°F) lead midlayer
thickness temperature
2 0.2% to 2% strain 2 530 to 590 K (500 to 600°F) lead
midlayer thickness temperature
3 2% to 30% strain 3 590 to 616 K (600 to 650°F) lead
midlayer thickness temperature
4 > 30% strain 4 616 to 839 K (650 to 1,050°F)
lead midlayer thickness
temperature
5 > 839 K (1,050°F) lead midlayer

thickness temperature
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To determine an appropriate response region [R(ij)], the user must provide the
following input parameters:

e Mechanical load accident parameters:
- Cask velocity,
- Impact angle,
- Cask orientation, and
- Hardness of the impacted object;
e Thermal load accident parameters:
- Fire duration, '
- Flame temperature, and
- Fire location with respect to the cask.

The flow diagram to relate the accident parameters to the appropriate response region is
given in Figure E.4. All of the threshold or bounding accident parameters used in this algorithm
follow those provided in the modal study (LLNL 1987). For accident parameters that are not
equal to the threshold values, linear interpolation between the two bounding values is assumed to
be appropriate.

APPENDIX E REFERENCE
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Highway and Railway Accident Conditions, NUREG/CR-4829, UCID-20733, prepared by
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Input Accident Parameters

impact Parameters Fire Parameters

Calculate Impact Velocity

V(impact)
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FIGURE E.4 Flow Diagram Used in RISKIND to Determine Cask Response Regions
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APPENDIX F:
PROGRAM STRUCTURE

This appendix provides information related to the program structure and data transfer
used in RISKIND. RISKIND is a Windows™ application with the user interface written in
Microsoft VISUAL BASIC™ 3. 0.! The remainder of the RISKIND program, the calculation and
output subroutines and utility function modules, is written in Lahey FORTRAN 5.01.2 Data
transfer is performed through subroutine calls and labeled common blocks.

F.1 HIERARCHY

The key below and Figures F.1 through F.10 illustrate the structure of the major
FORTRAN RISKIND subroutines. These diagrams represent calling sequences and major
branching of a RISKIND calculation. Descriptions of the subroutines are given in Table F.1.

Routine Routine
Name
X » Y XcallsY
o Connector

Routine From/To
Another Page

Decision
Input File

! Microsoft Corporation, 1993, Microsoft Visual Basic 3.0, Redmond, Wash.
? Lahey Computer Systems, Inc., Lahey 5.01, Incline Village, Nev.
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FIGURE F.1 Root Structure for RISKIND Calculations
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From Figure 1:

Individual
N Proc_Met_
—>< Get_Rel (F.10) i Ind_Init
> Set_Met
Yes—»{ Acdt_Ind_Met -
» Proc_Met_Ind
@ | Calc_Met_
Ind (F.10)
No
——»<L Acdt_Ind_Out (F.8) i
— Add_Risk_Ind |
FIGURE 