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ABSTRACT
This Technical Manual contains descriptions of the calculational models and mathematical and
numerical methods used in the RADTRAN 5 Computer Code for transportation risk and
consequence assessment. The RADTRAN 5 code combines user-supplied input data with values
from an internal library of physical and radiologica datato calculate the expected radiological
conseguences and risks associated with the transportation of radioactive material. Radiological
conseguences and risks are estimated with numerical models of exposure pathways, receptor
populations, package behavior in accidents, and accident severity and probability.
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1 INTRODUCTION

RADTRAN 5isan ANSI FORTRAN 77 computer code for analysis of the consequences and
risks of radioactive-materia (RAM) transportation. Thefirst release of the RADTRAN code was
developed by Sandia National Laboratories (SNL), under contract to the Nuclear Regulatory
Commission (NRC), as an anaytical tool during preparation of the “Final Environmental Statement
on the Transportation of Radioactive Materia by Air and Other Modes' (NRC, 1977). The code
was subsequently modified to accept free-format data and issued as RADTRAN Il (Taylor and
Daniel, 1982). The Department of Energy (DOE) has sponsored development of the second
release and of all subsequent releases. With each release, the code's capabilities have been updated
and expanded (Taylor and Daniel, 1982; Madsen, Wilmot and Taylor, 1986; Neuhauser and
Kanipe, 1992).

RADTRAN 5isto be used for the estimation of risks associated with incident-free transportation
of RAM and with accidents that might occur during transportation. The U.S. Department of
Transportation (DOT) defines incident-free (or normal) transportation as “transportation during
which no accident, packaging, or handling abnormality or malevolent attack occurs.”! This
Technical Manua describes the mathematical and numerical modelsused in RADTRAN 5. This
manual is intended to be used with a companion document, the RADTRAN 5 User Guide
(Neuhauser and Kanipe, 2000), which describes input data and RADTRAN 5 input and output
files. Throughout this document, bold italics identify important points.

All mgor modes of commercia transport may be anayzed with RADTRAN 5: highway, rall, barge,
ship, cargo air, and passenger air.”> The NRC and the U.S. Department of Transportation (DOT)
regulate carriage of RAM by all modesin the United States. Regulations promulgated by the NRC
are primarily contained in the Code of Federal Regulations (CFR), specificaly Title 10 CFR Parts
71-73; regulations promulgated by the DOT are primarily contained in Title 49 CFR Parts
171-178. These regulations establish maximum permissible package dose rates, maximum
permissible dose rates to vehicle crew members, exclusive-use shipment criteria, packaging
certification conditions and other features of radioactive materials transportation. Compliance with
these regulations of the package variables input by the user may be assessed with RADTRAN 5.

1.1 Definition of Risk

A common "shorthand" definition of risk is the product of consequence and probability. However,
transportation risks, like the risks associated with carrying out any complex process, must be
decomposed into " what can happen . . ., how likely things are to happen . . ., and the
consequences for each set” of thingsthat can happen (Helton, 1991). Astheterminology in this
description implies, set theory provides an ideal framework for formal expressions of risk. "What
can happen™ may be defined as digoint sets of similar occurrences (S, i =1, ...nS) -- that is, each
set contains events with outcomes (consequences) that are smilar. The sets are often scaled from
minimum to maximum consegquence. "How likely things are to happen™ can be defined asthe
probability that an occurrence in set S will take place; and "the consequences for each set” consist

! Minor incidents (e.g. citation for improper placarding) and accidents below the reporting threshold may be excluded from
the statistical data. 49 CFR 225.5 and 49 CFR 390.5 both identify a fatality, an injury that requires medical treatment,
and damage exceeding some calculated dollar amount as reasons an incident/accident must be reported. 49 CFR 171.15
identifies evacuation of the public and transportation artery closure as additional reporting criteria. The radiological
consequence of a subthreshold event usually is limited to increased stop time.

2 Excludes minor modes such as horse-drawn vehicles, bicycles, motorcycles, air-cushion vehicles, etc.
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of one or more specified consequence results (e.g., population dose) (Helton, 1991). One of the
first stepsin arisk anaysisis definition of the sets of occurrences. In RADTRAN 5, this process
is carried out separately for incident-free transportation and accidents. Since consequences must
be calculated in order to calculate risk, RADTRAN 5 may also be used as for consequence
assessment.

RADTRAN 5 aso may be used in conjunction with a Latin Hypercube Sampling (LHS) code to
perform probabilistic risk assessments (PRAS). LHS is a structured-sampling method rather than a
random Monte Carlo method. In PRA applications, values of input variables are selected from
distributions that represent the range of values that each variable may assume. The resulting
outputs (usually more than 50 and |ess than 500) may be displayed graphically as a Cumulative
Complementary Density Function or CCDF, which isthe method of choice for displaying risk
results. The subject of PRA is discussed further in Chapter 7.

1.2 Calculations Performed in RADTRAN 5

1.2.1 Incident-Free Dose Calculation

In calculations for incident-free transportation, the probability term is set equal to 1.0 even though it
isactually equal to 1.0 minus the small probability of an accident. Thus, consequences rather than
risks are calculated. In theory, the result could aso be thought of as a dose-risk derived from a
rounded-off estimate of probability. However, if the incident-free value were added to the results of
the appropriate accident dose-risk calculation (see Section 1.2.2), the sum would seldom appear to
be different from the incident-free value alone at the two- or even three-significant-digit level of
resolution. Thus, the two values aways should be reported separately. The radiological
consequences of incident-free transportation are population doses of the various population
groups that might be exposed to radioactivity from the package(s) being analyzed. Certain
individual doses are also calculated. RADTRAN 5 alows analysis of al population groups
potentially exposed during incident-free transportation (Table 1-1). The user selects only those
populations that are potentially involved for the problem under analysis and enters the required
problem-specific data. For example, population groups usually associated with incident-free
movement of atruck along a highway route-segment are:

persons beside the route (off-link population),

persons sharing the route (on-link population),

persons at stops, and

truck crewmembers.
The magnitudes of the calculated doses depend on variables such as population density, distance
traveled, vehicle speed, and crew size. These variables are among those for which the user must
enter problem-specific values. The numerical models used to describe these sets of occurrences are
described in Chapter 3. The calculated doses for each population group are printed in the outpuit.
The printed results can have up to six significant digits, but thisis a common artifact of
computational resultsin many codes and should not be interpreted to mean, for example, that small
differencesin two results are significant. The unavoidable uncertainties in many input values
clearly preclude such an assumption. It isstrongly recommended that no more than two
significant digits be used when reporting the results of a RADTRAN analysis.

1.2.2 Accident Dose-Risk Calculation

Dealing with Infinite Sets



In accident-risk analysiswith RADTRAN 5, the analyst begins with the set of al accidents that
might occur during the transportation event being analyzed and that might involve one or more of
the RAM transportation conveyances being analyzed. This set and most of its subsets are infinitely
large. In order to make the problem manageable (i.e., finite), the analyst must do severa things.
Thefirst step isto remove highly improbable events (e.g., transportation vehicle struck by
meteorite) from consideration. Thisis generaly accomplished by establishing a probability cut-off,
and all risk analyses employ either an explicit or an implicit probability cut-off.

There are at least three methods of establishing a cut-off value. The most common method involves
the use of historical statistics. To illustrate this method, consider the set of all possible accidentsin
which only afender isdented. This set, like the set of all possible accidents of which it is a subset,
isinfinitely large. To reduceit to finite terms, five years of historical statistics on fender denting
might be used to estimate the probability of such an accident. The historical datayield aset that can
be defined as the set of all previous transportation accidents in which only afender is dented and
that are listed in the particular five years of historical data being used. When the number of such
accidentsis divided by thetota vehicle-kilometers traveled in the same time period, the result isan
estimate of the probability of occurrence of fender denting. This definition contains an implicit cut-
off in that it excludes ways in which afender could be dented that are so uncommon as to not have
occurred in afive-year period. Events with probabilities of 10* to 10™ per year or less usually
would be excluded by this method.

Table 1-1- Potentially Exposed Population Groups by Mode

Truck Rail Ship & Barge Alr
Persons beside Persons beside Persons beside N/A
highway railroad waterway (inland
waterways only)
Persons sharing Passengers on passing | usualy N/A N/A
highway trains
Public at stops Workersat railyards;, | Workers at ports Public and workers at
public at other stops airports
Truck crew Crew (at rallyardsand | Ship or Barge crew Air crew; flight
pullovers) attendants
Handlersat intermoda | Handlers at intermodal | Handlers at intermodal | Handlers at intermodal
transfer transfer transfer transfer
Interim storage Interim storage Interim storage Interim storage
workers & public workers & public workers & public workers & public
N/A N/A Passengers on vessel Passengers on airplane
Inspectors at Inspectors at yards, Inspectors at ports, Inspectors at airports,
intermodal transfers, intermodal transfers, including intermodal including intermodal
state borders, etc. state borders, etc. transfer transfer

A second means of establishing a cut-off value for RAM transportation accidentsis the one-in-a-
million criterion. For example, any scenario with an associated probability of inducing a latent
cancer fatality lessthan onein amillion per year (10°yr*) might be excluded. This criterion has
been used in risk-based standards for benzene exposure, for example, promulgated by the
Environmental Protection Agency (Cohrssen and Covello, 1989). The third method is to establish
an explicit cut-off by excluding probabilities equal to or less than the probability of some rare but
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catastrophlc natural event such as the meteorite strike mentioned above (e.g., about 2E-18 per
year)?

Animplicit cut-off established by historical statisticsisthe most commonly encountered typein
accident-risk assessment. Probability estimates derived from historical accident data always contain
an implicit cut-off in that they exclude types of accidents so rare asto never have appeared in the
dataset. Clearly, thelarger the data set used to estimate accident probabilities, the fewer rare events
are excluded.

However, including rare events (especially classes of events that are so improbable that none has yet
occurred) has little effect on overall risk and consequence calculations. The reason for thisisthat
the product of an extremely small probability and even alarge consequence valueisitself quite
small. Transportation risk analyses performed by Sandia National Laboratories usually include one
or two such categoriesin order to extend the accident consequence categories somewhat beyond
those that can be predicted by historical dataalone. Thisisroutinely done for transportation risk
analysesthat are included in an Environmental Impact Statement (EIS) or Environmental
Assessment (EA) prepared under the National Environmental Policy Act (NEPA) in order to ensure
that afull range of outcomes has been covered.

Accident-Severity Categories

The accidents remaining after application of a cut-off will still represent awide range of
conseguences from little or none to quite severe. Therefore, they must be divided into new sets. To
satisfy the “what can happen” criterion, each set must represent alogical grouping (accident-
severity category) of accident outcomes.

Severity Fractions
To satisfy the “how likely isit” criterion, the overall probability of occurrence of an accident in a
particular severity category must be estimated. A two-step process doesthis:

1. Thebase probability (accident rate) is derived, usually from the historical record for each mode
being analyzed, although other methods are not excluded.

2. The base probability (accident rate) is multiplied in turn by the conditional probabilities
(severity fractions) of the various accident-severity categories. Each product represents the total
probability of occurrence of that accident-severity category. Severity fractions are usualy
derived by event-tree analysis although other methods are not excluded.

Radiological Consequences
There are two main types of radiological consequence: dispersion of contents and loss of shielding.
Dlspers onisanalyzed in RADTRAN 5 with numerical models that represent:
package response(s) to particular accident environments,
form and nature of the direct radiation and/or the dispersed material that might escape a package
following a particular accident;
dispersion of any material released as airborne particul ates or gases,
distribution and density of downwind population; and
exposure pathways viawhich released or dlspersed material could cause human radiation doses.
Loss—of shielding isanalyzed in RADTRAN 5 with numerica models that represent:
package contents as a source of radiation exposure;
strength of the source as a function of contents and shielding damage;
density of population in annular areas centered on the accident site.
Consequences and probabilities are printed in the output.

® Chapman (1998) estimates chance of a destructive (but not Extinction Level) impact at as much as 10° yr™ for the earth as
awhole. The probability of striking any particular 100 m’ area (i.e., the vicinity of aloaded cask) is 100 m?’ divided by
the earth’s surface area (5.1x10™ nm?) multiplied by 10° yr™, which is approximately equal to 2x10*® per year)
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Number of Sgnificant Digitsin Output

Aswas noted in the discussion of incident-free results (Section 1.2.1), the number of significant
digitsin the printed output cannot be taken as an indication of calculational accuracy. It is strongly
recommended that no more than two significant digits be used when reporting the results of a
RADTRAN analysis.

1.2.3 Other Calculations

In addition to the core capabilities discussed in the previous sections, RADTRAN has several
additional features, some of which are automatically performed and some of which are optional.
Among the former are the individual dose calculations. First, an individual dose for a person near a
transportation route as shipments pass is calculated from user-defined input. Second, individual
doses for persons located at various distances downwind from dispersion accidents are
automatically calculated. One of the requested input valuesin the matrix of atmospheric dispersion
data is maximum downwind distance of each concentration isopleth, and individual doses, summed
over al exposure pathways, are calculated as part of the population dose calculation. These
individual dose estimates are preserved, associated with the appropriate downwind distance, and
reported in an output table. Finally, an importance analysisis automatically performed for incident-
free dose calculations and printed in atablein the output. Thetotal potentially exposed off-link
population for multi-year shipping campaigns, in which migration is accounted for, also is
automatically calculated. The valuesare printed in a separate tablein the output. Thefinal
automatic cal culation produces atable of nonradiological accident fatalities, which is printed in the
output. This calculation combines user-provided fatality rates and distances traveled to generate
total fatality estimates.

RADTRAN 5 also permits an optional calculation of dose to persons downwind from adispersion
event in which the user may enter separate population densities for each isopleth. Although the
primary outputs of RADTRAN 5 are dose and dose-risk estimates, health-effects risks may aso be
calculated as an alternative output option. Two separate runs of RADTRAN 5 arerequired to
obtain resultsin terms of both dose and health effects.

1.3 Organization of Technical Manual

Chapter 2 of this Technical Manual describes the main component modelsin RADTRAN 5 and the
processes and interactions represented by these component models. Chapters 3 through 5 describe
in detail the RADTRAN 5 computations of dose-consequences and dose-risks under incident-free
conditions and accident conditions. The equations used in RADTRAN 5 are given; each calculation
and its contribution to the overall solution of the problem are discussed; and relationships with
other operationsin the RADTRAN 5 code are noted where necessary. |ncident-free consequence
models are discussed in Chapter 3; atmospheric dispersion is discussed in Chapter 4; and accident
dose-consequence models for dispersion and loss of shielding in Chapter 5.

The primary output of RADTRAN 5 isdoserisk, and dose risk may be converted into health-
effectsrisk either by offline calculation or by a second run of the code. Calculation of health-effect
risksis described in Chapter 6. Chapter 7 covers topics such as the user-friendly interface for
generation of input files (RADDOG), the Latin Hypercube Sampling (LHS) method of performing
probabilistic risk analyses, non-standard applications of the code, and verification/validation.
Appendix A containsalist of al variablesin the equationsin this manual and indicates the
equations in which each variable appears. Appendix B describes the b variables used in rail
transportation analysis.
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2 SCOPE OF RADTRANS

2.1 Overview of Radioactive Materials Transportation

Trangportation of radioactive materials (RAM) involves awide range of events and operations.
Transportation isnot agoal in itself. We move amaterial from one location to another to serve
some other purpose; e.g., aradiopharmaceutical may be transported from its point of originto a
hospital so that it can be used in alife-saving diagnostic procedure.

RAM must be shipped in packages that meet regulatory standards, and the radiation dose rates
outside these packages must be calculated or measured and demonstrated to comply with
established limits. Compliance of the package datathat isinput by the user with these regulatory
requirements is assessed by RADTRAN 5. However, the code also allows the user to assess the
consequences of RAM transportation that fails to comply with regulations.

Seven modes of transportation are addressed in RADTRAN 5: two highway modes
(tractor-trailer and light-duty vehicle), and rail, barge, ship, cargo air, and passenger air
modes. There are avariety of conveyancesin each mode (e.g. ship mode includes break-bulk
freighters and container ships of avariety of tonnages) that may be used to transport RAM.
Although not it is not entirely accurate usage in al cases, the term ‘vehicle' is often used
interchangeably with the term ‘ conveyance.” A shipment consists of one or more packages on a
single conveyance. A single conveyance may take a package directly from its origination point to
its ultimate destination, or a package may be transported to its destination by more than one
conveyance and/or by one or more modes. RADTRAN 5 allows the user to anayze all mode
combinations and associated conveyance changes (intermodal transfers). Crewmembers and
inspectors may be exposed to the external radiation field around a package. If apackageis shipped
by more than one mode and/or conveyance, it will be handled during each transfer from one
conveyance to another and from one mode to another. Thus, package handlers are exposed not
only at route origins and destinations but also at transfer points. A package may be placed in
interim storage en route, and if so, warehouse personnel will also be exposed. Low levelsof public
exposure will also occur.

A package may be picked up or delivered to afreight forwarder and then consolidated with other
packages into a single shipment. This single shipment may consist of packages obtained from
more than one shipper. The consolidated shipment may travel to a distribution point from which it
may be separated into individua packages that are delivered to more than one consignee. Handling
and warehouse storage can a so occur during and between each of these transport phases as the
packages change modes or carriers. Figure 2-1 shows the various paths that a shipment may
undergo.

Since more than one mode may be used to transport a single package of radioactive material from

its point of origin to itsfina destination, RADTRAN allows each mode to be considered separately

in assessing radiological impact. Parameters that have mode-dependent values, such as conveyance

velocity, package shielding, and population distribution, have different impacts on dose calculations.
For further descriptions of genera radioactive-materials transportation see Wolff (1984).

The characteristics of each segment (or link) of atransportation route may be considered with
RADTRAN 5. Theselink characteristicsinclude:
mode of shipment,
link length,
14



vehicle speed,

residential population density near the link.
vehicle occupancy

vehicle density,

accident rate,

road type (highway modes),
fraction of land surrounding link under cultivation

Similarly, the characteristics of separate stops that can occur during atrip may be considered with
RADTRAN 5. Stop characteristics include:

mode of shipment

population density within specified radial distances of stopped shipment

shielding, if any, of population within the specified radia distances

stop time (sometimes internally calculated).

Stop time may or may not be a route-specific value, depending on whether the length of astopis
determined by such factors as, for example, requirements to stop for inspection at certain state
borders but not at others. Exclusive-use conveyances may experience more inspections (e.g.,
TRUPACT?2 shipments to the Waste I solation Pilot Plant) or fewer inspections (e.g., special trains)
than ordinary commercial freight. Handlings and inspections are special types of stops at which
small subpopulations may routinely come into proximity to the radioactive materia (RAM)
conveyance. Thus, the number of handlers and/or inspectors and their distances from the RAM
shipment are additional required inputs for these calculations.

The potentia radiological consequences of the transportation of radioactive material depend directly
on the quantity and form of the radioactive material to be shipped (Eichholz, 1983). Characteristics
of radioactive material packages that affect incident-free transportation are the package dose rate and
the partition of the dose rate into gamma and neutron fractions. For certain classes of packages, the
package dose rate is required by regulation to be expressed as a Transport Index (T1). The Tl isa
unitless quantity, the value of which is defined as the highest radiation dose rate in millirem per
hour (mrem/hr) from all penetrating radiation at 1 meter (m) from any accessible external
surface of the package, rounded up to the next highest tenth [49 CFR 173.389 (i) (1)]. The
doserate at 1 meter isan essential input to RADTRAN 5 for all package types, regardless of
whether a Tl isrequired by regulation to be calculated. Note also that radionuclide inventory
dataare not required for incident-free dose calculation.

Nine population subgroups are identified for incident-free consequence calculation. Five
subgroups consist of workers who might be occupationally exposed; they are:

conveyance crew members and escorts,

cargo handlers and inspectors,

railyard workers

warehouse personnel,

flight attendants (passenger-air mode only).
Four additional subgroups consist of members of the publicwho might be exposed; they are

passengers [ persons in the same conveyance as the package(s)],

peoplein the vicinity of the transporting vehicle whileit is stopped,

people sharing a transport link with the vehicle, and

people beside atransport link that the vehicle traverses.
The last group (people along the route) is modeled as being uniformly and symmetrically
distributed around the link with a density and bandwidth that may be specified by the user. Thelast
two subgroups are absent for most in-transit segments of travel by air and ship modes.

For dispersal and non-dispersal (loss-of-shielding) alike, accident consequences and risks are
determined as much by the properties and physical forms of the radioactive materia(s) being
15



transported and the specific radionuclides they contain as by the overall activity level of the
materials. Other factors that affect consequence and risk are accident probability, accident severity,
package response, and dispersion environment. With RADTRAN 5, the user identifies a package
interms of both its externa dose rate and its contents (radionuclide inventory).
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Figure 2-1. Possible Transportation Paths
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To calculate transportation accident risks, the consequences and probabilities of vehicular accidents

must be calculated separately and then multiplied by each other. The radiological consequences of

an accident are the potential doses (or health effects) that might occur as aresult of:

- dispersion of a specified quantity of radioactive materia released from a compromised package,

and/or

- direct exposure of personsto ionizing radiation following damage to package shielding (loss of

shielding).

The probability of occurrence of an accident in which radioactive material is released and/or

shielding is damaged is determined from:

(1) the expected frequency of al accidentsand

(2) the conditional probabilities of occurrence of accidents that are severe enough to result in one
ore more specified levels of damage to package integrity and/or shielding.

A conditional probability isthe probability, given that an accident occurs, that it will be of a

specified severity. Asnoted in Chapter 1, the expected frequencies of accidents by mode and route

segment are usually estimated from historical data and the conditional probabilities are usualy

derived from event trees. Up to 30 accident-severity categories may be defined for anaysiswith

RADTRAN 5; each category must be assigned a conditional probability. Conditional probabilities

do not depend on the properties of the package; instead they depend on the conveyance type and

transportation mode. Package-response data (e.g., release fractions by accident-severity category)

which are package-dependent are used to calculate consequences. The latter values are project-

specific and must be provided by the user.

2.2 Limitations of RADTRAN 5

2.2.1 Fixed Facilities

RADTRAN 5 isnot intended for the performance of detailed |ocation-specific consequence or risk
analyses such as are used for fixed facilities. In alocation-specific analysis, the consequences and
risks associated with events or operations at a single specified location are calculated with a
population distribution, wind roses and other westher data, etc. that are known. Nuclear power
reactors are examples of fixed facilities for which radiological risk assessments are performed.
Computer codes such as MACCS2 (Chanin and Y oung, 1998a) are used to analyze fixed facilities.
These codes require detailed weather and population data as input; such data are obtained in most
cases during the impact-analysis phase of site development. Weather data of a high level of
resolution are not available for most of the rest of the United States, including most segments
of most highways, railroads, sea-lanes, etc.

Many of the analytical methodologiesin RADTRAN differ mathematically from those used with
fixed locations. RADTRAN isintended to analyze aradiation source (e.g., aRAM package)
moving through a constantly varying landscape (i.e., traversing aroute) in which the exact location
of any specific accident that might occur while the source isin transit cannot be known. Indeed, the
number of possible locations of an accident is extremely large and cannot be predicted in advance.
This uncertainty asto accident location sharply differentiates transportation risk analysis from
fixed-facilitiesrisk analysis, where the landscape isinvariant.

2.2.2 Wind Direction

Each route segment may be assigned a distinct population density, as noted in Section 2.1. The
assigned density ismodeled in RADTRAN 5 as being uniformly distributed. In codes for
analysis of fixed locations, wind-direction data (wind roses) from weather stations are generally
used; these codes permit the analyst to calculate population exposures for each population that
might be downwind at the time of an accident at the fixed Site. However, weather stations are absent
on most transportation routes, and, thus, wind-direction probabilities are.unknown for most links.
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Thebasc RADTRAN 5 calculational strategy for dispersal intentionally precludes the need for
such unobtainable data by modeling the population as uniformly distributed.

A new feature of RADTRAN 5 allows non-uniform popul ation-density data to be entered under the
keyword ISOPLETHP. The ISOPLETHP tool is useful for risk analysis only in special cases.
However, it is highly useful as an analytical tool. For example, Mills and Neuhauser (1999b) used

| SOPLETHP to compare the results of the approach to population modeling used in RADTRAN 5
(densities uniform along each route segment) to that used in fixed-site codes (location-specific
densities by isopleth area). They confirmed that the two methods yield comparable results for a
cross-country route.

2.2.3 Atmospheric Stability

Atmospheric-stability isaterm that is used to describe the degree of turbulence and, hence, of
dilution during downwind transport in the atmosphere; it is discussed in Chapter 4. Like wind-rose
data, atmospheric-stability data and associated wind speeds are only available from fixed
locations with weather stations. Collection of data at afew such locations and extrapolation of the
results to other pointsin the surrounding region may be ultimately possible (so-called "mesoscale’
weather), but consistently reliable methods of doing this are not yet available. National-average
atmospheric-stability data may be used (Church and Luna, 1974). A limitation of this approach is
that national-average data are not recommended for short routes. An aternative approach isthe use
of asingle moderately conservative stability category and wind speed. See Chapter 4 for adetailed
discussion of atmospheric dispersion.

2.24 Chronic Releases Cannot be Analyzed

Chronic releases are often modeled in computer codes for the analysis of operations at fixed
facilities. Releases of thistype cannot be anayzed with RADTRAN 5. Dispersal data entered
into RADTRAN 5 must be for an instantaneous or “ puff” release. Releasesthat might occur
over aperiod of afew seconds up to afew tens of minutes are considered to be “instantaneous’
for purposes of this analysis; nearly al transportation-related rel eases would fall into this category.
The so-called Briggs equations (see Wark and Warner, 1981, Chapters 4 and 5) which model
releases as point releases, yield erroneously high values at short downwind distances when applied
to “puff” releases. See Chapter 4 for a detailed discussion of atmospheric dispersion as modeled
in RADTRAN 5.

2.25 Chemical Hazards Cannot be Analyzed

Chemi cal-hazards anal yses necessary to an assessment of the nonradiological consequences and
risks of shipping hazardous substances such as uranium hexafluoride are not included in
RADTRAN 5.

2.3 Mathematical Solution Strategy

RADTRAN 5 uses FORTRAN intrinsic functions for smple math and algebraaswell as
FORTRAN functions EXP, ALOG, AMIN1, and SQRT to solve mathematical equations. The
SandiaMath Library (SLATEC) routines used in RADTRAN 5 are SSORT, BSKIN, BESKO,
BESK1, E1, and AVINT. Additiona SLATEC routines are called in RADTRAN 5 becausethey, in
turn, are called from the five routines listed above. The FORTRAN intrinsic functions are widely
used and accepted as correct. The SLATEC routines are quality-assured solutions of various
mathematical functions and are electronically available through the NetLib website maintained by
AT&T Bell Laboratories and others (www.netlib.org/d atec)

The calculational sequence of the RADTRAN 5 Computer Code isshown in Figure 2.2. The
outside box represents the first stage of RADTRAN 5 calculations; the second box represents the
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second stage, and so forth. The internal boxes represent the calculations RADTRAN 5 performs.
They interact with the two outer boxes that supply input from the data file to produce the printed
RADTRAN 5 output.

2.4 RADTRAN 5 Models

RADTRAN 5 contains nine sets of models that are used to estimate radiological consequences and
risks of radioactive materia transportation. Figure 2-2 shows which models are used in
incident-free and accident calculations and their relationship to each other. Variable valuesfor the
component models come from user-supplied data and from internally calculated values. The
incident-free calculational sequence produces expected values of population dose with the Package,
Population Distribution, and Transportation models. Similar models are used to cal culate doses for
accidentsinvolving only loss of shielding. RADTRAN 5 produces expected values of population
dose for accidents that result in dispersal by means of the Package, Transportation, Population
Distribution, Accident-Severity, Package-behavior, and Meteorological models. The following
sections briefly summarize these models.

24.1 Package Models

Point- and Line-Source Models for Incident-Free Transportation

The formulation for estimating incident-free population dose from external radiation emitted by
package(s) of radioactive materials in most casesis based on an expression for doserate asa
function of distance from an isotropic point source of radiation (NRC, 1977). An isotropic point
source is defined as a dimensionless source that emits radiation in all directions with equal
magnitude. For such asource, dose rate isinversely proportiona to the square of theradial
distance from the source. A point-source model yields vaues of dose rates that agree well with
actual dose rates measured at source-to-receptor distances greater than twice the characteristic
package dimension (usually equivalent to twice the largest package dimension).

For larger packages, at exposure distances less than twice the largest package dimension, an
isotropic line-source approximation is preferred. Anisotropic line sourceis defined as a
one-dimensional source that emits radiation uniformly in all radial directions along its entire length.

For such asource, dose rate isinversely proportiona to the distance from the source (rather than
the square of the distance, asis the case for a point-source formulation).

Package Model: | sotopic Makeup and Properties of Package Contents

The Package Moddl also addresses the material(s) in the package(s) being analyzed and its (their)
congtituent radionuclides. Theseinput data are used in the estimation of accident consequences.
The vanabl es for which input values must be supplied for each radionuclide in apackage are:
total number of curies per package (Ci);
average total photon energy per disintegration (MeV);
rate at which aerosol material is deposited on the ground (deposition velocity) (mV/s);
cloudshine dose factors (dose factor for immersion in a cloud of dispersed material)
(rem-n?/Ci-sec);
physical characteristics (e.g., lung clearance time, which is dependent on particle size);
half-life (days); and
measures of the radiotoxicity of dispersed material (rem/Ci inhaled, etc.).
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Theinternal radionuclide datalibrary in RADTRAN 5 supplies all of the listed values except the
first (number of curies) for al commonly shipped radionuclides. The user may use the DEFINE
function of RADTRAN 5 to define additional radionuclides should that be necessary.

2.4.2 Transportation Models

The Transportation Models define those properties and characteristics of the transportation
infrastructure that influence the calculation of incident-free dose, accident consequences, and
accident probabilities. The two main divisions are route-segments and stops.

Route-Segment Model (LINK)

RADTRAN 5 allows separate treatment of each segment or link of atransportation route with the
LINK subroutine. The LINK subroutine is apowerful analytical tool in RADTRAN 5 for analysis
of route-related transportation risk factors. LINK allows the user to subdivide all or any part of a
route into a maximum of 60 separate route segments (or segment aggregates). LINK also can be
used to analyze the same route segment(s) in avariety of conditions
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Figure 2-2. RADTRAN 5 Component Models and their Interrelationships
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such as daytime and nighttime popul ation densities (Mills and Neuhauser, 1999a), rush hour and
non-rush-hour traffic conditions, and current and projected population densities.

The user must provide four types of input data:

link length in kilometers;

traffic-pattern data;

shipment data;

accident-rate data.
Traffic-pattern datainclude such factors as traffic density and vehicle occupancy. Shipment data
include the number of shipments, the number of crew and passengers, if any, occupying the RAM
transportation conveyance, the distance between the crew and the nearest package(s), etc. Thefirst
three categories of data are used for incident-free calculations as described in Chapter 3. Thefirst
and fourth categories (link length and accident rate (accidents/vehicle-km)) are multiplied by
user-defined conditional probabilities of occurrence for accident-severity categoriesto generate a
matrix of accident probabilities, as described in Chapter 5.

Stop Model (STOP LINK)

RADTRAN 5 contains a subroutine analogous to the LINK subroutine that combines user-
provided data to calculate stop-related doses. The term “ stop” isapplied to instancesin which a
vehicle carrying RAM is stationary with respect to its surroundings. If known, information
about each stop may be entered asindividual stop-links. Multiple stops of like nature (e.g.,
refueling stops during highway-mode transportation) also may be aggregated. When stops are
aggregated, total stop time and average or typica properties of the aggregated stops should be used
asinput values. Since the exact location of refueling and rest stops usually cannot be predicted in
advance, the aggregation method is often used for these types of stops. Other types of stops
include ingpections (e.g., at state or national borders), intermodal transfers, classification in
railyards, and short-term storage while en-route. The potentially exposed popul ations associated
with these various types of stops are discussed in Section 2.3.3. In al cases, however, the user
defines one or more STOP LINKs and enters information on (1) the duration of each stop (or the
aggregated stop time), (2) the number or density of potentially exposed persons, and (3) their
location relative to the location of the stopped shipment. The latter options are discussed in Section
2.4.3.

2.4.3 Population Distribution Models

There are several distinct populations that may be exposed during incident-free transportation.
Peopleresiding adjacent to a link are collectively referred to as the off-link population, aterm
coined by the original developers of RADTRAN. This population is modeled as being uniformly
distributed on an infinite flat plane at some user-defined density. Each route segment must be
assigned a population density, even though it may be zero asin the case of maritime travel on the
open sess.

For overland modes, up to three separate subpopulations may share the transport link. Collectively
referred to by the original developers of RADTRAN asthe on-link population, they are separately
modeled. The subgroups are:

personsin vehicles traveling in the same direction as the transport vehicle,

personsin vehicles traveling in the opposite direction, and

personsin vehicles travelling in the same direction as the transport vehicle that pass that vehicle

(highway modes only).
The first two subgroups are modeled as each occupying asingle lane, which istreated as an infinite
straight line along the length of which vehicles are uniformly spaced in both directions. The
spacing is determined by user-supplied vehicle-density and velocity data. The third on-link
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subpopulation is addressed in the passing-vehicles model. 1nthismodel, personsin vehicles
occupy the space in adjacent traffic lanes where vehicles reside while passing; afurther condition of
the passing-vehicles modd is that the space is dwaysfilled by avehicle for the duration of the trip,
but not always by the same vehicle. The number of persons per vehicle is a user-defined variable.
The calculated dose represents a conservative popul ation-dose estimate rather than a doseto an
individual. It isconservative because the passing space in the real world is not always occupied.

Members of the public who may be present at stops make up a separate population subgroup.
Dose to this subgroup is modeled in one of two ways (1) as a specific number of persons |located at
agiven distance from a stationary source for a specified amount of time or (2) as a population
density located within an annular areafor a specified amount of time.

Handlers and inspectors who may work in close proximity to a package areincluded in a
separate population model. For large packages, these close-proximity doses are estimated with a
line-source model. For the crewmember subgroup, the number of crewmembers, their distances
from the package(s), and the nature of intervening shielding (if any) are user-definable, but the
duration of exposureis calculated internally from speed and distance parameters. Findly, en-route
storage, if any, istreated as an ordinary stop, and dose to warehouse personnel is calculated with
the same model as public stop dose.

2.4.4 Accident-Severity and Package-Behavior Models

The Accident-Severity Model allowsthe user to assign all accidentsto a maximum of 30 user-
definable severity categories. The category definitions should be based on quantitative estimates of
the forces potentialy applied to package(s) during accidents and on the loss of shielding and/or
release of radioactive species that may occur in response to these forces. The latter are referred to
asrelease fractions For loss-of-shielding situations, the analog to the "release fraction™ isthe
fractional degradation of package shielding rather than actual release of contents. The categories
should be clearly related to the set of fire, crush, impact, and puncture forces encountered in
accidents and simulated in package-certification tests; however, unusua or specific abnormal
environments associated with the problem being analyzed may be included as distinct categories.
Severd categorization schemes have been developed for spent fuel casks and other Type B
packagings:
- 6 categories (Wilmot, 1981);

8 categories (NRC, 1977);

9 categories (Sprung et a., 1998)
- 20 categories (Fischer et a., 1987).
The preferred method of developing severity categoriesis event-tree analysis, which was used by
three of the four authors cited above. The user isnot required to use 30 categories, and categories
may be aggregated or dis-aggregated as the needs of a problem dictate. However, the category
definitions must cover the range of possible accidents (after taking any probability cut-off into
account). In mathematical terms, the sum of the probabilities of occurrence (severity fractions)
of all the categories defined by the analyst must be approximately 1.0. Thereis no necessary
relationship between the number of categories and the range covered. All of the schemes cited
above cover approximately the same range of accidents. However, the 9-category Sprung et al.
scheme covers one scenario (severe fire without impact) that is not explicitly covered in the 20-
category Fischer et a. scheme.

The Package-Behavior Model combines user-specified package-rel ease fractions with other
user-defined values representing, respectively, the fraction of each nuclide that becomes airborne
and the fraction of an airborne radioactive material that is of respirable size as a consequence of
involvement in an accident of a given severity. There must be acomplete set of package-behavior
datafor each accident-severity category defined by the user. RADTRAN 5 contains no defaults
nor arethere any recommended values for these variables; their values must be assigned by the
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user. Other variables, such asthe deposition velocity of airborne particles of each released material
(anindicator of particle size), which also are used in the calculation, have defaults or recommended
values, but they are subordinate to the main fractional release variables. The latter are combined
with the accident probabilities for each severity category (see Section 2.4.5), the number of
packages, and the number of trips to determine expected val ues of release of each material in each
link. Sprung et a. (1998) gives values of al these variables in a 9-category scheme for afew
specific materials (various types of research-reactor spent fudl).

2.4.5 Accident Probability Model

This section of the code is not so much amodel as an array of input data that are combined by
simple multiplication. The data consist of (1) the base accident probabilities for a given mode and
link and (2) the conditional probabilities, given that an accident occursin a given transportation
mode, that it will be of a particular severity. These conditional probabilities are called severity
fractions. The base-rate values usualy are derived from published historical data, but are not
required to be. Severity-fraction values must reflect the severity-category scheme selected or
developed by the user (see previous section). That is, aconditional probability must be associated
with each severity category for each mode in the analysis. They should be devel oped concomitantly
with the development of the severity categories themselves, preferably by generation of one or more
event trees, as recommended in Section 2.4.4. Probabilities of fatalities from all causes are entered
in aseparate array; they also are devel oped from published sources and are used to generate
estimates of non-radiological fataities (see Section 2.4.8).

2.4.6 Meteorological M odel

The dispersal of acloud of aerosol debris potentialy released at the site of a severe accident aso
must be described in order to estimate consequences. Basic dispersion calculations are not
performed within RADTRAN 5. Instead, the user must provide either atable of time-integrated
concentration (T1C) vaues, with corresponding downwind areas (isopleth areas) or fractional
occurrences of Pasquill atmospheric stability categories A through F (Pasquill, 1961).

TIC and isopleth-area values may be generated by one of the puff models now available[e.g.,
AIRDOS (Moore et d, 1979), CAP88 (Beres, 1990); CAP88-PC (Parks, 1992), INPUFF (Petersen
and Lavdas, 1986), etc.]. Theinitial “puff” must have dimension; that is, it should not be
modeled as a point source. Doing the latter leadsto false and excessively high concentration
estimates in the innermost downwind isopleths. However, in the absence of specific information, it
is acceptably conservative to model a*“ puff” as having asmall diameter. “ Smokestack” plume
models for chronic releases should NOT be used to generate isopleth areas or TIC values.

The user must enter the maximum downwind extent of each isopleth. RADTRAN 5 containsa
tabulation of national-average values for these variables. The national averages may be used in the
absence of other information and, in the United States, will generally yield acceptable results for
routes longer than 500 km (310 mi.) (Mills and Neuhauser, 2000). Aswas noted in Chapter 2, it
may not be desirable to employ these values for very short routes, especially routes of only afew
kilometers.
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Tabulated time-integrated concentration and area values for conservatively selected wind speeds also
areincluded within the RADTRAN 5 code for each Pasquill category as a convenience to the user;
the user is not required to employ them. The values are conservative because they represent a
small-diameter (10 m) ground-level release and the lowest wind speed consistent with each stability
category. Weighted averages of the individua atmospheric stability group results are calculated by
RADTRAN 5 and printed in the output.

The Meteorological Model also calculatesindividual doses. The dose to an individual located on
the centerline at the maximum downwind extent of each isopleth is calculated asastep in the
popul ation-dose calculation (see Figure 2-2), but the values were not saved in previous rel eases of
RADTRAN. These calculations were originally preserved by a separate code (TICLD) that now
has been incorporated into RADTRAN 5 (Weiner, Neuhauser and Kanipe, 1993). These
individual-dose values are saved and printed in the output.

2.4.7 Exposure Pathways Models

In addition to the direct exposure that may be expected from loss-of-shielding scenarios,
RADTRAN 5 models five exposure pathways associated with dispersal of material from damaged
package(s). These pathways are:
- inhalation

cloudshine

resuspension

groundshine

ingestion.
Minor and/or uncommon pathways such as absorption through skin or through open wounds are
not included. Theimpact on delayed doses from resuspension and groundshine of post-accident
actions such as evacuation and clean-up activities may be accounted for with the Exposure
Pathways Model.

2.4.8 Health Effects M odel

Most doses calculated in RADTRAN 5 are either effective dose equivaents (E.D.E.s) or committed
effective dose equivalents (C.E.D.E.s). Prompt doses (i.e., doses from short exposures to external
radiation) are expressed as E.D.E.s. All incident-free doses are of thistype, as are certain types of
accident-related exposures. Doses that occur over long periods of time, such as doses from inhaled
or ingested radionuclides that are retained in the lungs or gastrointestinal tract or are translocated to
other organs are expressed as C.E.D.E.s. Dose commitments are calculated for periods of 1 year
(for potential early effects) and 50 years (for latent effects). E.D.E.sand C.E.D.E.sfor individuas
are expressed in units of rem (see glossary). Population E.D.E.sand C.E.D.E.sare expressed in
units of person-rem. Organ doses (in rem) aso are computed for internal exposures viathe
inhalation and ingestion pathways. In the Health-Effects Model, organ doses associated with the
various exposure pathways are compared to dose thresholds for early mortality and morbidity
derived from Evans et a. (1985). Latent effects (cancers and genetic effects) are calculated by use
of published conversion factors (NAS/NRC, 1990). The “whole-body” doses (E.D.E. and
C.E.D.E.) are used to estimate cancer incidence; gonad dose is used to estimate genetic effectsin
future generations.

2.4.9 Non-Radiological Fatality Model
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RADTRAN 5 contains a subroutine that calcul ates expected traffic fatalities from non-radiol ogical
causes. These expected values are the products of published accident fatality rates (from the
Probability Model) and user-specified input on distance traveled (from the Transportation Model).
Unlike radiological exposures, non-radiological fatalities may occur even when the conveyanceis
empty. Thus, the one-way trip distance must doubled in the calculation of non-radiological
fatalities to account for thereturn trip of the conveyance. Inview of the extreme uncertainties
now known to be associated with particul ate inhal ation models, hypothetical fataities from exposure
to vehicle emissions are no longer estimated in RADTRAN.

2.5 Primary RADTRAN 5 Calculations

2.5.1 Incident-Free Transportation Dose Calculation

For analysis of incident-free conditionsin RADTRAN 4, the package dose rate and
packaging-specific characteristics are used to model a package (or shipment) of radioactive materid
asamodified point source and, for receptor distances less than two characteristic package
dimensions from large packages, as aline source. Characteristics of the transportation system are
then incorporated into mode-specific models, which use a set of input parameters to describe the
population along the route and at stops, and other critical mode-dependent characteristics such as
vehicle velocity and stop duration. Population densities for each route segment must be defined by
the user, in addition to the characteristics of the various sub-popul ations that receive off-link,
on-link, passenger, crew, stop, handling, and storage doses. The user-assigned values describing
these potentially exposed subgroups may be varied by mode and by population-density zone
(urban, suburban, and rural). The user is given wide latitude in adjusting parameters for analysis
for a specific problem, but the quality and quantity of the available datawill limit the accuracy of the
results.

2.5.2 Importance Analysis

Each incident-free consequence analysis performed by RADTRAN 5 is accompanied by an
importance analysis, the results of which are printed in al forms of the output except the shortest
(summary). Thisanalysisuses partial derivatives as described in Chapter 6 to determine the effect
on the overal result of a 1-% changein each input variable. The variablesare listed in rank order
from the largest positive change to the largest negative change.

2.5.3 Non-Radiological Fatalities

Fatalities from all causes, estimated as described in Section 2.4, are printed in the output in a
separate table. These represent the deaths that would be expected to occur as aresult of ordinary
mechanical impacts. They include such categories as pedestrians struck by avehicle, that result in
one or more fatalities and exclude consequences associated with radiation exposure of any kind
from hypothetical RAM package damage, which are calculated elsewherein RADTRAN 5. Non-
radiological fatalities are typically the largest fatality value calculated.

254 In-Transit Individual Dose
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In a separate calculation, the dose to an individual located at some user-specified distance from a
shipment traveling at some user-specified velocity is calculated with dose-rate data from the
Package Model. If the distance and velocity values are the smallest predicted for actual
transportation conditions, then this subroutine will calculate a maximum or bounding value of
individua dose.

25.5 Accident Risk Calculation

The accident module combines user-supplied data on packaging behavior (release fractions, etc.)
and accident severity to assess radiological consegquences (population doses) for accidents of
varying severity. Separate calculations are performed for each accident-severity category in each
population-density zone. The consequence value is multiplied by an appropriate probability of
occurrence derived from historical accident datato give arisk vaue; the sum of theseindividual risk
calculations weighted by segment length isthe total radiological accident risk. To perform
consequence calculations for release accidents, dispersal from the release point (hypothetical
accident site) to downwind deposition areas is calculated either with Pasquill atmospheric-stability
classes A through F or with user-defined values for time-integrated concentrations (TI1Cs).
Consequences associated with the six exposure-pathways models (i.e., direct exposure, inhalation,
cloudshine, resuspension, groundshine, and ingestion) are cal culated separately and summed.
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3 RADTRANS5ANALYSES OF TRANSPORTATION
UNDER INCIDENT-FREE CONDITIONS

3.1 Introduction to Incident-Free Transportation Calculations

RADTRAN 5 calculates the expected popul ation doses or health effects, as the user
chooses, for specific population groups and performs and importance analysis for each link
of the route(s) under analysis. The population groups include the following:

Off-link population

On-link population

Population in the vicinity of stops

Conveyance passengers

Transportation workers

Package handlers.

Under keyword LINK, each route segment must be designated as rural, suburban, or urban
in character. This character designation is usually based on population density, athough it
isnot required to be. Doses are given on alink by link basis in the output aong with rural,
suburban, and urban subtotals. Tota population doses aswell asindividual in-transit doses
are calculated.

The importance analysis for incident-free transportation shows the increase or decrease that
every variable causesin the outcome of RADTRAN 5 calculations if the input variable value
isincreased by one percent (see Chapter 6). Results are presented in tabular form in the
output.

3.2 Population Dose Formulation

3.21 Gamma Radiation

The formulation used to assess popul ation gamma dose during incident-free transportation
is based on an expression for gamma dose rate as afunction of distance from an isotropic
point source (i.e., asource emitting gamma radiation in al directions with equal magnitude)
(AEC, 1972). Reflection/absorption by the ground surface is neglected in thismode. In
RADTRAN 5, thistype of point-source approximation is used to represent an individual
package, shipment, or conveyance. In the absence of data allowing the specification of a
neutron component of dose rate, the user should treat the entire dose rate as gamma
radiation. Modificationsthat permit separation of the dose rate into gamma and neutron
components are discussed in the next section. Because neutrons are rapidly attenuated in
air, the all-gammatreatment gives adightly conservative estimate of overall population dose.

The formulation given here treats the package or shipment dose-rates asif they were 100%
gammaradiation. The gammadose-rate formulafor an isotropically radiating point-source
(AEC, 1972) isgiven by

S
DR, ()= 4ph°tr°2” sexp(-ur) xB(ur) xC
JT

1)
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DR, r)= gamma dose-rate at distance r (dose/time)
Sonoton = particle or photon emission rate (photons/sec)
r = radial distance from point source (m)
S oton H
4”“ ‘rz flux at distance r (photons/sec/cn?)
TT
m = attenuation coefficient for surrounding medium (m)
exp(-nT) = attenuation in medium at distancer (m™)
B(nr) = dose-rate buildup factor for surrounding medium at distance r
C = flux-to-dose-rate conversion factor (see Equation 4).

For gamma radiation, the product exp(-nr)»B(n1) £ 1.0 for most values of mand r.* Thus, if
the product is set equal to 1.0, then dose rate can be expressed in agenerally conservative
manner as

k
2

2

DR, n=

where
Sphoton xC
4n '
)

The units of k are photons/sec, and the units of DR, are photons/sec/m?, which canin turn
be converted to mrem/hr or any other dose-rate unit.

k =

The metric of doserate that is applied to asingle package in RADTRAN 5isequivaent to
the Transport Index (TI). The Tl isdefined in U.S. regulations as the maximum measured
or calculated dose rate, in mrem/hr, at adistance of 1 m from the package surface (49 CFR
173). InRADTRAN 5, this definition also is applied to a conveyance carrying a shipment
of one or more packages of radioactive material. Thefirst step to being able to usethis
regul ation-defined value in the dose-rate formulation is to rewrite the factor k in Equation 2
asky DR, (for asingle package) or ask,*DR, for a conveyance carrying ashipment. The
term K has uniits of T and is referred to asthe Package Shape Factor, because it directly
relates to size of the package or conveyance being analyzed. A new expression for gamma
dose rate (DR,(r)) from a point source can then be developed as follows:

DR (r) Q kO @Rporv
I’
(4)
where
Q = units conversion factor
K, = package shape factor (m?)

* At some values of r, the buildup [B( r)] in air from interaction of air molecules with incident gamma radiation
may be large enough to make the product of buildup and attenuation product slightly exceed 1.0, but this
phenomenon usually represents only a very small portion of the total distance range over which dose is
assessed and can be ignored without affecting the result at the two significant-digit level of accuracy.
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r

p
Vv

radial distance from point source (m)
index for package and
index for conveyance (vehicle).

When the dose rate is defined in mrem/hr, the conversion factor Q in Equation 4 takeson a
value of 2.8E-10 rem-km-hr/mrem-m-sec and isdesignated Q,. In RADTRAN 5, the
dose-rate value measured at 1 m from the package surface is extrapolated back to the
center of the package to achieve a true point-source configuration. In order to smplify
this extrapolation, variations in the intensity of the radiation field around a package are
ignored and the maximum measured or calculated dose-rate at 1 mis used to define the
field strength at a radial distance measured from the center of the package to some
specified package dimension plus1 m. RADTRAN 5 then creates a point source that
yieldsthisfield strength at the specified radial distance. In order to define what this radial
distance should be, the actual package shape is converted into an equivalent spherical
volume by means of an effective package dimension or d.. The effective package
dimension is derived from an actual package dimension and isthe diameter of the equivaent
spherical volume that represents the package in the point-source formulation. The Package
Shape Factor, k,, isthen set equivaent to the square of _ of this diameter plus1 m (i.e,, the
total radial distance from the center of the package to the point at which the regulatory dose
rate was measured). Thus,

ko, =@+05d, f
5
where
K, point-source package shape factor (m?)

d effective package or conveyance dimension (m)

For single packages, the value of d, is determined by selecting a characteristic package
dimension, d,, from among the actual package dimensions such as length, width, diameter,
etc. (Thisvalueisthe RADTRAN input parameter CPD). It is generally recommended that
d. bethelargest package dimension, since the resulting field strength estimate will be
sﬁghtly conservative. For cylindrical packages, for example, d, should be the cylinder
length.

For vehicles and large packages where d, or d, might exceed 4 m, use of the largest
dimension greatly overestimates the gamma dose rate, and a modified d, must be cal cul ated
(Madsen, Wilmot and Taylor, 1986). Package dimensions greater than about 9 m should
not be used. Thus, the possible expressions for d, are

idp, if dp £ 4 meters, or
T .
idy,if dy £4 meters, or

de =i 21 3/4 :
i 2( +0.5dp) -0.55,if dp > 4 metersand <9 m, or

$2(1+0.5d,,)% - 0.55,if d,, >4 metersand <9 m
(6)

Given the above conditions, it follows that for all values of r > 2d, the point-source equation
is
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2
DR,(1=Q DPRporv >‘(12+ 0.5d.)
r
(7

where
Q = units conversion factor
DR = gammadose rate at radial distancer (mrem/hr)
DR = maximum measured or calculated dose rate at 1 m from package or

conveyance (mrerm/hr)
r = radial distance from point source (m)
d, = effective package dimension (m)

For large packages, at values of r _ 2d,, a line sour ce approximation is applied for
stops and handlings, where persons may closely approach the package or vehicle for
relatively long periods of time. 1n aline-source approximation, the dose rate is proportional
to 1/r rather than to 1/r2. The Package Shape Factor for use with line-source calculationsis
defined asfollows:

ko =1+0.5d,
(8
where
Ko = line-source package shape factor (m)
d, = effective package dimension (m) [Equation 5].

3.2.2 Neutron Radiation

To assess population neutron dose during incident-free transportation an expression
compatible with the gamma expression was developed that describes neutron dose rate as a
function of distance from an external isotropic point source (i.e., adimensionless source
emitting neutron radiation in al directions with equal magnitude). Reflection/absorption by
the ground surface is neglected as before. Neutron interactions with matter make transport
through any medium, including air, more complex to model than gamma-radiation
interactions. A model that isrelatively smple and that parallels the treatment of gamma
radiation was developed. Since package doserateis required to be reported in mrem/hr (or
severts (Sv)/hr), the RBE (relative biological effectiveness) difference between neutron and
gammaradiationsis aready accounted for. The basic dose-rate equations are also
equivaent, differing only in the values of the flux-to-dose-rate conversion factors. Thus, the
first step isto restate the basic equation for dose rate at distance r from a point source as
follows

_ (Co Eg exp( ur)B(un)+ (C €y rexp(- ur)B(un)
DRtotaI(r) r2

9)
where
C, = flux-to-dose-rate conversion factor for gammaradiation
Cy = flux-to-dose-rate conversion factor for neutron radiation
E. = gamma emission rate (photons/sec)
Ey = neutron emission rate (neutrons/sec)
exp(-nT) = attenuation by the medium through which the radiation is travelling
(m)
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B(nT)
r

buildup factor for the medium through which the radiation is travelling
radial distance from point source (m)

The products (C, %) and (CE,) both result in values with units of mrem/hr. Thus, the
sum of the two terms equals the package or vehicle dose rate (DR, or DR, ) when eval uated
at the appropriate distance. Thus, each component of the sum can ' be represented asa
fraction of the package or vehicle dose rate, and Equation 9 can be rewritten as follows

DR() = 7C {exp (- ur)8(ur))+ FN exp (- ur)x8(ur))

r2

(10)

Converting Equation 10 to an expression that depends on measured package or vehicle dose
rate and characteristic dimension by the same method as for gammaradiation, yields

DR, (1)=0 ko XN @Rporvgﬂexp(- ur )38 (ur)
r

(11)
where
r = radial distance from point source (m)
Q = units conversion factor
K, = package shape factor (m)
FG = fraction of doserate at 1 m from package that is gamma radiation
FN = fraction of dose rate at 1 m from package that is neutron radiation
DR, o= maximum measured dose rate at 1 m from package or vehicle (mrem/hr)
p = index for package
v = index for conveyance (vehicle)
exp(-nT) = attenuation by the medium through which the radiation is travelling
(m)
B(nT) buildup factor for the medium through which the radiation istravelling

r radial distance from point source (m).

For any package with a neutron component of dose rate, the package shape factor will be
equal to that used for gamma radiation, because the package dimension used to calculate k,,
isthesame. Thisequation, however, cannot be further simplified in the way that the gamma
expression was in Equation 2, because the product of attenuation and buildup for neutrons
is often greater than 1.0 for a substantial part of the radial distance range, depending on the
neutron energies. Instead, dimensionless coefficients are used in geometric progressions to
express buildup, B(r), asfollows:

DR, (1) = Q %k, exp (-ur) (d+ar +azr22+a3f3 +a,r")
r
(12)
where al parameters are as defined in Equation 11 except for the coefficients a, through a,,
which are defined below.

Any neutron transport curve can be represented in Equation 12 by proper selection of values
of & through a,. Sincethe linear attenuation coefficient for air (m;,) describes attenuation
by the primary medium through which neutrons would travel in the event of aloss-of-
shielding event; my, is used as adefault value (7.42E-03 m™) (Madsen, Wilmot and Taylor,
1986, p. 43). Vaues of the four coefficients were derived to fit the shape of the calculated
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dose-vs.-distance curvein air to the shape of the selected neutron transport curve (Figure 3-
1). Thesevauesare

= 2.02E-02;
(13)
a = 6.17E-05;
a = 3.17E-08;
a, = 0.

Significant levels of neutron radiation are seldom encountered in radioactive materials
transportation. The coefficient values provided here are intended to facilitate neutron dose
rate calculation in the main case for which such calculations might be appropriate — spent
nuclear fuel transportation. The data are for fission neutrons; they were obtained with
neutron cross section data from the ENDF/B-V cross section data library (Kinsey and
Magurno, 1983) generated with the NJOY code (McFarlane et al., 1982). The source was
assigned an energy spectrum obtained from Oak Ridge National Laboratory calculations of
the neutron flux at the surface of alead-shielded spent fuel shipping cask. Neutron
transport cal culations were performed with the ONEDANT code, which solves the one-
dimensional (cylindrical) multigroup Bolttzmann transport equation by the discrete
ordinates method (O’ Déell et a., 1982). The ENDF library, NJOY, and ONEDANT are
discussed and evaluated by Parks et al. (1988). A neutron transport curve through air at
50% humidity was cal culated because air molecules and water vapor significantly attenuate
neutrons (but not gamma radiation). These default data are generally acceptable for
applications of RADTRAN 5 involving spent fuel. However, the user may carry out new
neutron transport calculations and derive new coefficients that fit the resulting curve.

For aline source, the derivation is again similar to that for gammaradiation. It yields

) (L+a,r+a,r2 +a,r +a,r?)

DR () =Q K, exp (-ur r

(14)

where

DR\ (r)= neutron dose rate at distance r (mrem/hr)

r = radial distance from source (m)

Q = units conversion factor

Ko = line-source shape factor as defined above (m)

m = linear attenuation coefficient (m*); default isvalue for air, 7.42E-03 m*

a,8 &,8,= dimensionless coefficients.

3.23 Summary of Final Expressionsfor Gamma and Neutron Radiation

Gamma and Neutron Fractions

The fractions of the dose rate that are gamma and neutron radiation are represented asf;
and f, respectively, throughout this technical manual, and the sum of the two must be unity
(fs + T, = 1.0). Sincetherelative fractions of gamma and neutron change with distance
from the package, values of f; and f,, must be determined at the same 1-m distance from
the package or vehicle surface asthe dose-rate metrics DR and DR,.



Gamma Point Source—Final Form

Thefinal form of the basic point-source expression used in RADTRANS for gamma
radiationis

(L+a;r+a,r? +a,r +a,r

DR, () =Q, DR -

G XK, xexp (-ur)

porv porv

4) k
=Q DR, ¥GC
r r

(15

where

DR¢(r)= gammadose rate at distance r (mrem/hr)

r = radial distance from source (m)

Q = units conversion factor = 2.8E-10 rem-km-hr/mrem-m-sec
DR, = package or vehicle doserate a 1 m (mrem/hr)

FG = fraction of package or vehicle dose rate that is gamma radiation
Ko = point-source shape factor (m?)

m = linear attenuation coefficient (m™) set equal to zero

a,8a a,8= dimensionless coefficients set equal to zero.

As noted previoudly, attenuation and buildup are insignificant for gamma radiation; values
for mand the dimensionless coefficients are set to zero, which yieldsavalue of 1.0 for the
product of attenuation and buildup. Thus, the gamma expression reduces to the simple
form above, which isaso described in Equation 7.

Neutron Point Source—Final Form

Thefinal form of the basic point-source expression for neutron radiation used in
RADTRAN 5isidentical to Equation 12 and cannot be further smplified. Itis:

+a,rd +a,r)

2
XN XK, exp (-ur) (L+ayr+a,r >

r

DR (f) =Q, *OR

porv

(16)
where
DR\(r)= neutron dose rate at distance r (mrem/hr)
r = radia distance from source (m)
Q, = units conversion factor = 2.8E-10 rem-km-hr/mrem-m-sec
DR, = package or vehicle dose rate (mrem/hr)
FN = fraction of package or conveyance dose rate that is neutron radiation
Ko = point-source shape factor as defined above (m?)
m = linear attenuation coefficient (m™); default valueisfor air, 7.42E-03 m™*

a,8 &,8= dimensonless coefficients with default values given in Equation 14.

Gamma Line Source—Final Form
Thefinal form of the basic line-source expression used in RADTRANS for gamma
radiationis
(L+a,r+a,r2 +a s +a,r*)
r

DR, (f)=Q, XOR
(17)

XFG XK, exp(-ur) X

porv
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where all values are the same as in Equation 15 except that the point-source shape factor is
replaced by the line-source shape factor.

Neutron Line Source—Final Form
Thefinal form of the basic line-source expression used in RADTRAN 5 for neutron
radiation is
(1+ayr+a,r? +ar’ +a,r)
r

DRy (1) =Q; DR 5, XN XKg €xp (-ur)
(18)

where al values are the same as for Equation 16 except that the point-source shape factor is
replaced by the line-source shape factor.

3.3 Doseto Members of the Public

3.3.1 Doseto PersonsAlongthe Transport Link While the Shipment isMoving —
Highway, Rail and Barge M odes

This section describes computation of the total integrated gamma dose to an individual
located at a specified perpendicular distance from the path of aradioactive materia shipment
passing at a specified velocity.

An expression for the total integrated dose to a stationary individual at a perpendicular
distance, x, from the path of a moving source (i.e., a shipment in transit) with a dose-rate
factor k, passing at a constant velocity V, has been derived from Equation (3) of AEC
(1972) and isgiven by

D(x) = 2’«0% (%)

(19)
and

¥
—_ N\ EXp(_ Mr)B(r)

I(x) = Wdr

(20)
where
D(x) = total integrated dose absorbed by an individual at distance x (rem)

o = point-source package shape factor (m?)

DR, = conveyance dose rate at 1 m from surface (mrem/hr)
Vv = conveyance speed (m/s)
X = perpendicular distance of individual from shipment path (m)
m = attenuation coefficient (m™)
B(r)y = buildup factor expressed as a geometric progression
and
I(xX) = integration function.
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To obtain the integrated population dose along a unit length of travel, Equation 19 is
multiplied by the population density and integrated over strips of width d on both sides of
the transportation path:

D¢ =2XQ>PD (‘P(x)dx
(21)
where all variables are as defined in Equations 19 and 20 except for the following:

Dy = integrated population dose per km of strip (person-rem)

Q = units conversion factor

PD = population density (persons’km?)

min = minimum distance from population to shipment centerline (m)

max = maximum distance perpendicular to shipment route over which exposureis

evaluated (m).

The value of max is usually set to 800 m (~ 0.5 mi.) because that isthe value historically
used in AEC (1972), and in earlier releases of RADTRAN. Thevaueisnot tied to any
analytical resultsindicating that it is appropriate; indeed, dose rates generally fal below
detectable levels well before adistance of 800 m from the source. However, retaining the
800-m vaueis dightly conservative and does preserve parallelism and comparability with
older analyses. Itisrecommended that this vaue be used to establish a baseline for
comparison purposes even when the user selects another value of max for his or her
analysis.

By inserting the expression for D(x) [Equation 19] into Equation 21, the latter can be
rewritten as

X (‘j(x)dx

min

4%, DR, ¥D

Doff = Q1 iV,

(22)
where all variables are defined in Equations 20 and 21 and the units conversion factor, Q,,is
evaluated as 2.8E-10 rem-km-hr/mrem-m-sec.

For incident-free transportation, the total population dose for persons along atransport link
isobtained in RADTRAN 5 by multiplying Equation 22 by the number of shipments of the
type being analyzed.

The integration of Equation 22 is performed by use of a Gaussian quadrature, GAUSS,
which isa SandiaNationa Laboratories SLATEC math routine that integrates areal
function of one variable over afiniteinterva (mintod, inthis case).
The function integrated by GAUS8 is
¥
_ A8Xp(-un)B(ur)
1) =07 o

o (o)

(23)
} éBSKIN é \ u .
:} a— XM 4 @s -a3, xxz)BESKOWS + a2, XX + as, XXH>43ESK1WSL]>G'X"*S ;ifugt 0
ie X é s 0 b
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= 1 — 1 =
,:\ > if U 0

where
X = value passed from function 1¢from GAUSS; x ranges from min to d;
r = variable of integration (distance from source to receptor) (m)
m = attenuation coefficient for gammaradiation if s= G or neutron radiation if s
al,a2.a3= unitless coefficients for gammaradiation if s= G or neutron radiation if s=
N;
BSKIN = Sandia National Laboratories SLATEC math routine that computes
repeated

integrals of the modified K-zero Bessel function for argument (x>m);
BESKO = SandiaNationa Laboratories SLATEC math routine that computes
the modified

Bessel function of the third kind of order zero for real argument (x>);
BESK1 = SandiaNationa Laboratories SLATEC math routine that computes
the modified

Bessel function of the third kind of order one for real argument (x>m).

Up to this point the equations express only dose along a route of undefined length. In
order to account for the distance traveled, Equation 23 must be multiplied by aroute or
segment length (DIST). However, any transportation of radioactive material package
involves passage through varying population densities. In order to account for this, the
RADTRAN 5 user should divide aroute into route segments or links of length DIST, and
assign a separate population density (PD, ) to each one. The total population dose (D)
resulting from atrip then becomes the sum of the doses received in each route segment.
The bandwidth (distance from min to max) may be subdivided into (1) a pedestrian strip
immediately adjacent to the transportation link and (2) the remainder, where residences are
located. The pedestrian population density is estimated in urban and suburban areas by the
product (PD, RPD., ), where PD, istheresidential population density and RPD,, , isthe
ratio of pedestrian density to residential density. The use of the integrated dose expression
in Equation 22 results in the following expression per link.

é sw max U L)
ZFG\,(% 0O'e (X RPDs oy + (Yo (X)dx SFU 3
_ PD, a in sw i
Dot =4°Q; %, DR, >T><NSHL XDIST, xg sw o uﬂ
g+ FN, € Oln (X)dx>RPD,  + (Y (X)X ><SF@E
e in SW 1]
(24)
where all variables are as defined for Equations 21 and 23 except for the following:
NSH, = number of shipments that travel onlink L
SW = sidewalk width (m); used as alimit of integration to define width of
pedestrian

walkway beside route and minimum value for distance over which doseto
residentsisintegrated.
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RPD,,, = ratio of pedestrian density to residential population density in suburban (s)
or

urban (u) route segments.
SF = shielding factor

Values of min, sw, and max taken from Madsen, Wilmot and Taylor (1986) are givenin
Table 3-1. These may be used in the absence of route-specific information in most of the
United States.

Each link is analyzed separately in RADTRAN 5. Most of the variablesin Equation 24 are
user-defined. That means the user must enter values for each variable for each link in the
input file. Velocities must be entered in units of km/hr; they are converted internally to units
of meters per second.

Each population-density zone (urban, suburban, and rural) may be assigned a different,
user-definable nominal shielding factor. Thisfactor isderived in Equation 25 and isthe
ratio (R) of the unshielded and the fully shielded case, which represents the reduction in
integrated exposure caused by shielding effects:

TABLE 3-1 TYPICAL U.S. VALUES FOR min, SW, AND max

“Population Zone Highway Type  Vaueof min Vaueof SW  Vaueof max

(m) (m) (m)
Rural Freeway 30 (none)* 800
Rural Non-Freeway 30 (none) 800
Suburban Freeway 30 (none) 800
Suburban Non-Freeway 27 30 800
Urban Freeway 30 (none) 800
Urban City Street 5 8 800

1. Where“none” is shown for SW, no pedestrian walkway i1s modeled as being present beside the route.
2. “Non-freeway” in rural and suburban areas refers to non-divided, non-access-limited roads (e.g., state highways).

. N
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(25)

where m, and B, are the attenuation and buildup factors, respectively, for the shielding
medium, and ), and B, are the attenuation and buildup factors, respectively, for air. This
ratio for urban, suburban, and rural zones (RU, RS, and RR) may be defined in terms of
construction methods and housing density characteristic of each zone. Vauesthat are
applicable for many parts of the United States are given in Table 3-2 although the user may
enter other values. Care must be taken in the application of the nominal shielding factors.
Inrurd Italy, for example, most houses are built of stone, and the value of RR suggested in
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Table 3-2 would be inappropriate; construction in many densely populated equatorial cities,
on the other hand, isless substantial than indicated in Table 3-2.

TABLE 3-2 NOMINAL SHIELDING FACTORS

Population Zone Variable Name Construction Type Suggested
Vaue of R*
Rura RR No Shielding 1.0
Suburban RS Wood frame construction 0.87

45-ft square buildings; 100
ft
between buildings, 6-in
thick walls

Urban RR Concrete block walls 1-ft 0.018
thick;

1 central wall/building.
Buildings are contiguous
in blocks 200 ft long; 60-ft
wide streets

*Values are from Madsen, Wilmot and Taylor, 1986.

Three shielding options are available, which are invoked by varying the [UOPT parameter.
Option 1 - If Option 1 is selected, R is set to zero for al population zones. Thisis
equivaent to assuming that al construction in all zones is heavy masonry, reinforced
concrete, or some other extremely effective shielding material. Finley et a. (1980)
supports this approach only for highly urban areas (e.g., New Y ork City). For example,
for travel on city streetsin Manhattan, Finley et a. showed that pedestrians on sidewaks
would accumulate virtually all dose. Finley et d. (1980) also givesvauesof 5 mfor
min and 8 m for SW to represent sidewalks along city streets. For rural and suburban
non-freeway streets (e.g., most state highways) suggested values are 27 and 30 m. The
potential presence of unshielded nonresident persons is accounted for by introducing
the factor RPD. The RPD (Ratio of Pedestrian Density) isthe ratio of the density of
pedestrians (per square kilometer of sidewalk) areato the baseline residential population
in the same general area. Datafrom Finley et a. (1980) suggest avalue of 6 for RPD in
highly urbanized areas such as New Y ork City. Vaues of RPD for many other urban
areas are undoubtedly lower, but few quantitative data exist to support selection of a
generally applicable value and none is recommended in thismanual. The conservative
New Y ork value is often used in the absence of route-specific information, however.
Option 2 — Option 2 alows building shielding to be accounted for in arelatively reaistic
manner. In this case, the result has two parts — one for the unshielded pedestrians on
sidewalks or pedestrian walkways immediately adjacent to the route and another one for
the population beyond the sidewalk out to the user-defined maximum distance. RR, RS,
and RU may be taken from Table 3-1, or user-defined values may be employed.
Suggested values of min and sw for highway mode are from 5 to 8 m for city streets
and from 27 to 30 m for rural and suburban non-freeway routes. Values of 30 m for
min and 800 m for max are suggested for limited-access divided highways (e.g.,
interstate highways). A pedestrian zone is omitted for the latter because pedestrian
trafficis generaly limited and may even be prohibited on such highways.

Option 3—In Option 3, shielding is neglected entirely and RR, RS and RU are set to
1.0. The calculation simply uses a uniform distribution of unshielded persons from the
user-defined value of m out to the user-defined value of max. Suggested values are min
=30 m and max = 800 m for freewaysin al population densities, min =5 and max =
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800 m for city streets; and min = 27 and max = 800 m for rural and suburban non-
freeway links.

When a Highway-Route-Controlled Quantity (HRCQ) of radioactive materia is shipped by
truck, the truck is required by USDOT regulationsto travel on interstate highways or state-
designated aternative routes. HRCQ and routing regulations for highway shipments are
defined and described in 49 CFR 171-177. In RADTRAN 5, interstate highways and
similarly engineered highways are referred to as freeways. Asaready noted, freeways
are modeled as having no pedestrians. It is also recommended that the same average
velocity be used for all freeway segments, regardless of population density.

“Virtual route segments’ can be constructed to account for time spent in rush-hour traffic
in urban or suburban areas. That is, route segments on which rush hour traffic is expected
can be entered twice, once with a“normal” velocity and traffic density and once with a
rush-hour velocity and traffic density. The fractional representation of the rush-hour
segment (i.e., the fraction of time rush-hour conditions are encountered on the route
segment) is then accounted for by properly apportioning the total actual segment length
between the two virtual segments. For example, if rush-hour traffic occurs for 4 hours per
day on route segment x, then the fractional occurrence of rush-hour conditionsis 4/24 or
~0.17. If segment x is40 km in length, then 40 x 0.17 = 6.8 km is the length of the virtua
segment to which the higher traffic density and lower average speed of rush-hour traffic
should be assigned, and the remainder (33.2 km) is the length of the “non-rush-hour”
segment. In the absence of specific data, it is recommended that the traffic density be
doubled and the average velocity halved to represent rush-hour conditions. Route-specific
data are usudly only available from state or local authorities (e.g., Brogan, Cashwell, and
Neuhauser, 1989). State or local regulations such atime-of-day restrictions on RAM
shipments through certain cities, may affect the choice of values for these parameters.

Rail, Ship and Barge Modes

The population doses received by persons along arail transport link or waterway are
computed in amanner identical to that used for highway modes. The limits of integration
(values of min, SW, and max) vary by mode. For rail mode, value of 30 and 800 for min
and max, respectively, are often used in the absence of route-specific information. The value
of sw isaways zero for rail and water modes.

The 30-m value of min generaly is a conservative representation of railroad right-of-way
width, although larger and smaller values may be indicated by route-specific information.
The 800-m value of max provides consistency and comparability with truck mode analyses
and with earlier RADTRAN anayses. The user may select any value, but modal aternatives
(e.g., truck mode versus rail mode) can only be meaningfully compared if the limits of
integration are the same or if differences (e.g., differences between modes) have logical
explanations and are accounted for in the analysis.

All open ocean travel and travel on certain inland waterways (e.g., the Great L akes) take
place in uninhabited areas. Portions of aroute passing through these areas may be either
removed from the analysis or (preferably) assigned an off-link population density of zero.
Passage on rivers, canas, congested port waters, etc. where a populated shorelineiswithin
800 m of the vessal should be represented as segments with non-zero population densities.
The value of min in such areasis dictated by the minimum distance from the navigable
channel to the shoreline. A suitable value for min in congested waterways in the absence of
location-specific datais 200 m. The maximum limit of integration should remain the same
asthat used for other modes if more than one mode is being analyzed; the standard value
for all modesis 800 m.
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Air Modes

For air transport, the entire in-transit incident-free dose calculation is set to zero because the
average distance from an airplanein flight to persons on the ground is so large that the dose
contribution is negligible. Calculation of dose to airline passengers and crew is discussed
later in this Technical Manual.

3.3.2 Doseto Personsin Conveyances Sharing the Transport Link —Highway
M odes

A schematic of this sub-model is shown in Figure 3-2. All conveyances traveling on
highways are assumed to be motorized vehicles. Figure 3-3 shows that the dose consists of
three separate components:

dose to personsin vehicles travelling in the opposite direction to the shipment

dose to persons in vehicles travelling in the same direction as the shipment, and

dose to personsin passing vehicles.
The sum of these dosesis referred to as the on-link dose.

Doseto Persons Traveling in the Opposite Direction — Highway and Rail Modes

Both the shipment and the oncoming traffic are modeled as moving at a constant average
speed V,. Thisisexactly equivalent to the oncoming vehicles being at rest and being passed
by the RAM transport vehicle traveling at a constant average speed of 2V,. The latter
formulation is used to develop the on-link dose calculationin RADTRAN 5 because it
permits the expression for amoving source from Equation 19 to be used with little
modification. The integrated dose received by an individua in an oncoming vehicle located
at aminimum perpendicular distance x from the centerline of the RAM transport shipment
is.

opp — —2 *S\ZDRV X ¢x)
(26)
where
Doy = integrated dose to persons traveling in opposite direction (person-rem)
K, = point-source package shape factor (m?)
DR, = package doserate a 1 m from surface (mrem/hr)
Itx) = integration function describing vehicle passing at minimum perpendicul ar

distance x
Thefactor of 2 in Equation 26 accounts for dose accumulation while the RAM transport
vehicle travels both toward and away from vehiclestraveling in the opposite direction. To
develop an expression for population dose for this exposure group, the population density
must be determined. Inthiscaseitismodeled asalinear population density (persons’km)
and isafunction of vehicle density and vehicle occupancy. Thelinear density of oncoming
vehicles per km is given by N¢ where N¢is the one-way traffic count (average number of
vehicles per unit of timein al lanes). If PPV (number of persons per vehicle) defines
vehicle occupancy, then the total number of personstraveling in the opposite direction to the
shipment is N&PPV . The linear density of personstraveling in the opposite direction is then

N(D\fpv . When combined with Equation 26 this expression yields:

\

given by
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Dopp =X PRy 40 xN%50py x0IST, sNiSH,
; Y, :
\ A\
(279)

This expression simplifies to:

oo = 0 DR N5 PV >DIST, ASH,
(27b)

Whe’e - . . . . . . .
%%p) = integrated dose to personsin vehicles traveling in opposite direction (person-
K, = point-source package shape factor (m?)
DR, = doserate at 1 m from surface of vehicle (mrem/hr)
NEe = one-way traffic count (average number of vehicles per hour in al lanes)
V, = average velocity of al traffic (m/s)
I&€x) = dose integration function from Equation 26
PPV = vehicle occupancy (average number of persons per vehicle)
DIST, = distance traveled on link L
NSH, = number shipments of vehiclev.

Thevalues of x in Table 3-3 are suggested values for common types of highway and rall
links. The values are user-definable, however, and may be changed as necessary to
appropriately model the user’ s problem. The primary distinction between freeways and the
other two road classesisthat interstates are built to engineering standards that prescribe
minimum lane widths, etc., which trandates into a somewhat larger value of x.

Table 3-3 Minimum Perpendicular Lane-Separation Distances by Link Type

Type of Link Value of x (meters)
Freaway (Interstate Highway) 15
Two-Lane Highway (e.g. State Hwy.) 3
City Street 3
Rail (double track) 3

By reference to Equation 24, afinal expression for D, may be given as:

D=Q, %, XOR , XNSH xDIST, PPV, %{(FGV g (x))+ EN X ()]
L

(28)

where all variables are as given in Equations (24) and (2@ excepting the following:
A = units conversion factor = 7.7E-08 rem-hr*-m/mrem-sec®-km.

I¢ = dose integration function for gamma radiation

I¢, = dose integration function for neutron radiation.
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Figure 3-2 Illustration of Highway Traffic for Calculation of On-Link Dose

Dose to Persons Traveling in the Same Direction — Highway Mode Only

Trucks carrying radioactive materia are modeled as moving at the same average velocity as
therest of the traffic. Thus, vehiclestraveling in the same direction asthe RAM shipment
can be considered to be stationary with respect to the RAM vehicle and can be modeled as a
linear continuum of vehicles beginning at some minimum distance beyond the RAM
vehicle. The dose received by a person located at distance r from the shipment vehicleis
computed by multiplying the dose rate from Equation 4 by the duration of exposuret (hr):

_ky DR, %t
sdir _I'—Z

(29)

D

where dl values are the same as in Equation 4 except for t, which is exposure time (hr).

For agiven mode and link, the total exposuretimet is given by the quotient of total distance
and average velocity (V); total distancetraveled is, in turn, the product of distance per
shipment and number of shipments. Thus,

_ DIST_XNSH,
vV

t

(30)



People are modeled as being distributed uniformly among the vehicleswith alinear
population density given by (N®PPV)/V. The dose to personstraveling in the same
direction as the shipment is, therefore, the product of the dose expression in Equation 29
and the linear population density (Equation 30) integrated from some minimum distance
(min-sdir) to infinity:

¥
=2k, XDR )€EN®<PPV o)gDISTXNSHo C\) exp (—MZ)B(W) dr
r

Sdll’

(31)

min-sdir

where al values are the same as in Equations 29 and 30 except for the integral, which isthe
basic dose integration function for the RAM shipment. The factor of 2 in Equation 31
accounts for the fact that traffic is modeled as extended in two directions — both in front of
and behind the RAM shipment.

In addition to personsin vehicles both in front of and behind the RAM shipment, the case
of apassing vehicleis considered. The full value of the traffic count N¢is used in Equation
31 to estimate dose to the former. Thisin effect countsal vehiclesin all lanes but treats
them as though they were all in the same lane asthe RAM shipment. The minimum
exposure distance (min-sdir) depends on the average velocity, V, and therefore on the on-
link population density, because the closest vehicle is modeled a being within 2 sec of travel
of the RAM shipment. Thus, min-sdir (in meters) is given by the absolute value of 2V,
whereV isin units of m/sec. The average velocity isa user-defined input valueand is
entered in units of km/hr. RADTRAN 5 internally convertsthisvalue to m/sec. The
integration in Equation 31 is performed with a Gaussian quadrature. Let the integral from
Equation 31 berepresented as Y,,. Then:

é TS ¥y u
Y, = &G x OM+(“)dru+ &N xo#(w)drg: [Ece, o )+ Enoey )
g o T HE o~ F H
(32)
where
FG = fraction of DR, that isgamma radiation
FN = fraction of DR, that is neutron radiation
Vv = average velocity (m/s)
m,m, = attenuation coefficients for gamma and neutron radiation (m'™)

P,c0r P, = valueof integral passed from Equation 31.

The value of Pisdetermined as follows:

e 0 éad.. U0
Ifug * 0;P, s =(al-us) >E1(us 2V) rertheg 1 ?28 i ags 2>a4 o ZV?% ﬁ +2V% s uU
82\/ Ms fa Us us® g e“s 03]
or
1
If ug =0;P, ¢ = —
Us vs T 5y
(33)
where _ -
S = subscript for gamma (S = G) or neutron (S= N) radiation
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E1l I = Sandia National Laboratories SLATEC math routine that computes the
single-

precision exponential integral for positive, single-precision argument (my2V)

average velocity (m/sec)

absolute value of minimum separation between vehicles (m)

m attenuation coefficient for gamma (S = G) or neutron (S = N) radiation (m™)

al,...a4= coefficients for gamma (S = G) or neutron (S =N) radiation.

\%
2V

By use of the same traffic characteristics as in the cal culation of dose to persons traveling in
the opposite direction and by incorporation of the results of this integration, the following
expression is obtained for the dose received by personstraveling in the same direction as
the shipment:

Dy, =Q, %, *OR, %@PVL sDIST, *NSH, X, +F,)
L

(34)

where

Q, = units conversion factor = 7.7E-08 rem-hr®-m/mrem-sec’-km
K, = point-source shape factor (m?)

DR = doserate a 1 m for the surface of vehicle v (mrem/hr)
N¢ = one-way traffic count on link L (vehicles/hr)

vV, = average velocity on link L (m/sec)

PPV, = vehicle occupancy onlink L (persons/vehicle)

DIST, = distancetraveled on link L (km)

NSH, = number of shipments of vehiclev

F.F, = traffic factors defined below.

F, accounts for al vehicles except those passing the RAM shipment, while F, accounts for
personsin vehiclesin the passing lane immediately adjacent to the RAM shipment.

F,=2Y,V,
(35a)

and

1
F, =XY.
2 73

(35h)

Vi

where
X = minimum perpendicular distance to adjacent vehicle.

A dose is computed for each shipment and route segment (link) with Equation 34, and the
results are summed over al shipments and linksto obtain atotal dose to persons traveling
along the route in the same direction as the RAM shipment(s) being analyzed.

3.3.3 Doseto Airline Passenger s — Passenger -Air Mode
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The following equations are used to formulate dose to air passengers under normal
conditions of transport. The formulation of the dose to air passengersis based in part on
empirical datadeveloped by Barker et d. (1974). In Barker’ sanaysis, an empirical value of
3E-05 rem/hr/T1 for air passengers was derived (where Barker’ s variable Tl isthe same as
DR,). Thus, the integrated dose formulation becomes

alrpass QS ><k *OR prass NSH x—— DIST
L

(36)
where

Dirpess = integrated population dose to air passengers (person-rem)
Q3 = units conversion factor = 0.28 m-hr/km-sec

= empirical dose-rate conversion factor (3E-05 rem/hr/Tl)

DDRV = doserate at 1 m from surface of shipment on aircraft v (mrem/hr)
N = number of air passengers on board
N?ISEIV = number of shipments by aircraft v
DIST, = distancetraveled on link L (km)
vV, = average velocity on link L (m/sec).

3.4 Doseto Population at Shipment Stops — All Modes

If atransport conveyance stops for a crew change, passenger transfer, crew meals, refueling,
storage, inspection, or any other cause, then persons at or near the stop point can be exposed
to radiation from the shipment. RADTRAN 5 presents the user with a choice of two
distinct ways to represent persons at stops.

34.1 Option 1—Average-Distance Method

Thefirst option isasimple model based on the number of nearby persons and a specified
average distance. This method has been used to model truck stops (Madsen and Wilmot,
1983) and intermodal transfers at maritime ports (Neuhauser and Weiner, 1992). The
equation for integrated population dose (D) for Option 1is:

i k
.—(pomt source) i

D=Q, DR, xNSH,, xT,, 3P, *SF, x[@e <TRg,, 6, XTRNrtl% . " i/

Lor 2 (line source
o ( )L
(37)
where
Q, units conversion factor = 1.0E+03 rem/mrem
Ko, point-source conveyance shape factor (m?)

kg = line-source conveyance shape factor (m)

DR, = conveyance doserate a 1 m from surface (mrem/hr)
NSH, = number of shipments

Ty = average stop time (hr)

Py = average number of exposed persons

Sk, = shielding factor for stop population
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FG, = fraction of vehicle dose rate from gamma radiation at origin point
FN, = fraction of neutron dose rate from neutron radiation at origin point
TR, = term for gamma radiation source strength at distancer

TR, = term for neutron radiation source strength at distancer

Iy = average radial source-to-receptor distance at stops (m).

Ostmeyer (1986a) derived a shielding factor of 0.1 for rail stops, which reflects gamma
attenuation by other railcars and structures in classification yards. The source-strength
terms, TR and TR, used in Equation 37 were derived from Equations 17 and 18. Their
expanded form can be written as follows:

TR, = I_e‘(“G ") ><lg+a1G X +a2; @2 +a3; 03 +adg xr“JI
(38a)

and

TR, = Ig'(“N”)XIU aly @ +a2, @2 +a3, ¥ +ad, >¢4J|

(38b)

where

m = attenuation coefficient for gamma (m,) or neutron (m,) radiation (m™)
r = radial distance from source (m)

al..ad = coefficients for gamma or neutron radiation.

Option 1 may be used for all transportation modes, although Option 2 is preferred for rail-
mode cal culations (see below).

3.4.2 Option 2. Annular-Area Method

In this option, dose is calculated for apopulation density within an annular area. This
aternativeis preferred for railyards and similar situations (Ostmeyer, 1986a). Many rail
stops occur in railyards, and the vast mgjority of total train stop time occursin railyards. In
Option 2, the population in and near arailyard is modeled as a uniformly distributed
population around the rail shipment; dose is then integrated over this population. Dosesto
railyard personnel who are involved in the inspection and maintenance of railcars(i.e.,
persons who are exposed at short distances from the shipment) are dealt with separately.
Data devel oped by Griego, Smith and Neuhauser (1996) also alow Option 2 to be applied
to truck stops.

Thefirst step in calculation of stop dose with Option 2 involves integration over an annular
areafrom radial distance x,,,, to some radial distance x, . while accounting for buildup and
attenuation. These values will be used to modify the initial source strength (DR,). Thisterm
(IRy) isevaluated for gamma (S = G) and neutron (S = N) radiation as follows:

€a, a ® e a
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where
= attenuation coefficients for gamma (S = G) or neutron (S= N) radiation in

ar (m‘l)

a..a = curvefitti ng coefficients (see Equations 17 and 18) for gamma (S= G) or
neutron (

X = radial distance from source to receptor (m)

E1l = SLATEC routine that computes the single precision exponential integral

for positive, single precision argument (myx).

The second step is to subtract the evaluation of the integral at X, from the evaluation of the

integral at X, where max and min are the maximum and minimum radii, respectively, of the
annular area. Thisisaccomplished asfollows:
Cs :{us 1 0; [IRS(min)- IRS(max)] orug =0;In gﬂg— In(max) In(mln)

Ng
(40)
where
Cs = source-strength modifier over defined interval
m = attenuation coefficient for gamma (m,) or neutron (m,) radiation (m™)
IRy = value from Equation 39
min = X, = minimum value of radial distance from source (inner radius of
annulus) (m)
max = Xmax = Maximum value of radial distance from source (outer radius of
annulus) (m)

When the values C; and C, are used in place of TR and TR, from Equation 38, the Option
2 stop-dose equation results, asis shown:

=21 5Q, %, XOR, ®Dy T, XNSH, SF, AFG(C )+ FN(Cy )]

stop

(41)

where
Q, units conversion factor = 1.0E-03 rem/mrem
Ko, point-source shape factor for vehicle v (m?)

DR, = vehicle doserate at 1 m from surface (mremvhr)

PD, = population density of annular area at stop (persons’km?)
Ty = duration of stop (hr)

NSH, = number of shipments by vehiclev

SFy, = shielding factor at stop

FG = fraction of DR, that is gamma radiation

FN = fraction of DR, that is neutron radiation.

Evaluation for aline source isidentical to that shown in Equation 41 except that the line-
source shape factor kg issubstituted for the point-source shape factor.

3.4.3 Useof Stop Model to Estimate Storage-Related Dose

Unlike its predecessors, RADTRAN 5 does not contain a separate mathematical model for
storage dose. A period of storage that may occur during the course of transportationisin
fact smply aprolonged stop. Either of the two stop-dose models described above (Sections
3.4.1 and 3.4.2) may be used to estimate dose to storage warehouse personnel. With each
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option, ashielding factor may be entered to account for shielding by other packagesin
storage in the same warehouse, and by other barriers, if any. No value can be recommended
for the shielding factor. The user may estimate a value from location and shipment specific
data, if available; otherwise, the shielding factor may be set to 1.0 (no shielding).

3.5 DosetoWorkers

3.5.1 Doseto Crew Members—Highway and Air M odes

This section considers only crew members on conveyances while the shipment is en route.
Other transportation workers, such as handlers and inspectors, are considered in the
following sections. Since crewmembers remain stationary with respect to the package(s) on
avehicleduring al or most of atrip, the dose calculation issmilar to that for a stop.
However, the position of crewmembers with respect to a package may dictate that a different
characteristic package dimension should be used. Thisisthe case, for example, with truck
trangportation of spent fuel; the package dimension most appropriate for calculation of crew
doseis cask diameter rather than cask length.

The calculation of dose to crewmembersis analogous to that given in Section 3.4. The
surface of the package or “vehicle” (e.g., end of semi-trailer) nearest to the crew areais
modeled as a point source with the following situation-specific attributes:
Ko eng» CAlCUlated for characteristic dimension, d
source-to-worker distance, r

Y “end”

shielding factor to account for shielded crew compartments.

e,end’

Thus,

k
Doy = QXM >OR,, XNSH,, N >Vi><D|sTL CSF, {FG, TR, J+ EN, <R,

crew — crew
Tend L

(42)
where
Dyew = integrated dose to crew (person-rem)
1 = units conversion factor (2.8E+10 rem-m-hr/mrem-km-sec)
Koera = “crew-view” point-source package shape factor for d, 4, whered, en isthe
characteristic dimension of the package surface nearest to the crew (m?)
Mg source-to-worker distance (m)
DR, = vehicle doserate a 1 m from surface (mrem/hr)
NSH = number of shipments
Nyew = number of crew members
\A = average velocity onlink L
DIST, = distance traveled on link L
CSF, = crew shielding factor for vehiclev
FG, = fraction of vehicle dose rate from gamma radiation
FN, = fraction of vehicle dose rate from neutron radiation
TR,, = dose-distance relationship factor for gammaradiation
TRy, = dose-distance rel ationship factor for neutron radiation.
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3.5.2 DosetoWorkers—Rail Mode

In-Transit Doses that are not Explicitly Modeled

RADTRAN 5 does not contain an explicit model for calculating dose to the operating crew

of atrain whilein transit because of:

1. Themassive amount of shielding provided by engines,

2. Theshielding provided by the intervening buffer cars required by regulation, and

3. Therdatively large separation distances between aRAM-carrying railcar and the engine
crew.

Analysts with a need to examine such doses may treat the crew as persons at a stop with the

stop time set equal to thetimein transit of the train and the distance set equal to the crew-to-

railcar distance. Accounting for shielding, perhaps by hand calculation, is necessary,

however, to generate aredlistic dose estimate.

Doses to Workersin Rail Yards

Doses are estimated for rail workerswho arein close proximity to the casks during
inspection and classification of carsat rail yards (Ostmeyer, 1986a). Two cases are
discussed: genera freight and dedicated train shipment of radioactive material.

Because thisdose is estimated for an inspector, classifier or other worker who is close to the
railcars, which are large with respect to the worker, line-source geometry applies. The dose
received by aworker for each classification and/or inspection operation is given by

Drailworker = Ql ku@Rv ><NSHV >{(FGV >d:QG )+ (FNV R N )J
(43)
where
D siiworker = rail worker dose (person-rem)
1 = units conversion factor (2.8E+10 rem-m-hr/mrem-km-sec)
k¢ = line-source rail-car shape factor (m)
DR, = doserateat 1 mof rail car v (mrem/hr)
NSH, = number of shipments by rail car v
FG = fraction of rail-car dose rate from gamma radiation
FN = fraction of rail-car dose rate from neutron radiation
and
R.= §TRs30 01+ TRs40 X5 + TRs50 X3+ TRs 70 X4 + TRsg0 X5 + TRs 90 X6 + TR 200 *7; if general freightii
s~ 1

TR 50 Mg + TRy 40 Mg + TRy g0 X0 + TR 4 0y, :if dedicated train b
where Sis G (gamma) or N (neutron) and b, is an exposure factor (person-hr/m).

Vauesof b, are calculated from data given in Wooden (1986) (see Appendix B). Thetotal
dose to workers during classification and inspection in rail yards (D, ) is given by

I:)CL = Drailworker XNCL
(44)
where
D it worker— doseto rail worker per classification or inspection from Equation 43
N = number of classifications or inspections per trip
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The total number of classifications per trip (NCL) is determined as follows

all links

NCL=DIC+ g (DDC>DIST,)

(45)
where
DIC = the number of distance-independent classifications per trip
DDC = the number of distance-dependent classifications per km
DIST, = length of link (km)

DIC represents the inspections that occur regardless of total trip distance. That number is
determined by railroad company practices and is usually equal to two — one at the beginning
and one at the end of each trip (Wooden, 1986). Federal regulations (49 CFR) require that
rallcars carrying hazardous materid, including radioactive materid, be inspected at
interchanges. The number of interchanges per link is dependent on the length of the link
(DIST,). Therecommended value for DIC is 2; the recommended vaue for DDC is
derived from Ostmeyer (1986) and is 0.0018 inspections per km.

3.5.3 Doseto Cargo Inspectorson Waterborne Vessels

Asintherall case, crewmembers aboard waterborne vessels are shielded by ship structures
and generally are separated from the source locations (usualy ship holds) by large
distances. Therefore, no general crew doseis calculated in RADTRAN 5 for these modes
of transport. However, periodic inspections of the packages are required. Since radioactive
material must be physically separated from other types of cargo, the vehicle subscript (v)
appliesto acargo hold of aship or adeck stowage area of a barge rather than to the entire
vessal. Theinspector is modeled as being an average of 2 m away from the package or
package array during the inspection, which requires the package or package array to be
treated as aline source for al but very small packages. Sincethe latter are seldom, if ever,
shipped by waterborne modes, the following relationship appliesto all cases.

1person 4 min 1 ~05 person - min
day 2m m - day
(46)

The integrated dose to cargo inspectors aboard waterborne vesselsis given on a per-cargo-
hold basis by

Dragomtr = 0.53Qs g LTI oGS flFG, TR )+ (BN, TR )]
(47)

where

05 = value from Equation 46 (person-min/m-day)

Q: = units conversion factor = 2.0E-07 m-hr-day/km-sec-min
Kfeng = “crew-view” line-source shape factor (m)

DR, = cargo-hold doserate at 1 m from surface (mrem/hr)
DIST, = distance traveled on link L (km)

NSH, = number of shipments by conveyance v (cargo-hold)

\A = average velocity on link L (m/sec)
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CSF, = crew shielding factor for cargo hold v

FG, = fraction of cargo-hold dose rate from gamma radiation

FN, = fraction of cargo-hold dose rate from neutron radiation

TR,, = dose-distance relationship factor at 2 m for gammaradiation
TRy, = dose-distance relationship factor at 2 m for neutron radiation.

The choice of shape factor deserves discussion. Equation 47 uses k¢ .. , aline-source

package shape factor, which is cal culated with a characteristic package dimension
appropriate to the “view” of aworker. The latter can vary from being equal to that for
persons farther from the shipment (for a cubical or spherical package) to being less than
one-haf of the dimension used to develop ak, for the general public (for along cylindrical
package such as a spent-fuel cask). The actual view(s) presented to a ship-hold inspector
depends on package shape, ship size, and stowage practices. The user is cautioned to
carefully select an “inspector-view” package dimension when entering datafor a
RADTRAN analysis of transportation by water mode. In most cases the crew-shielding
factor (CSF) will be 1.0, but the user has the option of atering the parameter in cases where
inspectors are partially shielded by intervening structures (e.g., a cask inside a steel
transportainer).

3.5.4 Doseto Flight Attendants— Passenger Air Mode

The following equations are used to formulate dose to flight attendants under normal
conditions of transport. The flight-attendant dose should be added to the crew dose (pilot,
co-pilot and/or navigator) to givetotal occupational dose for passenger-air mode. The
formulation of the dose to flight attendantsis based in part on empirical data developed by
Barker et a. (1974). In Barker’sanaysis, an empirical value of 3E-05 rem/hr/TI for flight
attendants was derived (where Barker’ sterm, Tl, is synonymous with DR, as used here).
Thus, the integrated dose formulation becomes

Dair :Q3 >4(p >ORV foIatt ><NSHV &
L

(48)
where
D, = integrated population dose to flight attendants (person-rem)
Q, = units conversion factor = 0.28 m-hr/km-sec
k = empirical dose-rate conversion factor (3£-05 rem/hr/DR))
DDRV = doserate at 1 m from shipment surface in cargo hold of aircraft (mrem/hr)
Niwr = number flight attendants on board

, = number of shipments by aircraft v
DIST, = distance traveled on link L (km)
V, = average velocity on link L (m/sec)

355 DosetoHandlers

Packages are handled during transportation primarily at intermodal transfers and during
tripsinvolving multiple ddliveries (e.g., avan carrying many small packages of
radiopharmaceuticals from a centra distribution point to several hospitalsin acity).
Handling is defined to include all operations concerned with the following:

transfer from one mode to another;

transfer from the originator’ s shipping dock or other facility to the first conveyance;
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transfer from the final conveyance to the destination shipping dock or other facility.

To evaluate dose to package handlers, packages are divided into two groups according to
their size and the equipment necessary to move them. The two basic types are:

small packages that are readily manipulated by asingle person;

all other packages (intermediate to large sizes).

To discern which type should be indicated, the input value for package size, d,, is compared
with a package-threshold vaue (SMALLPKG) If SMALLPKG isnot exceeded then the
packageis of thefirst type; if SMALLPKG is exceeded, then the package is of the second
type. The recommended value for SMALLPKG is0.5m. Although itisunlikely that this
value will need to be atered, the user may do so.

Small Packages (d, _ SMALLPKG)

Shapiro (1977) concludes that the average dose received by workers handling small
packages of radioactive materia is 2.5E-04 rem/handling/TI (where Shapiro’'s Tl isthe
same as DR)). The absorbed dose per handling to handlers of small packagesis given by:

Dyjsman = Ky XOR ; XPPS>XNSH,, XI.(FGp XTRGq,, ) Q:Np XTR\ 4,4 J
(49)
where
Digral = integrated dose to handlers of small packages (person-rem)
K, = handling-to-dose conversion factor for small packages = 2.5E-04
rem/handling/DR,
= package dose rate at 1 m from surface (mrem/hr)
PPS = number of packages per shipment
NSH, = number of shipments by vehiclev
FG, = fraction of cargo-hold dose rate from gamma radiation
FN, = fraction of cargo-hold dose rate from neutron radiation
TR,y = dose-distance relationship factor at distance d for gamma radiation
TRy = dose-distance relationship factor at distance d for neutron radiation
d, = average package-to-handler distance (m).

Point-Source for Intermediate- and Large-Sized Packages (d, > SMALLPKG)

This calculation is used when the package-to-handler distance is greater than 2 timesthe
characteristic package dimension. Handling of intermediate-sized packages such as 55-gd
drums or large crates may require heavy equipment such as fork lifts or power assists and
several people working smultaneoudly. The package is modeled as being stationary with
respect to the handler(s). Thissituation issimilar to the stop-dose calculation in that a
certain number of persons are modeled as being at afixed distance from the package for a
certain period of time:

Q4 %o DR, XPPS

D, = z XT,, xPPH XNSHV><[(FGVXTRG’dH)+@NV><TRN’dHX

(50)

where

D, = integrated dose to handlers of medium and large packages (person-rem)
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Q, = units conversion factor = 1.0E-03 rem/mrem

K, = point-source shape factor (m?)

DR, = package doserate at 1 m from package surface (mrem/hr)

T, = average exposure time of handlers (hr)

PPS - number of packages per shipment

d, = average package-to-handler distance (m)

NSH, = number of shipments of vehiclev

FG, = fraction of cargo-hold dose rate from gamma radiation

FN, = fraction of cargo-hold dose rate from neutron radiation

TRy = dose-distance relationship factor at distance d,, for gamma radiation
TRy = dose-distance relationship factor at distance d,, for neutron radiation.

Line-Source Calculation for Intermediate- and Large-Sized Packages (d, >
SMALLPKG)

This calculation is used when the package-to-handler distanceis lessthan twice the
characteristic package dimension. When radiological inspection, the attachment/detachment
of rigging equipment, etc. require inspectors and/or handlers to closely approach the
package, a point-source geometry isinappropriate. Line-source geometry is used instead
(Weiner and Neuhauser, 1992). Thus,

k§>DR , XPPS
DHIine = Q4 #

(51)

XT,, XPPH XNSH,, ><EGv <R )* En, <R N,dH)]
H Uy

where al parameters are the same asin Equation 50 except that k,, is replaced by k¢ and the
denominator is d,, rather than d .
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4 ATMOSPHERIC DISPERSION

An accident involving a shipment of radioactive material does not pose a hazard beyond the
immediate vicinity of the accident unless material is released from the package(s) in a
dispersible form. Atmospheric dispersion of aerosols and gases (dispersible forms) is
modeled in RADTRAN 5. Principles of atmospheric dispersion are summarized in this
chapter. Consequences of dispersal are evaluated in Chapter 5.

4.1 Basic Principles of Atmospheric Dispersion

Materials released into the air in particul ate or gaseous form at the scene of an accident are
dispersed as they are transported downwind, and diffuse vertically and lateraly (crosswind)
according to the degree of turbulence in the atmosphere. Although other representations are
possible, most commonly used mathematical representations of atmospheric dispersion are
based on a Gaussian plume model, developed by Pasquill (1961), in which gases or particles
released into the atmosphere and dispersed exhibi