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ABSTRACT

Initially a review of methods used to model and assess
conseguences resulting from releases of radioactive fission
products to the atmosphere is undertaken. Particular reference
is made to a form of the CEGB code WEERIE (4,41). After appropri-
ate modifications this code was the basis of dose predictions in
this work. One aspect which has been significantly improved is
the modelling of the depletion of airborne material. This
improvement produced more realistic predictions of ground contami-
nation which has led to the implementation of routines to estimate
external exposures from this deposited activity. A range of
notional MAGNOX and AGR accidents have been used to successfully
demonstrate the improved abilities of these models. The recom-
mendations of ICRP-26(3) are also considered in the discussion
of these results. Properties of these notional releases have
been studied in an attempt to identify diagnostic quantities

which could be measured by emergency monitoring procedures.

Also included is a discussion of the accuracy of collective
quantities calculated using various forms of 1971 UK census data,
The range of notional AGR releases has been used to assess
collective doses and associated risks for a real population distri-
bution about a site. Further examples of collective quantities
at sites in the UK are discussed in relation to site assessment.
The concept of a 'worst sector' as a critical population group at
any given site is discussed. A method to model evacuation has
been developed and a simple example is given with the associated

reduction in collective doses.

This work was supported by the NII but its results do not

necessarily reflect the views of the NII.
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PREFACE

Early in the study of ionising radiations deleterious effects
on the health of individuals were noticed. As the twentieth
century progressed larger groups of people were exposed when
radioactive materials and X-ray devices became more widely used
medically and commercially. The concern generated by the charac-
teristic effects on human beings due to excessive exposure to
ionising radiation resulted in the foundation, in 1928, of the

International Commission on Radiological Protection (ICRP).

A few years later the discovery of the neutron added a new
source of radiation which proved to be the starting point for a
large technology based on power produced by nuclear fission. The
use of nuclear weapons on the two Japanese cities in 1945 and the
continuing effects on the survivors made the understanding and
control of radiations a more active field of study. During the
1950's the first steps were taken to the establishment of nuclear
fuelled power generating plant. At the same time greater emphasis
was placed on radiological safety for all practices involving the
emission of ionising radiations, as reflected by an upsurge in the

relevant literature, for example the publications of the ICRP.

The commercial use of nuclear energy to generate electricity
has engendered the greatest concern among the general- public in
recent years (Flowers, 1976 (1)), Initially remote sites were
used for reactors, but this imposes penalties in transmitting the
electrical power as well as affecting construction and operational
costs. As confidence in the safety standards applied to the design
and operation of these systems has increased more densely populated
sites have been accepted. In the UK the number of economically
feaéible remote sites is very limited so that the large scale
development of nuclear power reactors necessitated the production
of reactor types and associated siting criteria which permitted
construction in quite close proximity to selected population
centres, The accident in 1957 at the Windscale plutonium
producing reactor resulted in a greater understanding of the
problems to be dealt with at a site after an unplanned release has
occurred in a gas cooled graphite moderated reactor. Equally
important were the implications for reactor design, licensing and

monitoring.



2

Controlled releases can be planned to minimise the risk to
the surrounding population resulting from low level doses.
Accidental releases could expose any or all areas about a site to
doses arising from the plume and associated contamination of the
ground. The collective dose commitments, the expected casualties
(both early and latent) and the economic damage depend on the
particular population about the site for the given nature and
duration of a release and the local weather characteristics at that
time. The Windscale incident confirmed the critical isotope for
that particular reactor type as iodine-131, which has an affinity
to 'the thyroid. Inhalation doses to the thyroid from this isotope
formed the basis of subsequent UK siting criteria, where applica-
tion of fhese limits necessitated estimates of nominal '"risk"
distributions associated with a particular reactor location (Gronow
and Gausden, 1973 (2)). Future development plans were also taken
into account during the selection and continuing inspection of a

site,

Different reactor fuels and different accident sequences, as
well as new reactor types, can affect the potential dose patterns
about an installation sustaining damage, Computerised methods
have been developed over the past two decades to cope with the
large number of radiocactive isotopes in a reactor and all the para-
meters describing an accidental release and subsequent dispersal
in the environment., This has led to a wide range of experience
in predicting consequences of activity in the atmospheré which can
be incorporated in siting criteria and assessments which reflect
many of the récent advances in this field of study. Probablistic
representations of consequences from any accident can now be
calculated and provide a method of more fully éssessing risks

from practices using radioactive materials.

Recently the ICRP has re-emphasised that risks from radiation
in the nuclear energy industry should be minimised, but recognizing
that some level of risk is accepted by the public and workers for
any industry. Recommended maximum occupational and non-occupational
exposure levels resulting from all stages in the nuclear fuel
cycle have been published (ICRP 26, 1977 (3)). Radiological safety
measures should ensure that these requirements are met and protec-
tive systems devised to ameliorate any extreme conditions. Parti-
cular practices may have different residual levels of risk, where
the design of safeguards to achieve this low level of risk should

be arrived at after a full assessment which might include a cost-



benefit optimization study if this is feasible.

The current work on predicting hazards within, say at most,
100 km of a site is based upon a modified form of the CEGB code
WEERIE (Clarke 1974 (4)), which predicts releases from modelled
reactor systems and the resulting doses after escape to and
dispersion in the atmosphere. The only form of plume depletion
used in the original code was a simple modelling of the effects
of dry deposition, using one overall deposition velocity. As
ground contamination is an important consequence of depositing
activity released to the atmosphere, the appropriate sections of
WEERIE have been improved and modified where practicable,
Routines to estimate external gamma and beta exposurés from the
ground contamination have been developed to utilise the improve-
ments, Also wet deposition processes and further modification to
the atmospheric dispersion calculations can be made, The
resulting ability to produce a wider range of dose and exposure
estimates is finally applied to assessing the risks associated
with particular nuclear reactor sites in the UK, using 1971 census

data stored in a computer.

After a general survey of these topics in Chapter 1, the
developments made in the methods employed in the computer code
WEERIE are described in the next two chapters. The methods and
expected uncertainties in the use of various forms of population
census data are discussed in the fourth chapter. Results of
applying the modified code to four notional AGR accidents are
described in Chapter 5, while the methods for use in site assess-
ment schemes are discussed with examples in the subsequent chapter,.
Finally the results of this work are summarised and suggestions

for future studies are made.



CHAPTEHR ONE

Survey of methods to estimate radiological hazards from activity

released to the atmosphere

Section 1.1 Aims of codes which assess the interactions of

nuclear power installations with the environment

Many codes have been developed throughout the industrialised
world to assess the diverse nature of the interactions of nuclear
power installations with the environment. The primary sections
of these codes can be categorised under the topics: terrestial
and aquatic environmental transport; external and internal

dosimetry and human dietary and behavioural factors.

The source term for activity entering the environment is
another critical parameter, where a division can be made between
routine and accidental releases., Exact values should be available
for past routine releases so that a check can be made on any
predicted doses to the surrounding population groups. These
results can also be used as a guide to controlling future planned
releases, Very few accidents have occurred in nuclear power
installations which have led to the escape of activity from the
site, so that most studies of these unplanned releases rely on
the results of theoretical models describing a damaged reactor and

properties of radioactive materials under these conditions.

Some codes only deal with one section of the complete history
of activity, from the fission process to delivering a dose, and
rely on input data from other codes. These can act as data gene-
rators for later stages in the overall calculations, or produce
a standard set of values, such as the dose to an organ or tissue
per unit inhaled activity of a given radionuclide.. A categori-
sation of 83 codes has been made in this form (Hoffman et al,,
1977 (5)), where the quoted references also indicate the necessity
of computerised methods in these assessments, This reflects the
wide range of data needed at all stages of calculation in the
codes which model the pathways of activity which lead to a dose
or exposure., The radioactivity considered is primarily due to
fission products, but contributions from heavy elements and
activation products can also be considered in some codes (Kelly et
al, 1977 (6)).
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The scope of an inventory in a code can be designed to be
flexible, so as to cope with many different sources of activity.
To use this type of code experience must be gained in the
appropriate fields so that the best available data is gathered.
An alternative approach can be used where a code contains fixed
libraries which cover a wide range of conditions, so a user
identifies the critical sub-set of results in any given case.
Similar options can be made available in environmental +transport
and dosimetry models., More basic choices, such as estimating
routine or accidental releases, are usually made before a code
is developed. Many important aspects of routine releases are
beyond the scope of models dealing with potential accidents,
where the short time scale of the latter is a major consideration

in identifying the likely critical dose pathway.

The calculational methods used in any particular code can be
related to steady state conditions, for continuous releases, or
transitory concentrations as occurs in most accidents, Restric-
tions can be imposed on these models due to limitations of a
computer system and support given to any particular research topic,
In some circumstances this can mean that simple models can be
preferred to more realistic but time—consumiﬁg schemes, provided
the results are reasonably accurate, Another factor which is
becoming more important is the confidence attached to particular
assessment procedures((1), EPA review of WASH 1400 1976 (7),

ICRP 29, 1979 (8)). Detailed criticism of codes by external bodies
may be a method by which confidence can be demonstrated, rather
than an internal assessment of accuracy, but this necessitates

an expansion of published information,

The basis for deriving dose and exposure estimates in this
work is the environmental assessment code WEERIE (Clarke 1973 (4)),
originally developed by the CEGB to calculate airborne hazards
from released fission products. A review of the models in this

code is given in the next section.

Section 1.2 Review of WEERIE models

In the UK the CEGB and SSEB operate gas cooled graphite mode-
ratéd nuclear power reactors (GCR's such as MAGNOX and AGR). The
critical dose pathway for this category of reactor may be expected
to be from airborne radiocactivity. This led to the development
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of WEERIE in a form primarily for assessing doses and exposures
resulting from the plume of material in the atmosphere. 1In the
USA, where practically only types of light water reactors (LWR's)
are used, much effort has been put into developing codes to
assess waterborne operational doses as well as potential atmos-
pheric releases, reflecting some of the inherent differences
between GCR's and LWR's. ((5), UNSCEAR 1977 (9)).

Two important aspects of the original version of WEERIE
were the definition of source activity and atmospheric dispersion.
Depletion of the plume by the creation of ground contamination
was not considered in great detail. The evaluation of potential
inhalation doses relied on a fixed library of past results from
more specialised routines. These points are discussed in detail
below.

Section 1.2.1 The source of activity in the atmosphere

When fissionable fuel is irradiated in a reactor core the
by-products of the energy liberating mechanism are fission fragments
which can be the major potential hazard from thermal reactors.
Hazardous activation and corrosion products may also be generated
in thefmal reactors. Actinides and other heavy elements in
irradiated highly enriched fast reactor fuel can pose potential
risks. Routines have been developed to predict the accumulation of

activity in a reactor.

For environmental analysis the accuracy required in estimating
this core inventory is not as strict as for reactor physics
studies. At the time WEERIE was developed the routine FISP, based
on analytical formulae (Clarke 1972 (10)), was used to derive the
activities of the major isotopes using burn-up and fuel rating
data, Approximations had to be made for the fission yields produced
by neutrons of a wide range of energies interacting with many
fissionable isotopes. Time dependent fluxes could be used and.
allowances made for the hardening of the neutron spectrum with
increasing burn-up. Although decay by neutron capture is modelled
in FISP the production of radioisotopes by this pathway was not
included in the basic library, where stable isotopes important in
this effect were not dealt with by this early routine. The long
lived iodine isotope I129 was not included in the original fission

product library, as it was considered not to be of immediate



radiological significance in accident assessments. Some of

these points are dealt with in Chapter five where reference is
made to more modern routines, such as RICE (Nair, 1977 (11)),
which can be used so that time dependent heavy element activities
and corresponding fission products are calculated within one
routine rather than separately as was necessary in previous work
(Fitzpatrick 1974 (12)).

Once the core inventory has been estimated, after irradiation
and possible cooling periods, the WEERIE code models the escape
of this activity to the atmosphere. One problem with the analyt-
ical formulae used is that they become very complex by the end of
a decay chain of six isotopes (Clarke 1973 (13)), and the effects
of the finite length of numbers in a digital computer may become
important. This model allows for varying rates of involvement
of activity from the fuel, where a special case is made for bare
fuel pins with ruptured c¢ladding in an operating reactor. 1In
the coolant circuit plate-out and subsequent resuspension of
daughter products, after the parent has decayed, is modelled. One
overall leakage rate is assumed from the containment system to
the atmosphere, where any release can be diminished by appropriate
filtration factors. Resuspension after decay of material trapped
in the filters is assumed to occur by direct leakage to the atmos-
phere., This may not be valid in general for a wide range of
isotopes which do not normally penetrate filters, as these would
still have a finite distance to travel through the filters from

the position where they were formed.

The leakage rate (i) to the atmosphere was described origi-
nally as that from the coolant circuit. Alternatively this rate
could be associated with two containments in series, say the
coolant circuit (Al) and an outer containment (12), giving an
overall leakage rate, (1.1) 2 ¥ = Al.A2/(Al+A2). If the second
containment is effectively open to the atmosphere the ratio
12/(A2+A1) tends to unity and equation 1.1 reduces to the
original case. In this second interpretation the filtration
factors could represent the amount of material expected to be
stopped by the combination of containments, besides the effects

of plate-out in the coolant circuit,
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A series of notional AGR accidents are described in Chapter
five where some examples of the use of this model for prediction

of released activity are given.

Section 1.2.2 Dispersion in the Atmosphere

A simple Gaussian plume model for flat terrain, is used in
WEERIE where the six Pasquill stability categories (A to F) are
used in conjunction with a set of standard deviations derived from
experimental results by Hillsmeier and Gifford (1962 (14) quoted
in (13)). In such a model wind shear effects, due to the differ-
ences between the geostrophic and ground level wind velocities, are
neglected, although these may be significant after material has
dispersed throughout the atmospheric boundary layer. Also the
effects of longitudinal spread of the plume are neglected as
WEERIE deals with time integrated quantities such as inhalation
dose commitments, external cloud exposures and ground contamination,

A further assumption is that the vertical profile of a plume 1is

unaffected by ground deposition under any conditions.

The original estimates derived from Pasquill's work (1961 (15))
relied on the assumption that the visible edge of a plume of
smoke corresponded to the 10% concentration limits of that plume.
This scheme for estimating air concentrations at the ground for a
ground level release, using the height and width of the plume, was
expected to be accurate to within a factor of two for the

following cases;

i. All stabilities, except extremes, for distances of
travel of a few hundred metres in open country,
ii, Neutral to moderately unstable conditions, for
distances of a few kilometres,
iji, Unstable conditions in the layer up to the first
kilometre above ground with a marked inversion after-

wards, for distances of travel of 10 km or more.

This assumes that a well defined wind direction occurs during
each measurement period, and that the surface is not very rough
(say z, = 10 cms.). Inaccuracies of a greater extent can be
expected in extreme conditions, such as stable low windspeed

weather.

Most sets of gaussian dispersion parameters are derived from
experiments at one site and a given height of release, Usually

the implicit conditions imposed by the local terrain and source



height have to be met before an accuracy to within a factor of
two can be expected. The averaging time for predictions can affect
the expected accuracy, where longer time scales can be associated

with smaller errors (Fryer and Kaiser, 1978 (16)).

The use of an empirical or semi-empirical gaussian model can
allow predictions of ground level air concentrations of a
reasonable degree of confidence under appropriate conditions,
although the effects of wind-shear with height are normally
neglected, No other simple model has obtained such acceptance as
this gaussian scheme (Kaiser et al. 1976 (17)), Martin et al
(1974) (18), Stallmann and Kamm 1973 (19)), where theoretical
interpolations and extrapolations can also be made to predict the
dispersion parameters required for a particular application
(Smith 1973 (20)), allowing for ground roughness, insolation,
sampling time, etc. This Gaussian plume method is limited to
downwind ranges of less than about 100 km, while other systems
have to be used for longer ranges. (ApSimon and Goddard 1977 (21),
Maul 1977 (22), Scriven and Fisher 1975 (23)).

Section 1.2,3 Depletion Processes

As the primary aim of the original code WEERIE was to estimate
air concentrations and associated doses the depletion model used
was crude and acted as a process which couid decrease cloud
dosages rather than attempting to estimate ground contamination

with an equal certainty.

The Gaussian dispersion model enables a source depletion model
to be used, as described in Chapter two. Only one overall dry
deposition velocity could be applied in the original depletion
model, although the suggestion was made that wash-out could be
included. This single overall dry deposition velocity cannot
represent the properties of all isotopes in a mixed fission
product release, particularly in the radiologically significant
decay chains involving Te-I-Xe-Cs where physical and chemical
properties change rapidly. Two examples of deposition properties

for inert gas and halogen elements are described below.

The long lived radioactive inert gas krypton—85(t%=10.6 years)
could become a significant waste product from the nuclear power
industry. It has been recommended that the Windscale reprocessing
plant has a facility to retain this isotope (Parker 1978 (25)).
This gas is expected to suffer negligible depletion due to wash-out
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or deposition through adsorption on aerosols, although it may
deposit quite rapidly into a perfect Sink at the ground before

an equilibrium is produced between the ground and air concentrations
(Tadmor 1973 (26)). The saturation of the soil by stable krypton
can diminish the ground contamination, where the exchange process
can effectively remove any radioactive krypton after the passage

of the plume, This means that the net contamination of the

ground by Kr-85 due to an accidental release may be negligible, but
this may not be the case for longterm operational releases which
build up a steady background level of this isotope in the atmos-
phere (Machta et al 1974 (27)). The isotope is expected to

deliver external exposures and only insignificant inhalation doses

(9).

Experiments have shown that elemental iodine deposits rapidly
on vegetation, although organic forms are less readily assimilated
and are associated with lower deposition velocities. Plant
physiology is such that this iodine is transferred to the soil,
giving an effective half-life for radioactive iodine-131 in
vegetation of five days. The rate of transfer to the air from the
soil is much slower so iodine-131 effectively decays with its
intrinsic half-1life of eight days once in the soil (Bolin, 1959
(28)). This transfer to the atmosphere from the soil means that
there is negligible net deposition by stable iodine from the air
to the soil. This behaviour can be further complicated by elemental

iodine becoming associated with aerosols.

A detailed review of the results of the initial deposition
process is undertaken in Chapter two with the intention of improving
predictions of initial ground contamination. This should provide
a more accurate description of the source terms for estimates of
external exposures from deposited materials and crude assessments
of potential food chains doses (8), where neither of these dose

pathways are considered in the original version of the code WEERIE,

Section 1.2.4 Dose evaluation

Inhalation dose commitments are calculated in WEERIE for ten
adult organs using a fixed set of dose commitments per curie
inhaled for each fission product. The recommendations of ICRP 2
(1959 (29)) and the Task Group on Lung Dynamics (1966 (30)) were
used in the origiﬁal program SAURON (Clarke and Utting 1970 (31))
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devised to evaluate these factors. One overall breathing rate
is applied in this code where it is recommended that an average

adult value is chosen.

Among the assumptions used to derive these dose factors are
that all isotopes were considered insoluble when assessing the
dose commitments to the lung and the four compartments of the
gastro-intestinal tract, but for the bone, kidney, liver, thyroid
and total body (i.e. all other organs and tissues not assessed
separately) all isotopes were assumed to be soluble, This
inconsistency will probably overestimate doses to individual
organs, although no account is taken of radiation escaping from
one organ which could deliver doses in other organs. Also
different types of releases, which could be expected to have
dissimilar physical and chemical properties, are given the same
characteristics for delivering internal doses. This restricts the
accuracy expected of the dose prédiction model in different
applications of WEERIE, Further details of these dose factors are
discussed, and compared to other sets of values, at the start of
Chapter five before estimates of dose commitments from a range

of notional AGR releases are described.

One limitation of this set of dose factors is that
differences due to age have not been made explicitly, although
some account of this factor has been taken in deriving siting
criteria (see review Shaw and Palabrica 1974 (32)). This may not
be a serious deficiency given the comments in ICRP-26 on esti-
mating risks from low doses of LET radiation. Hereditary effects
cannot be assessed readily from the results of this code, as “
doses to reproductive organs are not given separately, only
included in gross values for the "total body" but pessimistic
assumptions can be made. This imposes restrictions on the detail
in which consequences can be evaluated later in this study,
although doses leading to somatic effects should be adequately

covered,

Cloud beta doses and cloud gamma exposures are also calcu-
lated in WEERIE. The cloud beta dose is based on the infinite
cloud approximation that all the energy absorbed in a given
volume is equal to the amount of energy liberated in that volume.
A similar assumption can be made to estimate gross gamma exposures
but due to the penetrating nature of gamma rays this may not be
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an adequate representation of a finite plume, Hence a numerical
estimation procedure was included to cope with this effect. This
routine also improved estimates of cloud gamma exXposures outside
the 10% plume limits, such as at large crosswind distances and
below an elevated feleaseﬂ In later chapters some comparisons
are made between these two cloud gamma estimates for plumes of

mixed fission products.

The infinite medium build-up factor method used in the
numerical estimate should represent the total gamma exposure
reasonably well but cannot give the true spectrum of the photon
flux at any given receptor. The true spectrum at a dose point
from a monoenergetic source of photons would display the effects
of compton scattering, photoelectric absorption and at higher
energies pair production, bremstrhalung and other effects. This
affects the detailed distribution of doses within a body, as
modelled by a standard phantom in combination with a better descrip-
tion of photon transport processes. Even so simple and compli-
cated methods can give gross estimates which may be quite close
(Goddard et al 1979 (33)). No effects of any scattering and
absorption properties of the ground are allowed for in these
WEERIE routines estimating external doses and exposures from a

cloud.

External exposure rates were not calculated from any ground
contamination predicted by the original models in WEERIE, It was
intended that this deficiency would be rectified in this work,
once a routine was developed which could more realisticaliy
represent depletion processes., The methods for estimating these
external exposures are described in Chapter three, Appendix A and B
while some applications to notional reactor accidents are given

in Chapter five.

Section 1.3 Application of results from WEERIE

The quantities estimated by WEERIE for a given release of .
fission products can be used in assessment of individual and
collective doses, as well as aiding the development of emergency

monitoring procedures.

Section 1,3,1 Dose assessments and repercussions on reactor sites
The doses calculated by WEERIE are intended to be estimates
of individual doses, so can be directly compared to statutory limits
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(e.g. adopted ICRP recommendations) and relevant Emergency
Reference Levels (ERL's) (MRC 1975 (34)).

These eXercises can give the expected dose patterns for
each type of potential release from a nuclear reactor under
different weather conditions. The effects of detailed safety
measures can be assessed from these results and subsequently
decisions may be taken to review specific design targets (Bell
1977 (35), Macdonald et al 1977 (36)). The activity which is
allowed to be released during normal operational conditions can
also be set for critical isotopes by the application of WEERIE.
Overall safety assessments of reactor types could be undertaken
using some of the results of this code, provided sufficient data

was provided in an acceptable form for the constituent models.

Once these potential dose patterns have been derived collec-
tive doses can be assessed, as explained in Chapters four and six.
There are many difficulties in the interpretation of collective
doses as measures of absolute risk (ICRP 27 1977 (37), (6),

Smith and Stather 1976 (38)), Some simple examples are given in
Chapter six as an attempt to show qualitatively a few aspects

of collective dose commitments.

Present siting criteria in the UK use population weighting
functions which can define collective quantities. WEERIE can be
used to define similar weighting functions, which are based on
notional releases of mixed fission products rather than a nominal
release of one isotope., The sensitivity of the derived collective
quantities to changes in the weighting functions are discussed
in Chapter six, where results of WEERIE calculations given in

Chapter five are employed.

Section 1.3.2 Emergency procedures

If an accident were to occur emergency procedures would be
put into operation. A large amount of information about the
released activity would have to be gathered rapidly to aid the

emergency controller.

The WEERIE models can provide advance estimates of quantities
which could be measured in the field (3g).. External gamma
exposures and beta doses from the cjpuygq and ground are important,
not only in assessing the magnitude of a release but also in
locating the plume. Another quantity which can be measured

immediately is the number of decays from a sample of airborne
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activity. This sample would normally be taken for detailed
analysis of the type of release. Predictions of these measurements
for notional releases could be related to potential dose commit-
ments delivered to specific organs and the desirability of any form
of evacuation or other action. In some cases, such as gamma ray
spectra, rapid measurements may be taken but no clear pattern

might be discernable for several hours after a release starts, or
after many kilometres travel downwind of the reactor, by which

time serious health effects and economic damage may have been
incurred (Tadmor, 1976 (39)).

Details of these predicted quantities for a series of
releases from any particular reactor typé could provide the data
for specifying the capabilities of emergency monitoring systems
at any site. ©Some of these applications are discussed at the end

of Chapter five.

Section 1.4 Use of population census data

The second component in estimating collective doses is the
representation of relevant population data. To apply the calcu-
lated collective quantities to siting criteria requires that real

population distributions have to be considered.

Some crude estimates of collective dose commitments may be
obtained using uniform population distributions within large
regions (Martin et al 1974 (40),(8)) but this would not be adequate
to show detailed differences between particular sites. Previous
work has established, in a form suitable for use with computer
programs, a population base from the full 1971 census (Fitzpatrick
1976 (4), Clarke et al 1976 (42)). A review of the expected
errors in the use of these and other census data is given in
Chapter four while some practical examples relating to siting

criteria are given in Chapter six.

These methods can be used to study the application of current
siting criteria and be extended to include other features which
may be considered necessary in future site assessments, such as
fatality, morbidity, loss of man-years, casualty rates and

associated individual or collective risks.

Section 1.5  Aims of this study

One aim of this work was to improve the understanding of the
consequences of reactor releases, using a range of notional AGR
accidents modelled by the WEERIE code. In the light of these
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releases limitations of the code could be studied.

As outlined above after a critical consideration of the
models in this code the depletion routines were improved. This
naturally led to the inclusion of routines to estimate external
gamma eXposures and beta doses from the modelled ground contami-
nation. This added another facet to the prediction of consequences
from mixed fission product releases, enabling some of the long
term contamination problems to be described more accurately.

The provision of these extra capabilities were essential to an

investigation of diagnostic aspects of these releases,

A second aim was to continue a study of estimating potential
collective doses and siting criteria in the UK. This consisted
. of further developments to the computerised population data
handling facilities as well as using results from WEERIE to
generate weighting functions for assessing collective doses,
Limitations on the dispersion and depletion routines had to be
considered when reviewing the generation of weighting functions.
Some refinements to the dispersion and deposition routines in
WEERIE were undertaken which could provide initial estimates of
detailed effects which might influence future site assessments,
The potential impact of accidents across international boundaries

is not explicitly included in this work.

The methods used to extend the abilities of modelling radio-
active releases to the atmosphere, and the resulting consequences
are described in Chapters 2, 3 Appendix A and B. The results of
this study of notional AGR releases are discussed in Chapter five.
In Chapter four some considerations of modelling real population
distributions are discussed. Chapter six contains an assessment
of collective doses from the range of AGR notional accidents and

the effects of modifications to current site assessment schemes,
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CHAPTER T WO

Incorporation of element dependent depletion processes and

other aspects of plume dispersal into WEERIE

Section 2.1 Aspects of modelling deposition for mixed fission

product releases

Changing the depletion model for radiocactive material
dispersing in the atmosphere requires detailed consideration of

many aspects of the whole WEERIE code.

Section 2.1.1 General comments on deposition processes

Ground contamination results from the passage of a.plume
which includes depositing material, where the rate of formation
of this deposition is directly proportional to the ground level

alr concentration,

The elements included in the fission product library of
WEERIE include inert gases, alkali metals and a whole spectrum
of other metals and non-metals., Hence a great range of physical
characteristics can be expected when a mixture of fission products
escapes to the atmosphere. This should be reflected by the models
used to predict the dispersion and depletion of these radioiso-

topes.

Radioactive inert gases ejected to the lower atmosphere after
an incident at a nuclear installation will not produce any signi-
ficant ground contamination, as the soil is already saturated
with stable inert gases (26). The exchange rates for inert
gases between the atmosphere and the ground are low, while the
unstable isotopes are usually only a minute portion of those
particular elements normally found in the air. Both these effects
reduce any radiocactive inert gases trapped in the ground to
negligible quantities.

A different situation arises for reactive elements, such és
iodine and caesium. The deposition of this type of material can
be described by the equation 2.1, so that the rate at which
material accumulates on the ground (W) is proportional to the
local air concentration (x) and an effective deposition velocity
(v).

(2.1) W(x,y) (Ci(m2.s)—1) = vg(m.s_l)*x(x,y,O)(Ci.m—3).
(Chamberlain 1953 (43)).
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For very small particles, or vapours, gravitational settling
is usually negligible but other processes produce a net flux of
these materials to the ground where the gross effect is referred
to as "dry deposition". Transfer of this material to the ground
can be limited by the turbulent properties of the air in the
immediate vicinity of thé ground, Numerous elements, including
caesium, zirconium and ruthenium, have been found to deposit on
the ground at various rates depending on the elements' physical
and chemical form and the type of surface acting as the sink for

this atmospheric process,

In the original WEERIE program all elements were treated as
having one common depoéition velocity. This is clearly not a
physically realistic assumption, as it creates contamination by
inert gases and also does not allow for any differences in
behaviour between the large number of non-gaseous fission products.

The most accurate method of modelling any deposition of
these fission products would be to treat individually the depo-
sition behaviour of all isotopes of every decay chain. Among
the many reasons why this is not practicable are that available
data are inadequate for this purpose and that doing these calcu-
lations would be prohibitive, even on a modern digital computer for
150 decay chains each of up to six isotopes, particularly when
the results may not differ greatly from less complicated models.
A consideration of the physical processes and the available data
suggested a suitable compromise for a practical model, which is

outlined below, ,

Section 2.1.2 Choice of grouped element dependent deposition model

There are several aspects of the general properties of dry
deposition and the particular models in WEERIE which had to be
considered when attempting to improve estimates of ground contami-
nation from a mixed fission product release, These include the
following:

i. Source term for released isotopes;

ii. The deposition process and its measurement;

iii. The plume depletion model;

iv., Computational limitations,
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Although these factors are not wholly independent they
constitute the major considerations in the final choice of an
improved deposition model. Also the inclusion, if practicable,
of wet deposition processes, in particular washout, was considered
as another addition to improve the overall dispersion and depletion

model,

Section 2.1.2.1 Limitations produced by modelling an escape

of fission products,

In modelling the potential accidents of nuclear reactors
which could lead to activity leaking to the atmosphere it is
common practice to use element dependent release fractions to
describe the escape from the fuel. Extended releases, for example
where bare fuel operates in the reactor so that fission products
migrate through the fuel directly to the coolant, may require
more detailed isotope dependent data.

Element dependent properties such as plate-out, resuspension
and filtration were also included in WEERIE in the modelling of
radioisotopes being transported from the fuel to the release point
in the atmosphere, Hence an element dependent representation of
deposition in the atmosphere would be consistent with the earlier
stages in the model for accidental releases., This represents a
reduction in the data requirements from that for several hundred
isotopes to that for just thirty seven fission product elements,

including tritium from tertiary fission.

The source term for released activity relies greatly on the
elemental release fractions from the fuel. Generally elements of
‘one group in the periodic table are expected to have similar
physical and chemical properties. Release fractions under various
conditions are known only for a few potentially critical elements,
while the remainder are grouped with one of these critical
elements by reference to similarities in appropriate properties.
Special conditions may alter the group a particular element is
associated with, as occurs for the release fraction of ruthenium if
it is expected to be either in elemental or oxide form (WASH1400
1974 (44)). This means that a further reduction in the amount of
deposition data required could be expected due to grouping of

elements with similar dry deposition characteristics.
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Section 2.,1.2.2 Limitations due to uncertainties in measurements

of deposition

There are many uncertainties about the form of material which
might escape from a reactor given any particular potential
accident. Inert gases canh be treated separately due to their
special properties which are independent of a wide range of factors.
Some uncertainties common in the deposition properties of most
elements are exhibited by iodine. '

Three forms of iodine can be expected to escape during an
accident in a nuclear reactor, namely elemental, particulate and
organic (primarily methyl iodide), each of which have different
deposition characteristics. Elemental iodine is reported to
have. a relatively high deposition velocity compared to particulate
forms, while methyl iodide has a much lower deposition rate.
Aerosol particles of mixed constituent elements could be expected
to have one typical deposition velocity provided chemically active
species were not present in significant quantities.

A major problem in quantifying deposition rates is that experi-
menters find that sets of results under similar atmospheric condi-
tions for one material, such as elemental iodine, and for a given
surface, say grass, may have a factor of 2 to 40 between the
extreme values determined (Hoffman 1977 (95)). Great caution has
to be taken when using meah deposition velocities due to uncertain-
ties in these rates, typically of up to a factor of three about the
mean (See (8)). Any deposition velocity given to a group of
elements should be at least a factor of, say, three different to
that of any other group, to represent a significant difference in
the group deposition characteristics.

Quite a severe limitation on the number of elemental deposition
groups a model could deal with is imposed by the range of depo-
sition veloc&ties reported for radiologically significant depositing
isotopes. Food chain doses and external exposures are the major
pathways for deposited materials. Iodine and caesium are two
elements with radiologically dominant isotopes for these processes,

and so can form the basis for two deposition groups owing to the
|

relatively strong deposition of iodine compared to caesium (Slade
1968 (45)). The inert gases can be represented as a non-depositing
group, so giving a third group. A fourth group can be made
available for special circumstances where an element, or group of

elements, may be expected to require special treatment.
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Section 2.1.2,3 Plume depletion model

Element dependent deposition implies that the depletion
model has to cope with the effects of different deposition
properties in one decay chain. This means that #he radioactive
decay and production process during downwind travel is coupled to
the depletion process, In the case of a single overall deposition
velocity in one decay chain depletion can be treated independently

of radioactive decay along the chain (13).

The most significant radioisotopes occur in the chains which
exhibit the greatest changes of deposition properties, namel&
Se-Br-Kr-Rb-Sr and Te-I-Xe-Cs-Ba. This reflects the importance
which can be placed on improving the modelling of deposition
processes., Up to four grouped element deposition velocities could
adequately cover the relevant decay chains of these significant
isotopes. Ruthenium is probably the only other element which
may pose a contamination hazard in a wide range of potential
accidents, but could be treated as depositing in a similar manner

as caesium, strontium or other particulate forms.

Hence in principle up to four groups of element dependent
deposition rates should be an adequate representation, but the
computational implications have to be considered. This last point
also applies to the inclusion of element dependent washout and

other special features,

Section 2,1.2.4 Restrictions on deposition model due to

computational limitations.

The uncertainties about deposition processes suggested that
the advantages of a fast analytical model outweigh the potential
accuracy of a more detailed scheme which would probably rely on
expensive numerical solutions. As most sections of WEERIE use
analytical functions this would also remain compatible with the
aims for the original code, giving rapid but reasonably accurate
predictions of consequences for a given set of parameters descri-

bing activity released to the atmosphere.

Due to the available core size on the Control Data Corporation
computers at Imperial College the original version of WEERIE was
converted to an overlay form (41), schematically portrayed in

diagram 2,1. This structure did not require all the available



Diagram 2.1

Main
overlay:

Primary

overlays:

Secondary

overlays:

Overlay Structure at Imperial College WEERIE program with unmodified

depletion routines (Fitzpatrick (41))

overlays)

(0,0) WEERIE, Control and
COMMON blocks (data for

transmission between primary

=

(3,0)
GACALC, TRAVEL

(1,0) (2,0)

READER , READ CONCS , SUBLON
SIX,XP

(1,1) (1,2)

FISP,DECAY, READIN, ZERO

RADIAT,OUTPUT

(4,0)
PLUCALC, BA,FTN,
DEPOSN, EFFSTXK,

EXPOSE, LIMITS,MET,

ORGANS , TRAVEL

|84



22

core space, so that the extra storage space required for the

improved deposition model was accessible,

To reduce this increase in running costs some compensating
improvements in the structure were undertaken, The overlay
system described in diagram 2.1 meant that for a given step after
an inventory and a release had been calculated the overlay (4,0)
was used once if organ doses and contamination at one downwind
point were required, where overlay (3,0) was used beforehand if
an external cloud gamma exposure was to be estimated. To receive
the next set of control data the overlay (1,2) had to be used,
which involved the removal of overlay (4,0). If another exposure
point was to be considered for the same release overlays (3,0)
and (4,0) were recalled successively. The most time consuming
section of this process was the recalculation of the gamma source
array (GA) for all 428 entries in the isotope array in twelve
energy groups at 16 downwind grid positions, This recalculation
was not necessary if the meteorological and deposition parameters
were not changed between consecutive exposure calculations, so
this provided a valuable opportunity to economise time., Also time

is wasted when an overlay is reintroduced into the core.

To reduce the time consumption of the dose calculation in
the improved Imperial College version of WEERIE the overlay struc-
ture of diagram 2.2 was produced. In this version the array (GA)
is only calculated if new meteorological or deposition conditions
are presented. The dispersion, depletion and travel routines common
to the estimation of external exposures, inhalation doses and
other quantities are not removed from core when a new set of
control data is read and the same release is used for consecutive
exposure points, This structure also represents the coupling of
the travel and depletion processes necessary for the grouped
element depositional model, particularly when calculating the

gamma source array (GA).

As can be seen from diagram 2.2 it has proved possible to
incorporate extra features into this improved version of WEERIE
to cope with washout, external ground gamma exposures and other
quantities related to disintegrations in the cloud as a potential
accident diagnostic tool, The details of the implementation of
the improved depletion model and associated routines is described
in the following sections where some examples of its use are also

discussed,
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Section 2.2 Implementation of improved plume depletion model

When material is deposited on the ground this results in a
reduction in downwind air concentrations. There are two basic
approaches to modelling this process, which are usually referred

to as source and surface depletion models,

The Gaussian plume model in WEERIE uses the simpler source
depletion model, This assumes that the deposition process at
ground level does not affect the vertical distribution of material.
Hence the analytical form of the plume does not change with
distance, only the effective source strength is reduced by the
fraction of material which deposits by a given distance downwind.
This depleted source term (Q*) can be related to the downwind

distance travelled (O to x) through the relationship (45),

(2.2) Q" /Qmexp(~(2/m)t. (v /D). [B(exp(-3(n/o (p))?Vo ())dp , for

constant deposition velocity (vg), a mean windspeed u, a source
at height h and the vertical dispersion parameter %(x). In later
examples in this work ground level sources are usually used,
resulting in a simplification of equation 2.2. In general g is

not a simple function of downwind distance and is normally stored

at 40 grid points from 1 metre to 100 km, so to evaluate equation
2.2 requires a numerical integration procedure (13). The air
concentrations are now given by the equation 2,3,
*
(2.3) X(x,y,z)= Q . exp(—i(z_ )2).(exp(~l(h—z)2)
Zwuoyoz 20 2 o,

2
+ exp(-_l_(h+z) ))
2 o,

and the ground level contamination (for time integrated air

concentrations) by equation 2.4,
(2.4) w(x,y)svgb x(x,y,0) Ci/mz.

The limitation of this method is the assumption that the
vertical distribution of material is unchanged by the dry depo-
sition process at the ground. This requires that mixing throughout
the plume occurs rapidly thus maintaining the amount of material
depositing at the ground. This condition is not met when the
meteorological conditions are stable, particularly when the
deposition velocity is a large fraction of the friction velocity

*
(u,) , or of the rate of change of the vertical standard deviation

Ze
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Surface depletion models normally allow for deposition to
occur at some reference height (zr) close to the ground where
appropriate parameters are still well defined. 1In these models
the vertical distribution of airborne material is allowed to
change as deposition continues, which is more realistic than the
assumptions in the source depletion model. This requires greater
.complexity in modelling the vertical structure of the atmosphere

and is reflected in greater computational costs.

Comparisons have been made between source and surface
depletion models. For long travel times proportionately more
released material in a surface depletion model is at a greater
height than that predicted by a source depletion model with the
same low level release height. Under these conditions a source
depletion model tends to overestimate the ground level air
concentration, typically where the vertical distribution profile
is not expected to change significantly downwind. Hence the rate
material is deposited onto the ground at large distances can be
too great in source depletion models, eventually leading to a
severe premature reduction of the total amount of material
remaining in the atmosphere. Ground level air concentrations
predicted by both methods, under neutral conditions have been
found to agree to within 10% for travel times of 6 hours, 2 .days
and more than 10 days for deposition velocities of 3,1 and 0.3
0.3 cm.s-1 respectively, before this long range deficiency of
source depletion models becomes significant (Draxler and Elliot
1977 (46)). More complicated source depletion models have been
developed to reduce the inadequacies of the original scheme
(Horst 1977 (47)).

The source depletion model can be used for restricted ranges
provided its limitations are recognised (Prahm and Berkowicz 1978
(48)). Depletion under stable conditions is the most limiting
case, where the application of this simple model may not be of
acceptable dccuracy beyond about 20km for low windspeeds and a
deposition velocity of about 1 cm/s. Consequences at greater
downwind distances could be reasonably estimated for low deposi-
tion velocities and also for less stable atmospheric conditions.

*

u*=(1/£)5 where t =stress in air due to the difference between
geostrophic and ground wind velocities and 2=atmospheric density.
(24) (Footnote to page 24)
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The limitations of a Gaussian dispersion model also affect
the distance to which this simple dry deposition model can be
applied} A single weather category is unlikely to last more than
six hours at most, especially when diurnal variations are
considered, Under low windspeed stable conditions the plume
may only travel 15 km in two hours so that the restrictions of
the source depletion model may not.be the limiting factor in
the calculation of air dosages. Generally the Gaussian plume
model with source depletion is not used for dispersion beyond at
most 50-100 km, which represents a distance by which many other
influences have affected the plume outside of the considerations

in simple models of atmospheric dispersion,

In the following sections some of the detailed problems which
have to be dealt with in an element dependent deposition scheme

are discussed.

Section 2.2.1 Limitations on single and multigroup dry

deposition models

A single deposition velocity technigue applied to all
elements in a modelled mixed fission product release can employ
the result given in equation 2.2 directly. This representation
is of limited accuracy due to the observed differences in depo-
sition behaviour for certain elements. For multigroup dry
deposition rates equation 2.2 cannot be applied in its present
form, as the deposition velocity (vg) may change when a radioactive
isotope decays in the plume and transmutes to a different element
with new characteristics. Resuspension from the grounded material
is not included in these models, where local doses and exposures
should not be underestimated by this assumption.

When a single dry deposition rate is used for all isotopes in
a decay chain the depletion fraction can be applied independently
of the radioactive decay process. This is shown in the relatiqn-
ships below, where a source of parent (PO) and daughter (DO)
material is released at x=0 and amounts Pé and D% reach x metres
downwind., The situation becomes more complicated as more

isotopes in a decay chain are considered.

1 — X
(2.5) PX = Ql,O . I . PO
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= X ! - X_ .
(2.6) Q—Ql,o(g.Do+g (1 f).PO), where Ql,O source depletion

fraction of material released at

source reaching x metres downwind in
single group model, (1-f)= fraction of
parent to decay to daughter from O to

Xx metres, and g,g'= fractions of source
and plume produced daughter material

to reach x metres downwind after decay.

If the plume produced daughter material is assumed to be
created all at a distance x'(<x) while the deposition behaviour
of parent (vg) and daughter (vg) material are different and,
for the daughter, independent of the production route, a more
accurate representation, in terms of source depletion fractions,

can be given as below,
t_ X t_ X ' 3 x! X
(2.7) P=£.Q) 5.Py, (2.8) Dy=g.Qy o-Dytg’ . (1-1).(Q, 5 .Qy )P,

where Qi 2 = source depletion fraction for material i depositing

Y

from a to b. The determination of x' may pose difficulties but
should give a reasonable estimate of the actual effect of depo-
sition. ‘

The expected fractional error for the parent and daughter
airborne concentrations under given dispersion conditions can
be represented as below, for the single group dry deposition
model using the characteristics for either the daughter or

parent nucleides.

t

1_.d } : A
(2.9) (vg=vg) (2) 8% = g' (1-1).P_.Q " (1-@p,0 ) /D
X'a,x ° »© X! *
, .Qd,o
X
(b)  Ax, - QQL% -1,
p,X Qp’o

(2.10) (vé=vg)

!

(a) Ay _ X b4 . X b4 X,
X g x g°DO'(Qp,o'Qd,o)+g‘(l—f)'PO'QD,O(QP,X'-Qd,X)
Dt
X
() 8x, =0
7 .
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In equation 2.9b, where the single group deposition model
follows the behaviour of the daughter, the airborne parent
material is overestimated if vg < vg, as for I-Xe, where this
could be expected and the amount of daughter material is also
overestimated through any contributions from the parent decaying
in the plume. The degree of inaccuracy the single overall
deposition model introduces in this case for both parent and
daughter materials depends not only on the relative releases of
these isotopes at the source but also differences in downwind
decay and depletion., When the characteristic deposition rate of
the parent is used in this single group model only the airborne
concentrations of the daughter material are not accurately descri-
bed.

The approximation of the one group model to a more real-
istic situation depends on the deposition velocity chosen for
a given release and varies as the plume travels downwind due
to the nature of radioactive decay. If a critical nuclide or
element can be identified then its deposition behaviour can be
used. For many types of releases several elements may be imp-
ortant in different dosepathways, so several runs would have
to be made with an approbriate overall deposition velocity
to cope with this situation.

Modelling processes giving the result of equation 2,8
by an element dependent source depletion model implies a coup-
ling between decay and deposition not included in an overall
single group deposition model, The process of radioactive
decay is such that not all decays will occur at one downwind
distance. To model exactly the continuous downwind production
and deposition of daughter material would require a set of
coupled differential equations to be solved by numerical
methods. As mentioned earlier this could slow down calculations
for an uncertain benefit in accuracy. An analytical approach
which gives reasonable results is probably a better practical
solution of this problem.

This could be .done by assuming that any daughter material(i)
produced during travel in the plume which reaches a given dist-
ance x downwind has travelled, on average, Ximetres. Assuming

that this calculation is possible, as shown in the next section,
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its accuracy can be estimated. The knowledge of Xi’ and
X£X$=X—Xi)’ enablis the source depletion fractions QE?O’
Qp,é,Qd,ﬁzand Qp,X! to be calculated from a set of Q¥,
where this can be done by routines in the original version
of WEERIE provided storage is given for each set of Q*'s
relating to a given group velocity (v;).

In the routine TRAVEL which calculates the radioactive
transmutation for isotopes reaching .a given distance down-
wind, the contributions from an isotopes' precursors are
separated from the decay of the amount of that isotope re-
leased from the source. The order of calculation in the
decay chain proceeds from the parent and continues until the
nth daughter. Depletion for travel from O to x of the mat-
erial released at the source can be made before this decay
calculation is performed. During this decay calculation the
allowance for depletion of material produced in the plume can
be made. This does not allow for the fact that the parent
material which decays does so before x metres and therefore
does not experience the full depletion from O to X metres.
This point will be taken up in more detail later. Reverting
to the earlier example of a parent and one daughter the amounts
of material left in the plume at X metres are, (2.11)
P§=f.Qp’g.Po and (2.12) D%=g.Qd’g.Do+é.(1—f).Qp,g.Qd’§,.PO.
In the special case of one overall deposition velocity the
.term Qd,i' can be omitted. For any cases where all the
precursors of a given isotope, i, had the same deposition
velocity as that of this isotope the one group equations could
then be used. The estimated error of this element dependent

source depletion model can be given in the form below,

d
(2.13) (vp# v ) (a) Ax Zo!  (1-f).Po. x! X X
g g X, (1-£).P0.Qp, 5. 1, (Q, yi-1)
DT
X
(b) A%
X p,x =0

This approximation (2.13b), suggests that the parent nuclide,
which can be interpreted as one with negligible contributions from
any precursors decaying in the plume, should have its behaviour as
'accurately represented as the source depletion model permits.
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There are some special cases relating to the accuracy of
this estimate, as given in equation 2.13(a). For this element
dependent model if the parent is non-depositing (vp) =0, such
as the inert gases krypton and xenon, then prZ—l identically,
so that the error of airborne daughter activity is minimised,
unlike the case where the single overall deposition model is
used, Another case where the element dependent model is an
improvement occurs for short lived daughters, relative to
travel time and the half life of its parent,so that x' roughly
eqﬁals X and the source depletion term (Qp,i,) is almost unity,
as for Kr88/Rb88,.

The relative merits of the two models can be assessed approx-
imately by the ratio of equations 2.13 and 2.9, giving 2.14,
where the difference only is in the treatment of the in plume
produced daughter material,

1_.d, P
(2.14) (v=v_# vo) (a) AX E.D.D.

X = (Qp,i,—l) (b) é%_ E.D.D

AX 1.G.D —_— =0.

X a,x 2,8 -13 X 1.G.D.
(Qp,g' ) X p,n

This clearly shows that the element dependent deposition (EDD)
scheme always estimates the parent air concentrations better
than the one group deposition (1GD) model, for different parent
and daughter deposition rates., Equation 2,14(a) also shows that
the accuracy of the original model's daughter contributions
arising from the parent decaying in the plume depends on the
relative deposition of parent and daughter while the improved
model's only drawback is slightly underestimating this con-
tribution, but this can be circumvented as shown below. Another .
case is that of a non-depositing daughter, e.g. I-Xe, where the
rlght hand side of 2.14(a) becomes the ratlo 2.15 (Q X ~1):

(Qp x‘/Qp O -1). Eence where Q O«o:Qp x' , such as for large

¥ and reasonably large x' when the parent deposits quite rapidly,
the parent's contribution to the air borne daughter material is

more accurate in an element dependent source depletion model.
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Table 2.1 Example of importance of element dependent
deposition
B A - !
Model Source depletion amount of I132 (atoms)
QZ in category 1132 from |I132 from Total 1132
F conditions Té132} source
- 5 E (relative
arkm b k Qa ' decays air ground )
in plune -
At source 3 7
o o 1 0 6.6(17) | 6.6(17) (=)
No deposition f
o | 20 1 4.7(17) | 2.8(17) | 7.5(17) (0) |
Ideal source depletion model E
(Vg(Te)V 0 [11.3 [0.538) i
Vg(I) 11.3 {20 0.488 1.2(17) - - -
0 Ppo  [0.04T S 0.11(17)| 1.3(17) (1.6%
Single deposition model g
vé = vé 0 |20 0.041 0.19(17) 0.11(17) | 0.3(17) (0.36)
vé =vl9o |20 |0.455 2.1(17) | 1.2(17) | 3.3(17) (0.99):
|
Application of equation 2.12 i
(v'ée 10 j20  |o0.455) |
(vg as for ideal model) 1.0(17) | 0.11(17) | 1.1(17) (1..3),
| !

3
e g 1.2(3=

1200
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A simple numerical example is given in table 2.1
for the Tel32/1132 decay'chain, where the isotopes have half
lives of 78 hrs and 2.2.hrs respectively. The total quantities
released result from a notional MAGNOX single channel meltout dep-
ressurisation accident, extending over a period of about an
hour. This example shows that the use of a deposition velocity
of 1 cm.s"1 in a source depletion model under Pasquill category
F conditions should be limited to about 20 km, Under these
conditions the original single overall dry deposition velocity
scheme has to be used with caution as an order of magnitude
change in the predicted air concentration can be produced by
a factor of four change in the deposition rate. The improved
element dependent source depletion model estimate is mﬁch closer
to the value which could be reasonably expected when using a
source depletion model. In this case once a value of X' has
been calculated a correction factor of 1/Qp,§' can be made to
the sole daughter material produced in the plume, so nullifying
the underestimate of the element dependent model as expressed
in equations 2,12 and 2.13.a.

The steady state between decays of Tel32/1132 was disturbed
by the accident sequence and is in the process of being re-
established whi}e the material travels downwind with no dry
deposition. This steady state is again disrupted by modelling
the different deposition rates of this parent-daughter pair.
Another point of interest is that the different depletion models
predict a smaller range of ground contamination Dby I132 than
that seen in the cloud concentrations. Both the interpretations
of the one group deposition model are lower than the element
dependent estimate, although 1132 ground contamination is not

radiologically significant due to its short half-life.

The mean distance travelled by I132 isotopes produced in
the plume which at least reach 20 km downwind of the source has
been calculated by the methods discussed in the following section.

Section 2.2.2 Calculation of the mean depletion of isotopes

produced during travel downwind

To use a source depletion model in the context of element

dependent dry deposition velocities account must be taken of the
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effects of radioactive decay producing new radioisotopes as
material travels downwind. In the decay chains in WEERIE up to
six isotopes are present, so that some daughter material can be
produced by a complicated pathway as the plume disperses. This
process is dealt with below, where an anlaytic expression is
determined for the principle parameter: the mean distance
travelled (X m) in the plume by the nth isotope produced by its

n,
brecursor the mth isotope of that decay chain.

Section 2.2.2.1 Derivation of an analytic expression for the mean

travel distance <Xn,m)

The radioactive decay process for an isotope n can be
represented as having a mean decay rate ) such that the fraction

of the material n left after a time t is given by,

(2.16) N(t)/N(O)=exp(-xt). The number decaying in any infini-
tesimal interval t to t+dt can be given by (2.17) dN=-).N(t).dt.
The major property of the radioactive decay process is statis-
tical in nature. The decay of any single nuclide cannot be accu-
rately predicted, only a probability of decay can be calculated

given the characteristics of that type of nuclide.

The probability of a nuclide (i) decaying between t and t+dt
can be given as,
(2.18) Pi(t)dt=li.eXp(~xit).dt.

This expression can be used for the chain of isotopes which lead
from the parent isotope m to the final daughter isotope n.

. . . _ d_,I
Assuming that isotope m exists at tm—O and decays at tm—tm+l

where t;+1 is the time at which isotope m+l is created this

notation can be carried through so that isotope n is created at
tI=td

n n-1°
isotope n existing at least to some time t has to be evaluated

For the calculation required here the probability of

allowing for the sequence of decays arising from the precursors

m,m+l ..... ,n-1.

The probability of isotope m+l decaying in a time from

o =41 _.d _ . .
tm+1—tm+1(—tm) to tm+1—té+2A, after decay by the mth isotope, is
given by

— d d
(2.19) Py (b ey Db, “PCE, Am)dt  exp(oay ) Ctpy —t ) dt

d

- _.d
exp(=t O\p=Ap,q))-exp(=d 1t 1) A dt dt

+]1°



Hence the probability of isoiope n being created by a time

¢ =td
n

n_] 1S given by,

(2.20) P(tm,t .,n,m)dtm....dt

m+l’ " n-1
d d
= exp(_tm( )\m_)\m+1) ) -exp(—tm+1()\m+1_)\m+2)) .. .exp(—t?l_-l)\n_l) .
Am""ln—ldtm"dtn—l

The probability of isotope n existing from time tg_l to at least

time t is given by
d
(2.21) N(t,tn—1)=exp(—g(t—t§_l)). The resultant probability for

isotope n being produced, by decay from isotope m from a time tm=0,
and still existing at a time tn=t is given in equation 2.22,

removing the superscripts,

,t Ydt  .... dt

(2.22) P(tm’t n—l’tn,m m n-1

m+l:* "

-t (A =)
e m m

n—l(ln—l_An)

m+1) e_tm+l(Am+1—lm+2) e_t

.....

-2t
n

€ .)\m....)\n_l. m. ... n-1
This can be used to calculate the mean period (Tn m) for atoms of

the nth isotope which are produced by decays from isotope m and
still exist at a time t after the initial release of isotope m.

The expression for T is given below where the ith isotope
n,m
can exist from t=0 until ti=ti+1 when that isotope i decays,

where isotope n-1 can decay up to a time tn_l=t to produce

isotope n.

t =t . . ty_q=t
(2.23) Tn,m=| .,. P(tm,’""tn—l’t’n’m)'(t_tn—l)dtm"dt _
t m=0 th-1=0
t £
J .. J P(ty ..oty p,t,m,mdt ... .dt )
t t_ -1=0

=0 n
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This can be evaluated analytically, but becomes progress-
ively more complicated as the number of isotopes between n and

m increases. One property of these Tn m is that if isotope m

H

is extremely short lived then the condition below can be

A>r = >
expected to hold, (2.24) as m then Tn,m Tn,m+1 and

-5 )\ o . .
Tn,n—l t as n—1+ . This can be observed in the formulae
T

below for Tn,nfl’ n,n-2 and Tn

:n_B.

“tD; n-1
(2.25) (a) Tn’n_1= (t.Dn’n_l)/(l—e ) -1)/Dn,n-1
-tD -tD
() T, o= 5Pnln2 - (e MM 4 Qe MP7F)
’ 2 2
Dn,n—l.Dn,n—Z (Dn,n—l) (Dn,n—z)
-tD_ -tD
(1-e n,n—lj - (l-e n,n-2)
Dn,n—l Dn.n—2
(e) T, . 5 =A/B
D ~tD) a1
A = "n-2,n-3 _ (t—(l—e ’ ))
Dn—l,n—2.Dn—1,n—B.D,n,n—l Dn,n—l
1 1
_t( _ )
/ Dn—l,n—2Dn,n—2 Dn—l,n—B‘Dn,n—S
-tD ~tD
+(l-e n,n—2) 2_ (1-e n,n—B) ,
Dn—l,n—Z'(Dn,n—Z) anl,n—B(Dn,n—S)J
-t
= n,n-1 . -tD ~tD
B =D, 5 n-3(l-e ) (l-e  M0=2y (q o ~n,0-3,

Dn-l,n—2'Dn—1,n—3'Dn,n—l Dn—l,n—2'Dn,n—2 Dn—l,n—B'Dn,n—B

= -D
,m m “n m,n

Il
>
|
>

where (2.25) (d) Dn



36

When the condition, (2.26) tDn?ﬁ O, applies for all precursors

m, then the result (2.27) Tn,;:t/(n—m+1) is found for the three
formulae above, 2.25 a,b and c¢, being determined by the (n-m+l)th
order terms in the expanded exponential. This limiting result
can be expected by a simple consideration of the integrals in
2.23 for the case where all Am equal An in the portion of the

decay chain from m to n, or by expanding the exponentials.

The above time parameter t can be taken directly from the
routine TRAVEL where it is essential for the calculation of
radioactive decay. To use the results of 2.25 to calculate the
source depletion fraction Q§ for isotope n this time para-
metrization has to be converté@ to one of distance. For a
constant uniform windspeed (u) the transformation is quite simple
and takes the form: (2.28) t=x/u, so values of Xn,m can be

derived after the appropriate substitutions in equations 2.25

) * * — .
(i.e. tDn,m_XDn,m where Dn,m-(km—xn)/u, etc.) or directly as,

(2.29) X =u,T .
n,m n,m

The time parametrization is more flexible than that of
distance, as can be seen when the uniform windspeed changes (to
ﬁc) at a distance X, downwind, corresponding to a change of
meteorological conditions. This distance relates to a time

tc=xc/ﬁ so that the transformation from time to distance now

becomes,
(2.30) (a) t= (x/u for X<X (b) x= (ut for tet,
(tc+(x—xc)/ﬁC for x>x, (ﬁtc+ﬁc.(t—tc)
for t>tC

If equation 2.23 were to be evaluated in terms of downwind
distance the integration would become even more complicated when
there is a change of windspeed. This problem does not arise in
a time parametrization, as the windspeed does not enter the cal-
culation of Tn,m: only when the depletion fraction is calcu- |
lated is the windspeed involved.

This model approximates the effect of depletion on the mean
distance travelled by the in plume produced daughter material.
An attempt could be made to reduce the extent of any systematic

effect by treating dry deposition as another '"decay mode'" of
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the activity. The differential form of the source depletion

fraction (2.2) is

1 _—
(2.31) 4/ = ~(2/m)* . (v /T .exp(~}(h/0,(x)) 9. (dx/0,(x)),
which can be rewritten in the form of 2.17 as

(2.32) d=-2".Q(t).dt where 2 =(2/m)%. Yg/o (t) -e-tfgz}z'

Hence the total removal rate of material from the plume can be
written as (2.33) dN=—(a+x ).N(t).dt. Employing this equation
in an attempt to solve equation 2.23 would require complicated
numerical analysis,; dependent on the particular meteorological
conditions being modelled. The decay 'constant' A* does not
produce any daughter material but changes from one isotope to
the next will affect the amount remaining in the plume. This
approach would be more appropriate in a very detailed model of

transportation of radioactivity throughout the whole environment.

Limiting the scope of this aspect of the depletion model
to the assumptions described earlier should still produce
adequate estimates of downwind air concentrations and ground
contamination within the overall limitations of the dispersion

and depletion scheme.

Section 2.2.2.2 Application of depletion fractions to in-plume

produced material

A problem has to be met when the amount of daughter material
is produced by in-plume decays of several parent isotopes

P released from the source,rather than one.

n-1

The total amount of daughter material produced in this manner

m: n_1+1 ...... 3

in the plume is:
(2.34) D£=Dg+D§+l+....+Dg—l , where each contribution Di has a

different depletion history, represented by the factor QE,
n,i
for the decay sequence from the ith to the nth isotope. 1In the

routine TRAVEL only the quantity Dﬁ is explicitly represented in
the calculations, so some mean depletion fraction Q;, has to

be evaluated in the form:

x n-1 n n-1
(2.35) Q _, = (= a;.Qyt  )/(z a;).
Xn i=m 1 X on,i i=m *



38

A simplifying assumption can be made to equation 2.35
by limiting the number of precursors considered to the ear-
liest which could contribute more than 1 in 104 of the nth
isotope nuclides. This number was chosen as being adequate
to represent the major contributions to any isotope. Also it
was found that this cut-off value did not require any decay
sequences involving more than four isotopes. For a notional
MAGNOX depressurisation accident only these three functions
in equation 2.25a, b and c, were needed. Subsequent experience

also showed this to cope with a range of notional AGR releases.

There are several cases where the resultant depletion
factor in 2.35 is independent of the weighting functions (ai).
Potentially the most important of these occurs for a parent
nuclide with a single unstable daughter, e.g. CslS7/BalS7m,
Tel32/1132,Rul06/Rh106 ,Rul03/Rh103™ and Kr88/Rb88, In this
case only one decay sequence is required so that

Q§ﬂ = Qiﬂ,n—l (or Yn = Xn,n—l)’ as the weighting function a  ;
identically cancels on the right-hand side of equation 2.35.
Where the effective parent is explicitly defined, as in this
case, the correction for the parent not travelling the distance

from X! to X can be made. In more complicated cases an

n,n-1
approximation would have to be made if the major precursors each
had different deposition velocities, although the parent-single
daughter correction should cope with some of this effect, as

the calculation proceeds along each decay chain.

- A second case is where the daughter is non-depositing,
such as the inert gases krypton and xenon. Here, as vg=0,
all the source depletion fractions are identically unity,

including Qi‘ . A similar effect is produced when the daughter
n

isotope, n, has a half life (Tn) which is very short compared to
its precursors and the time of travel (t). 1In this third case
all Xﬁ’m=x—b.ﬁ.th due to this short half life of isotope n,
where b is of order unity. This is when L is so small that

the source depletion fractions Q;, are approximately unity, with

no significant dependence on the %eighting functions a, .
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The primary decay chains which require the application of
a mean depletion fraction from equation 2.35 involve metastable
states of isotopes, particularly those of the element tellurium.
This occurs in the region of the elements Te-I-Xe, where dry
deposition behaviour could be expected to vary greatly along
one decay chain and radiologically significant isotopes are
concerned. The most sensitive isotopes to this weighting process
would be those of xenon, such as XelSlm, XelBBm, Xel33 and
Xel35, but if non-depositing behaviour is assumed for this
element the weighting process is only effective through its
influence on the precursors, not directly on the Xenon isotopes
depletion fraction, as explained above. The next most sensitive
isotopes are those of iodine, in particular I131. Due to. this
isotope's eight day half life the contributions from its shorter
lived precursors are typically only of order 1 in lO3 at short
distances so the effects of this source depletion model are not
of great importance. The decay chain with A=133 is very compli-
cated and gives several decay sequences where the daughter
contributions from Te133™ and Tel33 could provide over 10% of
the final I133™ and I133 airborne activities.

The weighting functions aj should be related to the amount
of isotope i which can decay and so provide a contribution to
isotope n by x metres downwind. This will depend primarily on
the quantity Pi of the isotope i1 released at the source. The
decay rates of the isotopes from i to n-1 could also be brought
into the weighting function as below, using the result of

equation 2.16,

(2.36) ai=Pi.F , bossibly with F = 1 no allowance for
rate of decay,

n-1 nominal decay

j=1 (1 - exp(-xj.t/(n_m)))

or F =

Under Pasquill-Smith category C dispersion conditions, with
u=5 m.s_l, there is no significant difference (to 5 S.F.)
between the ground contamination within 30km downwind of a
notional MAGNOX depressurisation accident from the two forms of
this factor F. TFor the same release under Pasquill category F
conditions only ten isotopes are affected by amounts ranging

up to 1% for particular decay sequences involving metastable
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states by a distance of 30 km downwind, where the source deple-
tion model may not be accurate for these stable conditions.

The gross cloud gamma exposure under these conditions is not
altered by more than 1 in 105, showing the insensitivity of ‘
radiologically significant isotopes to changes in this weighting
scheme. This suggests that the mean value of the source deple-~

tion fraction (Q;. ) is dominated by a single precursor on the
n
occasions when equation 2.35 has to be applied.
To test this supposition a weighted average value of the
mean distance travelled by the in-plume produced daughter

material was used, in the form below,
. n-1 n-1
(2.37) Xn = (L ai.Xn,l )/ (z ai), with ai=l.Pi.

i=m i=m
It was found, under both cétegory C and F dispersion conditions.
that only the concentrations of the limited number of isotopes
affected previously by a change in the weights a; were affected
by this modification of the source depletion model. The differ-
ences arising from the use of Xh and Q;, were found to be alikeb-
‘ut less than those resulting from the change in weighting func-
tion through the factor F of equation 2.36. This upholds the
supposition that downwind production of a given isotope in any
decay chain in WEERIE is normally dominated by one precursor.

Having incorporated this element dependent. dry deposition
" model into WEERIE and improved estimates of downwind hazards
further depletion processes can be modelled which were not

included in the original code.

Section 2.2.3 Extensions of source depletion method to other

depletion processes

Another major depletion process is that due to the behaviour
of water in the atmosphere, where the effects can be more impor-
tant, under some circumstances, than those of dry deposition.

The wet depletion processes can be divided into washout and
rain-out, as well as more restricted categories for fog, hail;
sleet and snow. A simple distinction between washout and rain-out
is that in the former precipitation falls through the plume

while in the latter the precipitation occurs due to the presence

of airborne material. In rain-out the ionising'properties of
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radioactive material could have a significant influence on the
nrocesses involved. Hence washout could be expected to be

represented more simply than rain-out, as is the case (see (45)).

The results of washout can be estimated by a method compa-
tible with the source depletion model used for dry deposition.
Rain is assumed to fall through the whole effective depth and
width of the plume and uniformly remove material at a fixed
fractional rateA(s—l). This process is less likely to change
the vertical distribution of airborne material than dry depo-
sition, so this assumption is again made but is expected to be
more realistic. The rate of loss of material from the plume at
a given distance x downwind can be expressed as (2.37) dQ(x)=

—A(f:& (x,z)dz)dx, where infinite limits are used to represent
the process affecting the whole plume, x (x,z) is the crosswind
integrated concentration and Q(x) is the depleted source strength
by this distance assuming rain to have fallen during the whole
travel period of the plume to this position. Once the integral
is evaluated this equation reduces to, (2.38) dQ/0=Adx/u.

For a constant windspeed and washout rate_this produces the
source depletion fraction (2.39) QW’8(=X/U)= exp(-A.t), indep-

endent of the plume dispersion parameters.

The ground deposit formed by this washout process can be
represented as, (2.40) -%(%~)2
h.Q'(x%).e Y
(2m)%.T.oy(x)

For a ground level release (h=0) this can be written in the
1

(see (45))

wW(X)Y)‘—"

form, (2.41)cow(x,y)=vw.x(x,y,0) where VW=(W/2)%A.UZ m.s
A set of Qw at the same downwind distances as Q* for dry depos-
ition can be evaluated and stored for a given value of the wash-
out coefficient and a set of Ve calculated for the specific
dispersiop parameters. The use of this Vo allows a ready calcul-

ation of ground contamination by using Vgc=vg+vw'

The value assigned to the washout coefficient depends on
many factors including the rate of rainfall (R mm/hr), the
spectrum of raindrop sizes and the spectrum of airborne material
as well as a whole range of physical and chemical characteristics.
Gross washout coefficients for aerosol particles, with low dry

deposition velocities (e.g. Vg<3 cm.s—l), have been given in the
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form, (2.41) 4 (s-1)=a.Ra, where a is a constant and typically «
lies between 3 and 1. Washout coefficients of the order
10_4 s_1 have been observed for aerosols in light rainfall,
where long term averages are typically below this value. The
type of rainfall can be important where very fine raindrops 7an
more efficiently scavenge some aerosols from the atmosphere than
rainstorms with large raindrops. The washout of submicron
aerosols is particularly sensitive to many parameters, so
empirical results may provide a better guide to the consequences
of this washout process for airborne radiocactive effluents than

idealised theoretical models.

Washout has been found to be an element dependent process,
as the chemical activity and the physical solubility of materials
(aerosols, vapours and gases) are important with respect to
precipitation. Bromine has a high reaction rate with water and
has a correspondingly high washout coefficient while the lower
reaction rate of iodine is reflected in a much lower washout
rate (45). The inert gases, krypton and xenon, which do not
react with water could be expected to have very low washout co-
efficients. Hence if the element dependent deposition model is
used with zero deposition velocity for the inert gases, this
condition can be used as 'a signal to prevent the washout model

being applied to isotopes of krypton and xenon.

Another feature which the washout model can include is the
ability to only allow the portion of the plume from x=0 to
X,=ut, to be affected by this depletion process. Beyond the

R R
distance x_, there is no further washout so the source depletion

fraction ig (2.42) QW’§>XR =exp(—AtR). More complicated seque-
nces of washout -superimposed at different distances downwind
could be programmed into the model if these were to be considered
of importance given the limitations of the overall gaussian

dispersion model,

Several factors have been neglected from this model due to the
problems of any simple attempt to quantify such effects as:

i. Run-off of rainwater on the ground (important in
urban areas)(Slinn, 1978(49))

ii. Evaporation of gases precipitated to the ground (45)

iii, Mixed releases of material, heat and water vapour

(particularly in conditions suitable for condensation)



iv, Possible interactions between washout and dry
deposition (these are assumed to be independent in
this model).

A few other features which could be introduced into WEERIE's
dispersion model are described in the next section, after which

some examples of the modifications are given,

Section 2.3 Other features of plume dispersal

Some influences on dispersion and depletion of a plume and
the resulting hazards were not modelled in the original version
of WEERIE. A few of these will be briefly discussed below,
including: »

Changes of dispersion conditions downwind of the source;

Influences on dry deposition rates;

Changes of wind direction as plume travels downwind;

Plume rise; 4

Recirculation of air and topographical effects;

Resuspension of deposited material,

Section 2.3.1 Changing dispersion conditions downwind of the

source ’
The most important effect on the dispersion of a release
with a short timescale can be the change-over from day to night

conditions in the diurnal cycle.

Nighttime dispersion conditions tend to be stable and so not
very dispersive. When dawn comes there is usually a period of
vigorous increase in the height of the mixing layer, correspond-
ing to unstable conditions, before daytime dispersion conditions
evolve, often neutral in temperate latitudes. Other air move-
ments can cause a change of dispersion conditions for a plume in
the atmosphere. ©Smith has derived a set of gaussian dispersion
parameters which can allow for some of these effects given the
initial time of release and relevant meteorological data.
Detailed models of the atmospheric boundary layer flow can better
predict dispersion but at great expense compared to a simple

gaussian model,

A simple change of dispersion conditions can be included in
the WEERIE model provided some curde assumptions are made. At
the downwind travel distance, X the weather is assumed to
instantaneously change from condition M to M' with windspeeds of

u and u' respectively. The time and distance relationships are
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given by equations 2.30a and b, so that the dispersion parameters
and source depletion fractions can be related to the travel and
depletion routines parametrized in time (t). The dispersion

parameters have been crudely matched at X, such that,

(2.43) o(x) = OY%Z (x) for X<X
(y or 2z) M M

M!
g/z (Xc) + g/z(x) —g/z(xc) for X>X

In the real atmosphere a transition period would exist rather
than this modelled sudden changeover. As the dispersion vara-
meters are stored at a fixed set of downwind distances (x;) the
Lagrangian interpolation routine used to evaluate these values
at any particular distance will tend to round off this sudden

changeover, unless X, coincides with one of these fixed points.

Although this could crudely model the fumigation of a
plume at dawn the distance already travelled by this time may
imply gross inaccuracies in the predicted air concentrations
due to the limitations of the source depletion model, as
discussed earlier. For site analysis only short range dis-
persion would often be considered under many conditions so this
changeover of conditions may not be of major significance to any
use of WEERIE to provide results for collective dose estimates.
Applications of this feature should be used more as a tool for
general qualitative results rather than in any attempt for
quantitative values, as more accurate deposition models could
be used in conjunction with better, but more expensive,

dispersion models.

Section 2.3.2. Influences on dry deposition rates

For the submicron diameter aerosol particles expected to
be released as a result of postulated accidents in nuclear
reactors, their dry deposition rates can be limited by atmos-
pheric turbulence. Hence different dispersion conditions could
influence the dry deposition rates. Greater turbulence is often
associated with greater windspeeds for a given dispersion

category.

Due to the characteristically large spread of results about
mean dry deposition velocities it has been difficult to find any

significant correlations with dispersion conditions or windspeeds.
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Nevertheless a factor (GFACV) has been incorporated into the
model detailed in the previous section and is a direct multiplier
to all grouped dry deposition velocities beyond the changeover
distance xc,so(2.44) V;'=EV; X<X

gv;.GFAcv x>x_. The limitations of the
source depletion model should be noted when using this factor,
as well as the inherent uncertainties associated with dry deposit-

ion rates and the gaussian dispersion formulae.

Other effects can be simulated by this factor in conjunction
with the change of dispersion conditions modelled in the earlier
section. For example if a depositing isotope were assumed to be
of two distinct physical forms with different dry deposition rates
then a value of X, could be specified but with the same dispersion
conditions at all distances. This distance would then be chosen
with the assumption that the majority of the quickly depositing
material, at a rate V;, had been removed at an average rate

Vi(<V;) and the remaining material had a lower deposition velocity

vg(=GFACV.v§). This could be applied to a mixture of elemental
iodine and the more inert methyl iodide. Also there is evidence
to suggest that this effect could be a reasonable representation
of the behaviour of aerosols in the atmosphere (Whitby 1976 (50)).
This reflects the unstable nature of some small aerosols in the
atmosphere, where a more stable region can exist beyond about
20km downwind travel, which is at the limit of ‘the source
depletion model in stable conditions. Another condition where
this particular use Qf the model could apply is where the plume
is assumed to cross from land to sea, where stabler air could
exist over the water but the depletion rate might increase due

‘to properties of the water which enhance deposition.

Detailed knowledge of the physical form of a plume's contents
and the path it takes would be needed for this feature to be

employed, particularly the relevant deposition data.

Section 2.3.3 Change of wind direction

The gaussian model used in WEERIE assumes a linear path for
the plume dispersing downwind. This is unlikely to occur in the
real atmosphere, due to the nature of the dispersion process as

well as topographical features on the land.

External cloud gamma exposure estimates relative to the plume
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axis could be affected after a sufficient travel time. Local
beta exposures and inhalation doses would still have the same
distribution about the plume axis given a gaussian model. The
greatest effect would be in the collective dose commitment
estimates, when the dose - distance relationship is applied to
a population distribution. The concept of a worst sector would
have to be modified from that proposed by Gronow and Gausden
(1973(2)).

The radius of curvature of a path could be very large com-
pared to the scale of tens of kilometres over which this gaussian
plume model can be applied. Meandering of a plume in stable
conditions might be modelled at short distances but short time
averages would probably be required. These considerations lead
into aspects of dispersion modelling which are still subjects for

basic research in atmospheric physics,

Section 2.3.4 Plume rise

Much work has been done on estimating plume rise due to such
parameters of the released material. as upward momentum, sensible
heat content and for large radioactive releases self-heating due

to decay processes.

Simple models, as in WEERIE, allow an effective height of
release to be given to the plume. More complicated models not
only predict the path of the plume under different conditions but
also the amount of mixing due to the plume rise process as well
as the different properties of the atmosphere above the ground
(Briggs (51), Russo et al 1977(52)).

The effect of plume rise is to remove high doses from the
short range characteristics of a release, see equation 2.3 (45).
The total number of latent casualties for a given release of
radionuclides will generally not be greatly affected by this
process, but it can be a critical factor in estimating early
fatalities (44), (6).

As explained earlier the dispersion parameters used in WEERIE
are most relevant to ground level releases and cannot be applied
as accurately to dispersion higher in the atmospheric boundary |

layer, as would be required in plume rise models.

Section 2.3.5 Topographical effects

Topography has a localised effect on dispersion so cannot be
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readily modelled in any general dispersion scheme without a loss
of accuracy, especially for one as simple as the gaussian model
(Schriber et al. 1979 (94)). Local measurements of dispersion
would implicitly contain effects particular to one site, but are

difficult to obtain and of limited use elsewhere,

Large scale features can influence the flow of material sys-
tematically but this would generally be at a scale beyond the
scope of the model used in this code. Recirculation of material
in a large valley, or fjord, can be an important limitation on
dispersion in the atmosphere over some averaging times. Another
special effect which could be observed under stable conditions is
a plume splitting when it meets a hill penetrating the level of
the plume. The plume remains on one level and eventually recom- .

bines downwind of the peak, after sufficient lateral dispersion.

These effects have not been incorporated in this code's

dispersion model,

Section 2.3.6 Resuspension of deposited material

The element dependent deposition model described earlier assumes

that there is no resuspension of deposited material while the

plume travels downwind. This is not a valid assumption as both
radioactive decay and normal wind action can resuspend material

into the atmosphere. In a short time period after the plume has
created a deposit resuspended material could be assumed to travel
down the same track as the plume. Once a sufficient delay occurs

to allow a change of wind direction or dispersion conditions,

before resuspension, the problem is immediately complicated.

Neglecting resuspension generally could often give a pessi-
mistic estimate of hazards in the track of a plume as regards
deposited activity. ©Some of the problems of relocation of depos-

ited material are discussed in chapter 3.

Section 2.4 Some simple examples of the use of the improved
" dispersion and depletion routines in WEERIE

The effects of an element dependent depletion model on the
potential doses and exposures will be varied. The most obvious
feature of this model is the improvement of the ground contam-
ination estimate, given the limitations of the gaussian plume
model associated with a source depletion scheme., Where a single
isotope or element dominates the inhalation dose given to a single

organ, such as iodine to the thyroid, any special deposition prop-
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erties assumed for that element will be reflected directly in
that organ's dose commitment. Quantities involving a wide selec-
tion of elements, such as external gamma ray exposures, will gen-

erally follow any trend given to the majority of elements.

The distances to which the source depletion and the gaussian
plume models are valid depend strongly on the meterological con-
ditions assumed. This combined with radicactive decay of isotopes
limits some of the effects which can be modelled. Also in choos-
- ing conditions to demonstrate the capabilities of the improved
depletion and dispersion models the extent of deposition has to
be considered. TFor low deposition velocities, out to a range of
a few tens of kilometres, depletion is greatest under stable low-
windspeed conditions and becomes insignificant for very unstable
conditions, A limited range of conditions are considered in these
examples, including high-windspeed neutral and slightly unstable
conditions, which are gquite common in the UK. 1In addition stable
category F conditions are used as an example where severe deplet-

ion occurs even with low deposition velocities.

The remaining sections of this chapter will display some of
these features for the improved depletion and dispersion models.

Section 2.4.1 Comparisons of a single overall deposition velocity
to a 3 group element dependent model

The example given in this section uses a notional MAGNOX
single channel melt-out accident as the source of a mixed fission
product relegse (Macdonald (61,83), Strachan and Goddard 1978(60)).
The deposition velocities used in the grouped element dependent
model are halogens, vg=1.2 cm.s_l; inert gases Vg=0 and all -other
elements are assumed to be in an aerosol form with e 0.3 cm.s
For the single overall depletion model this characteristic aerosol
deposition velocity is assumed, so a balancing effect could be
expected for ground contamination between the halogens and the
inert gases relative to the three group model. Time integrated
alr concentrations are calculated by WEERIE so expressing contam-

ination in curies per unit area.

Two dispersion conditons are considered, namely slightly
unstable Pasquill-Smith category C (ﬁ=5m.s—1) and stable Pasquill
category F. Dry deposition within 30km of the source does not
rapidly remove material from the plume under the former conditon,
whereas the latter stable condition exhibits much greater deplet-
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ion. Appropriate short time scale lateral dispersion is assumed

for the released material in both sets of dispersion parameters.

Figure 2.1 displays the ratios of the predictions of the
three and one group models of the ground contamination under
stable (F) dispersion conditions for the isotopes Rb88, I131, I132
and Cs137. For the case of a long lived isotope, Cs137, which
has no significant precursors and is given the same deposition
rate in both models, this ratio is always unity. The ratio of
air concentrations at ground level can be deduced by extracting
the appropriate deposition velocities in both models from the
ground contamination ratios. The ground level air concentration
for Cs137 is again unity at all distances. Hence lung and bone
inhalation doses are not sensitive to the differences in these
models, as the isotopes significant to these organs, Sr, Ru, Cs
etc., are treated identically. Krypton-88, an inert gas, is
éiven zero deposition velocity in the three group model so that
it experiences no depletion, but this is not the case when using
a single overall deposition velocity. As a result in the one
group model both the ground level air concentration and ground
contamination of rubidium-88 (t,=18 mins.), the short-lived
daughter of Kr88, are progressiéely underestimdted as the mater-
ial travels downwind. This could affect estimates of doses to
the stomach, small intestine and lung, as well as contributions
to the external cloud gamma exposures at relatively high emission

energies.

In the three group model iodine isotopes are given a high
deposition velocity. 1I131 has . few contributions from precursors
so it is rapidly depleted in the three group model relative to
the one group model. In the three group model the I131 ground
contamination levels are still higher 5km downwind of the source,
even though over 70% more I131 has been removed from the plume than
in the one group model. 1132 (t%=2.2hrs.) shows a more complicf
ated behaviour, due 10 having a continuing downwind contribution
from Tel32 decaying in the plume. 1132 air concentrations are
initially lower and decreasing in the three group model, relat-
ive to the one group model, as the amount of this isotope rel-
eased at the source is still dominant in the plume. However
beyond ten kilometres the I132 produced from Tel32 decays in the
plume progressively become dominant, so that the 1132 reaching

these greater distances by this decay sequence does not
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experience such a great depletion. Eventually a steady state
would be attained below the level of the one group model's air
concentration for 1132, but under these stable conditions it is
probably beyond the useful range of the source depletion model.
Even though the I132 air concentration is reduced by this three
group model, relative to the one group model, the ground contam-
ination is still greater at all distances. When this three group
model is used in place of the original one group model these two
effects on iodine isotopes reduce the thyroid inhalation doses

at all distances, but can increase ground contamination at short

distances for I131 and larger distances for 1132.

Also shown in figure 2.1 is the ratio of the on-axis numer-
ical estimate of the cloud gamma exposure from the three and one
group models. This averages over all the elements in the plume
as all contribute some gamma activity. Due to the whole inert
gas inventory of the MAGNOX channel being released in this notion-
al accident, and only 10% of the halogen activity, the three
group model's assumed non-depositing behaviour for the inert gases
more than compensates for the rapid depletion of the prolific
gamma emitting iodine isotopes, relative to the results of the
one group deposition model. If the iodine release fraction is
reduced to 1% . the cloud gamma exposure is decreased by about
40%, showing the importance of any treatment of iodine isotopes

in the plume.

The complementary curves are shown in figure 2.2 for the
higher windspeed slightly unstable Pasquill-Smith dispersion con-
ditions which are not very conducive to rapid depletion of the
plume material. This is evidenced by the ground level air concen-
tration curve for I131, where, even with the higher three group
iodine depletion rate, this quantity is within 15% of the single
group value within 30km of the source. The greater iodine depos-
ition velocity in the three group model is reflected by the high
values of the ratios for both I131 and I132 ground contamination,
These are almost equal to the ratio of the iodine deposition
velocity in both models, VS(I)/V; =4, The effects of krypton
deposition in the one group model are again reflected in the
behaviour of rubidium-88, but this difference does not exceed 6%
by 30 km. As before the estimates for isotopes with no precurs-
ors and with aerosol deposition characteristics do not differ

between the two deposition models. Hence it can be expected that

both dry deposition models will give similar inhalation dose
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commitment predictions within this range of 30km under slightly
unstable dispersion conditions,

The ratio of numerical cloud gamma exposure estimates does not
deviate from unity by more than 0.4% up to 30, however it goes
through a minimum at about 4 km under these conditions. No great
emphasis should be placed on such small differences, as these
effects are of no significance when the inaccuracy of the numeri-
cal estimate under most conditions could be 10% for a given plume
geometry.

The effects of different uses of the element dependent dry
deposition model on external exposures from the material on the
.ground are considered in the next chapter, where these differences
could be expected to be greater than these found for the cloud

gamma exposure,

Section 2.4.2 Simple example of washout

The initial release of a wide range of fission products
from a notional AGR major depressurisation melt-out accident is
used to demonstrate the effects of washout, at a rate of 10—4(s_1).
The rainfall is assumed to cut-off at xR=43.2km(tR=0.1 days). A
set of dispersion parameters is used to represent slightly un-
stable Pasquill-Smith category C weather. An inversion at
z,= 1000 metres is assumed to exist, where this is crudely model-
led by restricting the vertical dispersion parameter to less
than zi/2.142, which represents the 10% limit of the plume not
penetrating the inversion. As dry deposition under these con-
ditions is not excessive this assumed long range behaviour of the
vertical dispersion coefficients should not unduly devlete the
plume (Draxler and Elliot). Both washout and dry deposition is
assumed to occur for distances less than Xp and only the latter
beyond this distance, without any change of the deposition

velocities.

Figure 2.3 shows the results of washout combined with dry
deposition relative to those for dry deposition ohly under the
conditions described above. The lung and thyroid inhalation dose
commitment ratios both show progressive depletion of the airborne
material as washout continues to Xp - A feature of this three
group depletion model is that as the inert gases are assumed to
be non-depositing, with respect to dry deposition, they are also
assumed not to be washed out by rainfall. These inert gases do
not contribute significantly to inhalation doses, so the curve
in figure 2.3 shows the effects of washout reducing airborne

concentrations of depositing isotopes and also inhalation doses,
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eventually by 55%. After washout stops the ratio of these two
cases 1s constant as the same dry deposition behaviour is postul-
ated. This shows that, as expected from equation 2.37, the
effect of washout is very dependent on the effective depth of

the plume.

Also shown in figure 2.3 are the relative ground contamina-
tion curves for these two depletion cases. This shows more
explicitly the dependence of the effective washout velocity on
the height of the plume, as expected from equation 2.41. The
relative contamination depends to a first approximation on the
ratio, (2.45) (vw+vg).QW:vg, so for small vg the effects of Vi
increasing are relatively greater, as displayed by the ratios
for Rb88 and CSl37(Vg=O.3 cm.s—l) compared to those for I131
and I132 (vg=1.2 cm.s_1
approaches the inversion layer detailed differences between

). Once the upper boundary of the plume

these isotopes are observed.

Rubidium-88 reaches a steady state, as its presence in the
plume by 20km is due almost excluSively to decays of krypton-88
which is not depleted by this three group model. Here the short
lived daughter isotope will be travelling a fixed mean distance

X so if the vertical dispersion parameter does not vary

n,n-1’

with distance both VW and Qi, will also be constant for this
n,n-1

KrSS/RbSS decay chain. Beyond Xp the Rb88 concentrations return
to that with no washout, with a slight undershoot immediately
after washout ceases and the dry depbsition steady state is
produced. The ratio of unity is produced by the washout in the
elemental dependent model not affecting the inert gas krypton-88,
which is the sole source of rubidium-88 in this distance range.

Caesium-137, having no significant precursors, is subject
to the total depletion from the source, so once the plume stops
dispersing vertically Vi is constant but Qw,g continues to
decrease. This produces a maximum in the ratio of the washout
and dry deposition combined ground contamination relative to the
dry deposition case for Cs137. After the rain ceases the Csl37
ground contamination ratio becomes a constant, at the same level
as for the inhalation doses, reflecting the extra depletion

produced by washout.

Ground contamination by I131 can be expected to show the
same type of behaviour as that of Cs137. This is observed in
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figure 2.3, but at a lower relative value due to the dry
deposition velocity for iodine being four times that of caesium
in the element dependent dry deposition model. The behaviour of
1132 shows the effect of washout on both the material produced
by in-plume decay of Tel32 and that originally released at the
source. With a half life of 2.2 hours 1132 can be expected to
travel on average about 40km under these conditions., The I132
contribution from in-plume decay of the already depleted Tel32
will be further depleted by the appropriate factor for the
travel distance Xn,n-l' Here the difference between I131 and
1132 ratios reflects a neglection of the correction for too much
Tel32 depletion (see Table 2.1). Once the depletion due to rain-
fall ceases the two cases revert to the same overall depletion
scheme, but the ratios again reflect the net loss by washout,

as for Csl1l37. Again an undershoot occurs with 1132, but this is
greater than that observed for Rb88 due to the longer lived 1132
retaining the depletion effects of washout to a greater distance

beyond that at which the rain ceases.

This example has shown some of the detailed effects which
could occur when a plume of mixed fission products experiences

uniform washout.

Section 2.4.3 Examples of the change of meteorology feature

Two cases are discussed in this section where the notional
MAGNOX single channel melt-out on depressurisation accident again
supplies the source of plume material. The first case demonstrat-
es the effects of going from a stable, low windspeed condition
to a higher windspeed neutral flow at a downwind distance Koo
In the second example the same stable conditions are used though-

out but the deposition rate is decreased beyond X,

The reference set of consequences used to derive the ratios
in both cases assumes short time scale stable dispersion para-
meters as used in section 2.4.1. Prolonged lateral dispersion
parameters (Beattie and Bryant, 1970(53)) are used for both the
complex conditions. This enables the effects of different
lateral dispersion parameters to be displayed simply at distances

before Xc'

Section 2.4.3.1 Transition from stable to neutral dispersion
- conditions ' '

In this exampie the neutral dispersioh conditions, with a
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mean windspeed of 5 m.s—l, are assumed to start at 3.6 km.
Before this, stable conditions with a mean windspeed of 2 m.s“1
are assumed to exist for half an hour. At all downwind distances
prolonged (Pasquill category C) lateral dispersion parameters

are assumed, where these broaden the plume by about a factor of
three compared to the short time scale conditions. A change of
deposition rates is also assumed to occur beyond X, and this is
represented by a value of GFACV=2 corresponding notionally to

the increased turbulence.

Figure 2.4 portrays some of the quantities of this complex
situation relative to that of short time scale dispersion.
Before the transition only the effects of different lateral
dispersion parameters are observed. All the isotopic ground and
air contaminations are reduced to about 33% of the values in
the narrower plume, which would be reflected in any inhalation
doses in this limited downwind range. The numerical estimate of
the cloud gamma exposure is closer to that of the narrower plume,
being greater than 40% before the influence of the meteorological
transition. This reflects the extended range from which the

cloud gamma exposure can be delivered.

At the transition point the cloud gamma exposure does not
show as sharp a Change as the air concentrations. The more dis-
persed plume in this second region leads to a ratio of about
0.12 between 10 km and 20 km. This factor reflects the increase
in the mean windspeed and the vertical dispersion parameters
after the transition. The greater windspeed has the effect of
extending the physical range of the radioactive material in the
plume, so that by a given distance, beyond X less decay has
occurred than in the reference case. The neutral conditions are
also less conducive to deposition than the stable conditions,
although the GFACV value of two lessens this difference. This
explains why ratios for I131 ground and air contaminations
experience an upturn beyond 15 km, where depletion under the
stable reference conditions is very severe. The contribution of
iodine isotopes generally to the cloud gamma exposure is also
evidenced by the upturn in the ratio of this quantity towards
30 km. I132 also experiences an increase in this range, though
less marked than I131 as the relative differences of depletion on
its low deposition rate parent Tel32 are smaller between the two

conditions than for iodine isotopes released at the source.
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The ratios for Rb88, the short lived daughter of Kr88, are
found to follow a similar trend to that of 1132 but without the
complications of a parent with depositing characteristcs. Only
the ratios of Cs137 in figure 2.4 continually decrease in the
neutral flow. This isotope does not have any significant pre-
cursors, so the doubled deposition velocity offsets the relative
reduction in the depletion fraction produced by the increases

in vertical mixing and the mean windspeed.

The neutral dispersion conditions beyond X, conld be ext-
ended beyond 30 km, but the reference case, of stable dispersion
conditions, used to derive these ratios is probably not a reason-
able representation of long range behaviour. This limited
comparison has still shown some of the important features of a
type of fumigation which could be of practical use in estimating
consequences from mixed fission product releases.

Section 2.4.3.2 Reducing deposition velocities downwind of a

release

In this example the stable low windspeed conditions, with
prolonged time scale lateral dispersion parameters, are assumed
to continue beyond the transition point 5 km downwind but the
deposition velocities are reduced by the factor GFACV=0.2. The
source depletion fractions produced by dry deposition 1n the first
5 km are given below for the two non zero rates used, QO(V =1,2
cm,s ) 0.178 and Qo(vg—O 3 em.s ) 0.648.

This shows the important effect of plume depletion in normal
stable conditions. A significant change,of mean deposition
behaviour might be expected under these conditions especially

for any elements existing in several different physical and chem-
ical forms.

The ratios of several characteristics of this particular
example, relative to the stable short time scale conditions used
in section 2.4.1 are given in figure 2.5. The initial portion‘
of the curves are the same as before the transition in the corr-
esponding curves in figure 2.4. After this distance X, the air
concentrations of depositing radionuclides can be expected to
show a relative increase, due to the reduction of the deposition
rates. This would be reflected by correspondingly greater pred-
icted dose commitments in WEERIE. However the postulated

decrease in deposition rates may mean that this material is less
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effectively trapped in the lungs and the dose patterns in the
human body could be affected. It could be necessary to use a
different set of dose per inhaled activity factors for materials
with significantly different deposition properties, but this may
not be justified given the expected accuracy of a gaussian dis-

persion model and other aspects of modelling radioactive releases.

Returning to figure 2.5 the greatest relative increase in
air concentrations can be expected for the iodine isotopes and
I131 in particular, given the properties of its precursors as
described earlier. For 1131 cloud dosage a factor of almost
seven increase is produced by the lower deposition velocity
between Skm and 30km. The 1131 relative ground contamination is
immediately reduced at the transition by GFACV but by 30km is
above the relative level at X, due to the comparative lack of
depletion., A similar effect is produced for I132 ratios, but
to a lesser extent due to the significant contributions by in-
plume decays of Tel32. The relative differences in the depletion
of Tel32 are less than those of 1131 due to the lower deposition
velocity given to tellurium in the element dependent deposition
model. These increases help to reverse the decrease in the
numerical estimate of the cloud gamma exposure due to the diff-

erences in the lateral dispersion parameters.

In the case of Cs137 the relative difference due to the
decrease in deposition velocity beyond the transition is less
than for iodine isotopes, due to a lower deposition velocity
producing proportionately less depletion. The relative reduction
in the ground contamination would be reflected in a decrease of
the long term external gamma exposures, but this topic is better

dealt with in the next chapter.

Rubidium-88 air concentrations show the least relative
change from the particular use of this change of meteorology and
the GFACV value. Again the non-depositing characteristics
assumed for this isotope's main precursor, Kr88, are important.
The slight change is due to the lower deposition rate of Rb88 "
producing a small percentage change in the relative value of

Q§‘ which is close to unity due to the short half life (18
n,n-1
minutes) of this daughter isotope. There is a small transition

region between 5 km and 10 km before the mean steady state arises,
where Rb88 could be expected to travel about 2 km on average

before decaying.



61

This particular example under stable conditions highlights
possible effects due to the nature of the plume material chang-

ing with downwind travel.

Section 2.5 Summary of improvements to the depletion routines in
the WEERTE code

The inéorporation of a grouped element dependent deposition
model allows a more accurate description of ground contamination
to be made, within the limitations of the gaussian plume dis-
persion model and the source depletion scheme. The improvements
also result in better estimates of airborne concentrations and
related consequences. The model enables detailed effects of the
depletion process on daughter nuclides to be observed. Additional
meteorological features, of which washout is potentially the most
important, can allow a wider ranger of accident consequences to
be modelled., Although some of these new features may be a crude
representation of the real atmospheric processes their use should
give valuable experience in attempts to quantify particular
situations. The greatest uncertainty in any depletion model, for
a given dispersion shceme, is still the values allocated to dry

and wet deposition rates.

Having produced an improved set of dispersion and depletion
models the significant consequences of ground contamination can
be more fully studied. The next chapter deals with the application
of methods to estimate external gamma and beta exposures from

this contamination.



CHAPTER THREE

Istimation of external exposures from deposited fission products

Section 3.1 Some general comments on the importance of

ground contamination

Ground contamination has been recognized as one of the
major consequences of an accident in a nuclear reactor which
leads to radioactivity dispersing in the atmosphere (A.E.O.
1957 (54), (44)).

This has led to the fixing, in the UK, of Derived Emer-
gency Reference Levels (DERL's) for ground contaminated by
several radioisotopes (Baverstock and Vennart 1976 (55)).
Complicated models have been developed to estimate doses result-
ing from contaminated foodstuffs. This problem involves many
factors beyond the dispersion of material in the atmosphere
(8). The only reference made to potential food-chain doses will

be in terms of the appropriate DERL's for the UK.

Direct external exposures from radioactive ground contami-
nation have been shown to be significant in producing early
fatalities in major postulated accidents, under a restricted
range of conditions((44), (6), McGrath et al. 1977 (56)). Long-
term exposure rates result from any deposited nuclides which
have half-lives of many years. The original form of the WEERIE
code did not contain routines to estimate these direct exposures.
With the improved depletion and dispersion routines, described
in Chapter two, an adequate source term for these calculations

is now available,

A consideration of the properties of beta and gamma radia-
tions can aid in the selection and development of appropriate
routines to estimate exposures from the deposited material.

The short range of low energy beta rays in dry air, at STP,
suggests that these exposures could be accurately estimated from
the contamination in the immediate vicinity of the point of
interest. Gamma rays of most energies have much larger ranges
in air than beta rays, typically of order 100 metres, so that

a large portion of the ground deposit probably has to be consié
dered in any reasonable estimate of these gamma exposures.

This would involve integrating contributions from a source,

derived from a gaussian plume, varying in strength in two
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dimensions, so that a numerical routine would be required to

cope with this problem.

In WEERIE cloud gamma exposures are calculated from grouped
gamma ray energies with energy deposition build-up factors.
The total exposure is summed over gross contributions from point
sources distributed within the plume rather than any more detai-
led method explicitly modelling energy degradation of photons
after scattering processes from corresponding sample points. The
gamma exposures from ground deposits can be expected to be
greatly influenced by the scattering and absorption properties
of the ground, whereas this effect is not always so significant
in the case of cloud exposures. To make fuil use of the data
already stored in WEERIE a similar type of estimate can be used

for these ground gamma exposures.

Other schemes are available (Chapter 70f (45), chapter 4
of Jaeger 1968 (57)) but have 1imitatioﬁs. For example the
estimates due to Gamertsfeller (quoted in (45)) model the cross-
wind gaussian distribution but do not allow for changes of dis-
persion parameters with downwind distance. Also a crude estimate
of the effects of the ground has been made in this particular
method, where half the emitted photons, at all positions rela-
tive to the receptor, are assumed to be lost in the ground, so
neglecting the effects of scattering out of the ground. In
addition this method would require a large storage space for
essential extra information, in the form of the values of integ-
rals. A discussion of the advantages and disadvantages of a
point source build-up model is given in the appropriate sections

of Appendix A and this chapter.

Section 3.2 Estimation of gamma exposures from ground

contamination

As a first step in the development of a numerical routiné
to estimate ground gamma exposures the case of an infinite
uniform deposit on a smooth plane is considered, as discussed
in Appendix A. The routine derived from these basic considera-
tions has to be converted to a form suitable for the calculations
required in WEERIE,
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The original WEERIE code had routines which predicted,
numerically, the exposure due to the passing cloud of radio-
nuclides. A numerical estimate of ground gamma exposure rafes
can utilise some of the routines within the original WEERIE
provded appropriate moagifications are made., These modifications,
and their implications on the use of computer resources, are

discussed in the following paragraphs.

Section 3.2,1 Source terms for the gamma calculations

Numerical gamma calculations require the source of photons
to be determined for every cell of a sampling grid which models
the distribution of the deposited material. In WEERIE the '
amounts of released isotopes are stored in an array, P(150,6),
and the gamma ray source spectrum is modelled in twelve energy
groups proposed by Sidebotham (see Appendix A)(58), so leading
to a source term, S(12), at any given point summed over many

hundred isotopes for each energy group.

The above procedure was récognized as being too expensive
to be repeated for every point source in a numerical cloud gamma
calculation (13). This led to the formation of a grid of six-
teen downwind source terms which were only affected by travel,
and in the modified model also by depletion., Interpolation
between two of these travel grid points could be used to define
the source term for each energy group at any given downwind

distance Xx.

The downwind travel grid positions were defined as having
travel times, (3.1) tn=e((n—l).0.72) seconds, leading to posi-
tions, (3.2) xn=ﬁ.e((n—1).0.72) metres., For a windspeed of 2m.s
the sixteenth grid point was about 100km downwind, at the 1limit
of the paramet-risation of the gaussian dispersion model in
WEERIE. At greater windspeeds these grid points were separated

1

by greater distances than at low windspeeds and also the last’
point was beyond the limit of the dispersion model. To correct
this situation, and reduce errors in the interpolation of the
gamma source strengths, the travel grid points were redefined
as (3.3) t_=e((n-1).Dt) seconds and (3.4) xn=ﬁ.tn where
Dt=(1n(100000.0/u))/15.0. This locates all the source gamma
travel grid points within the region where the dispersion model

is explicitly defined.
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Once this source term has been found for a given plume
sample point, x metres downwind, the appropriate dispersion
factor can be applied for lateral and vertical dispersion.

This value is then used in a gaussian guadrature procedure to
estimate the cloud gamma exposure. Up to N3 sample points

. (Nmax=9) can be used in this three dimensional integration. For
on-axis points (y=0) all N3 points are located on one side of
the plume to increase accuracy: the result being multiplied by
two, using the symmetry of the ideal plume.

To calculate the ground gamma exposure the only further
modification needed to the routine defining the travel grid for
source terms in each energy group is that the effective deposi-
tion velocity has to be applied to represent the ground conta-
mination. Afterwards the appropriate dispersion factor can be
applied, as before, to produce the source term assumed to repre-
sent a particular cartesian grid cell in the numerical routine

for estimating the ground gamma exposure rate,

Some calculational advantages can be taken from the carte-
sian integration grid with one axis parallel to that of the
plume. In this method for ground gamma calculations all the
crosswind grid cells at one downwind distance have the same
source term interpolated from the travel grid values. For all
these crosswind cells the point source strengths can be derived
by applying the gaussian function for one value of each of the
lateral and vertical dispersion parameters. A polar coordinate
system centred on the receptor would have cells each with
different downwind distances, requiring the source strengths
and dispersion factors to be recalculated ﬁany hundred times
more than for the cartesian grid (see Appendix A). This saving
in the number of interpolations is of order (n2—n), where n is
the number of cell divisions on one cartesian axis, and n=28 for

the complete square cartesian grid.

Again symmetry of the deposit left by the plume can be
used to simplify the calculations. For off-axis points the full
28x28 grid is used. When the receptor point is in the vertical
plane including the axis of the plume only one half of the plume
deposit needs to be integrated over to derive the total exposure
rate. As the routine should give reasonably accurate results
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for half the grid, 28x14 (downwind by crosswind), a saving in
time can be produced for this ground gamma calculation,rather
than the increase in accuracy chosen by the authors of WEERIE

'for the numerical cloud gamma estimate.

The geheral accuracy of this routine when representing
the deposit from a gaussian plume depends on the relationship
between the characteristic dimensions of the plume and that of
the grid. The routine will lose some of its accuracy as the
dispersion parameters decrease to less than the size of the
grid cell dimensions. This applies to receptor points close to
the source of a ground level release where the dispersion para-
meters are smallest, particularly if no building entrainment is
modelled (which effectively broadens the plume) or stable
conditions are assumed. As the smallest grid cells close to the
receptor have dimensions of only several metres any error from
this effect should not extend to any great distance along the
axis of the plume, at most a few hundred metres under stable

conditions for a ground level release.

Another situation where the accuracy of the model is reduced
occurs for a receptor point well removed from the axis of a
plume which is narrow compared to the cell dimensions at the
extreme of the cartesian grid. The plume would be effectively
represented as a line with a source strength depending on down-
wind distance. Systematic underestimation could occur if only
one line of large grid cells covered the width of the plume,
where the point sources at the cell mid-points would not gene-
rally coincide with the peak of the ground contamination. Again
this effect would be most noticeable very close to a point

ground level release of radioactivity.

Some method must be provided by which these conditions can
be recognized without requiring detailed inspection of the
numerical ground gamma calculation. As with the cloud gamma
calculations this can be achieved by using an approximation based
on the local activity. The method employed is described in the

following section.

Section 3.2.2 Local approximation to the ground gamma exposure

rate

The simplest exposure rate approximation relying only on
local contamination levels is to assume these deposits extend



uniformly over an infinite smooth plane. This ignores all

plume dependencies beyond those determining the local contami-
nation. Using a Monte Carlo method French (1965 (59)) tabulated
the direct and scattered dose rates from uniform gamma emitting
sources (1 photon per cmz per second) on a smooth infinite plane
for source photon energies ranging from O.1MeV to 3.5MeV.

Simple interpolation could be used to derive the results approp-
riate to the Sidebotham energies within this range. To derive
values for the three Sidebotham groups with mean photon energies

higher than 3.5MeV a more complicated procedure was undertaken.

Each of the tabulated sets of direct and total exposure
rates per unit uniform surface contamination has been approx-
mated by a fitted function, for E>0.25 MeV, of the form below:
(3.5) D(E)=C+B(A.exp(—~ E')+(1-A).exp(~ E')), where E'=E-0.25 MeV
and the values were normalised to the direct rate for source
photons at E=0.25 MeV. This process enabled values of the expo-
sure rate for source photons of high energies to be estimated
and crosschecked against the rezults of an extrapclation of the
graphs of direct and scattered flux, where this checking process
can also be applied to lower energiecs. The difference between
the sum of the estimated direct and scattered rates and that of
the estimated total rate was less thkan 3% at all energies. This
compares favourably with the error of about 10% associated with
the basic set of values, derived by French, so no significant
uncertainty was introduced by this procedure to extend the range

of values.

These results due to French are for a receptor three feet
above the uniformly contaminated ground, while the numerical
routine uses one which is a metre above the ground., A correc-
tion factor for this effect was calculated at energies of 1.25
MeV and 0.67 MeV by the numerical routine with an appropriate
modification. As the difference between both these factors was
negligible it was assumed that no significant error would be
introduced to total exposure rates from a mixed fission product
deposit by applying this value to all the values at the twelve

Sidebotham kernal energies.
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Once the local gamma scurce term (GA(x,y,E)) at the point
of interest (x,y) has been calculated these values derived
from those of French (FR(E)), for the exposure rates from an
infinite uniform sméoth plane of contamination, can be applied
to produce an estimate of this effect of local contamination.
Hence a local value of the ground gamma exposure rate has been

12
defined as (3.6) G(x,y)=¢(x,y)L GA(x,y,Ei}FR(Ei),
i=1

where ¢(x,y) is the appropriate dispersion factor.

When the result of the numerical ground gamma routine in
WEERIE deviates markedly from this local estimate the detailed
distribution of material may have to be considered. Some

examples are given in the following paragraphs.

Section 3.2.3 Comparison of numerical and local ground gamma

exXposure rate estimates

The MAGNOX release (Strachan and Goddard 1979 (60)) is
used, as in Chapter two, to provide some simple examples of
gross ground gamma estimates in this section. A three group
element dependent deposition model is used, as before, where
inert gases are not deposited from the plume while halogens are
preferentially deposited relative to all other depoéiting

elements.

Figure 3.1 shows the total ground gamma exposure rate forty
hours after the formation of the deposit when this notional
release was assumed to disperse under Pasquill-Smith category C
weather conditions. The effects of building entrainment can be
observed in both estimates up to about 200 metres from the
source. Broadening of the plume at these short distances helps
to reduce the difference between the local and numerical esti-
mates, which does not exceed a factor of two beyond a few tens
of metres. Another factor which tends to reduce this difference
is that there are fewer high energy gamma emitters after progres-
sively longer cooling periods, as these usually have relatively
short half lives. This means that only the low energy photons
contribute to the total exposure rate, where these have shorter
mean free paths in air than, say, 3 MeV photons. Thus the low

energy photons delivering an exposure at the given point of
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interest originate from a restricted area within the deposit.
Within this area, which is smaller than for high energy photons,
the contamination won't differ greatly from that at the expo-
sure point so this should lessen any difference between the
local and numerical estimates. Due to the large number of
gamma emitting isotopes in the release the effect of high
energy photon emitters is not of overriding importance as half
the initial exposure rate is due to source photons of less than
1 MeV and the long term rate is due primarily to 0.66 MeV
photons from Csl37/Bal37m.

Using the same released activities but dispersing under
Stable Pasquill category F, low windspeed conditions the initial
ground gamma exposure rate estimates on the axis of the plume
can be plotted, as in figure 3.2. As can be observed-from the
local estimate of the ground gamma exposure rate no building
entrainment has been assumed for this point source release at
ground level. Even so the finite size of the plume is such
that a difference of a factor of ten exists between the esti-
mates at short ranges of a few tens of metres. A factor of two
difference extends to over one hundred metres while agreement
to within 10% is not reached until about 3 km, where the lateral
dispersion parameter is about ninety metres. These short range
differences emphasize the restricted size of the deposit which

limits the total ground gamma exposure rates.

The total rate, on-axis 1 km downwind, has a contribution
of 70% resulting from the first four energy groups (up to 1.28
MeV) and 90% by the first five groups (up to 1.88 MeV). About
45% of the total exposure rate comes from the third and fourth
energy groups, spanning the range from 0.64MeV to 1.28MeV.
This range coincides with the two energies at which the ground
correction factors were available (see Appendix A), so a large
portion of this exposure rate from mixed fission products is
due to source photons of energies where these factors should be
most appropriate.

It has been found that the on-axis cloud gamma numerical
and local exposure estimates show greater differences than the
corresponding ground gamma exposure rate estimates for a given

release. This reflects the more restricted geometry of the
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receptor one metre above a plane source of gamma rays rather
than the much larger solid angles subtended at the receptor
from volume sources contributing to cloud gamma exposures.

When the plume has small dimensions the numerical cloud gamma
estimates lose proportionately more critical source points than
the numerical ground gamma exposures, so the former results

are more sensitive to photons escaping from the finite plume.
Examples of cloud gamma results are also given later in

Chapter five, as well as in references (13), Macdonald et al
1973 (61) and (60).

The crosswind distribution of deposifed material from a
gaussian plume also results in differences between the local and
numerical ground gamma exposure rate estimates. An example is
given in figure 3.3 for slightly unstable dispersion conditions
one kilometre downwind where the lateral dispersion parameter
is 78 metres. Both estimates are in close agreement within
the 10% limit of the deposit at this downwind distance but the
trend of the numerical estimate is to be greater than that
proportional to the local contamination. Within a couple of
mean free paths of this 10% "boundary'" the local estimate falls
off rapidly with the gaussian distribution of ground contami-
nation, while the numerical estimate shows a less rapid decline.
Due to the limitations of the numerical sampling grid the expo-
sure rates more than two mean free paths from the plume boundary
may not be as well represented as at smaller crosswind distances,
and become progressively less accurate out to four mean free

paths.

This again shows that the ground gamma exposure is quite
dependent on the local ground contamination, as expressed by
the closeness of both estimates within the 10% plume limits.
The numerical routine can be used to estimate the ground gamma
exposure rates in the vicinity of the plume deposit, where
dispersion is quite rapid so the limitations of this routine
may not be critical in any study of this effect. The differen-
ces between the two crosswind estimates of external exposures
at all downwind distances may be more significant, for irradia-=
tion of the public, than those for on-axis exposure rates at
short distances which could be within a typical boundary fence

or exXclusion area.
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Figure 3.3

Crosswind dependence of total ground gamma eXxposure
rate, 40 hours after formation one Kkilometre, from
deposit due to notional MAGNOX release (slightly
unstable conditions)
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One of the effects of ageing the deposited material has
been noted in this section but there are other potentially
greater influences acting on this material in the real world.

These are discussed briefly in the following section.

Section 3.3 Weathering and roughness effects on ground gamma

exposure rates

Both weathering and ground roughness can reduce the exposure
rates from contaminated land relative to estimates assuming
smooth plane static deposits. Ground roughness is a simpler
problem than weathering, as described in the next two sections.

- Section 3.3.1 Ground roughness

The numerical routine developed for estimating ground gamma
exposure rates assumes that the ground-air interface is smooth.
For most land this is not the case, so any contamination of these
areas would produce exposure rates different to these idealised

estimates.

An important characteristic of a land area for ground gamma
exposures is the roughness of the surface. Any gamma rays
emitted from material in small depressions are least attenuated,
or scattered, when travelling away from the main body of the
ground, for a solid angle less than that for the smooth plane
(2nster radians). This can further restrict the range at which
ground contamination can significantly contribute to direct
exposures, particularly where the receptor is close to the ground
" (Huddleston et al 1965 (62)). Rough ground can be expected to
reduce the overall exposure rate from contaminated ground, due
to the effective shielding by the roughhess elementé, where
this will also affect the spectrum of incident photons at the

receptor.

In this configuration the source no longer occupies a plane
but has expanded to a volume source where the material will
generally have a non-uniform distribution within each roughness
element. This different type of source would require much more
detailed analysis to enable an accurate estimate of the exposure
rate from the gamma emitting contamination to be made. Local
soil, vegetation and terrain would be important in producing

a three dimensional source.
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The results from a smooth plane model can be modified to
approximate the effects of ground roughness on the total ground
gamma exposure rate. Two methods of achieving this approxi-
mation have been considered ((62), Corbett 1977 (63)).

The simpler assumption to allow for ground roughness is
to apply an overall reduction factor (Rg). This can modify
directly the final results of a smooth plane estimated exposure
rate, for one source energy or all energies. For an effective
infinite uniform rough plane source of monoenergetic gamma
emitting material this factor can range from 0.3 to 0.8. A
typical value of 0.5 could be used toxrépresent the effects of
rough ground. The gamma spectrum from a mixed fission procut
deposit tends to have a mean energy of about 1 MeV so the above
factors could be applied without any great errors. Where the
amount of deposited material varies rapidly in a short distance
a different factor may be necessary, dependent on the particular
spatial relationship between the deposit, the ground roughness

and the exposure point.

Another method to modify the results of a smooth plane
estimate is to insert an extra layer of air (of thickness d
metres) between the surface sources and the receptor point.
This attempts to model the additional absorption and scattering
produced by a rough surface. The basic equations described in
Appendix A are altered, as the slant distance from the point

source to the receptor becomes,
1
(3.7) rn=(pr21+(1+d)2)2 metres, so changing the contributions

from all grid cells. The ground correction factors could also
be altered to match the new height of the receptor. As the
recommended values of the extra thickness of air are in a range
about 14m, corresponding to rough desert terrain ((62),(57)
after Clifford (64)), the receptor remains within 0.2 mean free
paths of the surface, so that no changes in the cartesian grid
would be required if this method was implemented.

This effect could be used to take account of conditions in
the locality of a site for assessing these external exposure
rates, or just as a general reduction factor. The interactions

of gamma rays with buildings and other artifacts is another topic
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which is important in estimating the consequences of contami-
nation, but is a separate field of study for civil defence

purposes (57).

Section 3.3.2 Weathering effects

The weathering experienced by radioactive contamination in
the terrestial environment is a much broader scientific problem
than the effects of ground roughness on ground gamma exposure
rates. Many processes produce the effects of weathering

including:

i) Resuspension of deposited material;
ii) Soil erosion processes;
iii) Leaching from the soil;

iv) Seasonal biological activity in the soil.

The chemical nature of the deposited isotopes can be a
critical factor for the rate at which weathering occurs.
Caesium-137 contamination from fall-out has been studied (Bryant
1966 (65)) and curves showing the weathering effects have been
produced (Griffiths et al 1978 (66)). Generally a rapid
decline in the external gamma exposure rate occurs in the first
few years to about 30% of the original value, after which a much
slower decrease occurs over several decades. This is produced
by this radioisotope being removed from the locality of the
deposit and being redistributed within the top soil layers.
After about two years the remaining Cs-137 tends to become fixed
in the soil, producing a steady level of external exposure.
Formulae have been devised to model these effects on external
exposures, where no significant differences were found between
soils contaminated by Csl137 in carbonate form ((67) quoted in

(63)).

The redistribution of activity to below the surface will
provide extra shielding to individuals close to the contamina-
tion. Again, as for the effects of ground roughness, a volume
source would be required to more accurately describe external
exposures after the effects of weathering. Many other dose
pathways are affected by weathering, in particular food chain
doses, inhalation doses from resuspended activity (potentially
important for decontamination work (Anspaugh et al 1975 (68),

(6 )) and those arising from waterborne activity. Any simple
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weathering model reducing the deposited activity to match the
lessening of external exposures with time could be misleading
if other dose pathways were also considered which were depen-

dent on this contamination.

To model the effects of weathering would introduce many
considerations beyond the scope of the aim to develop a code
which can describe the immediate impact of activity released
to the atmosphere. Neglecting weathering would result in the
external eXposure rates being pessimistically large in the region
about the deposit. For this reason the external exposures from
deposits of mixed fission products are not studied here beyond
one year's ageing, where these should be treated as gross upper

limits by the end of this period.

Section 3.4 External beta exposures from ground contamination

The short range of beta particles in air allows a dose rate
from ground contamination to be calculated solely from a know-
ledge of the local beta sources. The scattering and absorption
mechanisms for the charged beta particles are very different
from those of uncharged high energy photons. Some general
comments on beta doses will be made explaining the choice of
one particular method suitable for WEERIE, where this specific

method is described in greater detail in Appendix B.

Section 3.4.1 General comments on external beta doses

The nuclear decay process by which beta particles are
emitted from nuclides can produce an electron or a positron,
depending on the characteristics of the decay scheme. These
charged particles are the same as, or the antiparticles of, those
electrons bound to atoms which produce the main scattering

effects when beta rays lose energy in normdl matter.

Monoenergetic beta particles tend to have one range in a
given homogeneous medium. Most of the initial energy is lost
in the first half of the range. In later stages of the slowing
down process the beta particles can have very erratic paths due
to scattering with atomic electrons of equal mass. This results
in "straggling" being observed close to the end of the range

of beta rays.
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As beta particles initially deposit energy quite rapidly
emitters external to a body can be expected to produce prima-
rily a surface dose. The human skin can vary in thickness
from 3 mg/cm2 to 100 mg/cm2 over the whole body. For beta
particles of energy about 1 MeV these thick regions can
provide a large degree of shielding for internal organs and
tissues. Clothing can provide a significant shielding effect
from external beta emitters, but its contamination can cause

problems.

High energy beta particles, of more than say 10 MeV, have
much larger ranges in air, 10's of metres, than 1 MeV electrons
which penetrate about one metre. These high energy particles
lose energy primarily by Bremsstrahlung, so extending the range
over which beta decay energy is deposited. This effect starts
to become important for beta energies of at least 3 MeV (Enge.
1966 (69), Cross 1968 (70)), so tends to impose an upper limit
for many attempts to describe energy deposition by nuclear beta
rays. The application of these methods to doses received from
fission product beta decays is not unduly restricted, because
it is rare for long lived isotopes, of at least a few days half
life, to have beta decay energies above this limit.

The transport of monoenergetic, monodirectional electrons.:
in one homogeneous medium was theoretically described by Spencer
(1955) (71) using a moments method combined with asymptotic
properties to describe deep penetration. The electrons were
not assumed to cross any boundaries in this study. Comparison
of these theoretical results to experiment showed good agree-
ment up to energies of about 2 MeV, although at very low ener-
gies the predictions are also expected not to be very accurate.
Straggling effects can pose problems for this method at large
penetrations (see Zerby and Keller 1967 (72)).

When fission products decay by either allowed or forbidden
beta transitions normally three particles result, namely the
nucleus, the beta particle and a neutrino. The nucleus has a
recoil energy which is lost rapidly in a very short distance
but its electron structure is excited, due to the change of
nuclear charge, so it can produce X-rays. These X-rays can
deposit significant energy within the range of the beta parti-

cles, so adding to the external doses. This effect can cause
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some difficulties when making detailed measurements of beta rays'
energy deposition. The neutrino effectively does not interact
with matter in a distance as small as the range of beta rays,

so can be neglected from dose assessments, but as it is a third
particle it shares the decay energy and conserves both linear
and angular momentum. This results in the beta particles from
this decay process having a continuous range of energy from zero
to a maximum, Eo‘ The probability distribution of electrons
having a particular measured energy within this range is depen-
dent on the type of nuclear transition occurring (69).

To represent the energy deposition for the whole beta
particle energy spectrum from nuclear beta decays in terms of a
set of values for monoenergetic electrons would require an inte-
gration procedure. A detailed mesh of energieé would have to
be used to produce results of acceptable accuracy. Extensive
interpolation of Spencer's tabulated results would be required
to obtain good integrals over each beta spectrum (70). To
duplicate the moments method would require a significant expendi-

ture of calculational time.

As beta particles from fission products are expected to
produce doses primarily to the skin, where this tissue is not
very sensitive to this LET irradiation, the detail necessary to
apply Spencer's work may not be justified in the WEERIE code.
Methods have been developed to predict beta energy deposition in
media with less detailed information requirements. Differences
have been noted for energy deposition between gases and solids
as well as for different source geometries, such as plane and
point (Loevinger 1956 (73), Cross 1967 (74), 1969 (75)), although
these differences were not great and occurred mainly at short

ranges.

The particular case of a uniform, infinite, smooth plane
source of beta emitters depositing energy in dry air has been
considered by Loevinger (1955 (76), 1956 (73)). This can be
applied to the beta dose rate one metre above a deposit of
mixed fission products. Details of this method, along with a

discussion of its limitations, are given in Appendix B. A few

brief comments on the results derived from this method follow

in the next section.
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Section 3.4.2 Use of Loevinger's formula for beta dose rates

Loevinger derived empirical formulae for dose rates from
point beta sources and extended these to deal with plane sources,
These latter results can be applied for external ground beta
dose rate estimates in the modified WEERIE code, as only the
mean beta decay energy and the height of the receptor above:
the plane need to be specified (see Appendix B). The former
quantities are already in a library of this code, for cloud
beta dose estimates, and the latter parameter can be fixed for

one metre of dry air at STP.

This metre of air severely attenuates beta rays with initial
peak energies below 0.5 MeV, which covers a wide range of
fission products. This effect is not modelled in cloud beta
dose estimates, so beta to gamma ratios from deposited material
measured one metre above the ground may show detailed differen-
ces to corresponding ratios for estimates of external doses

and exposures from the cloud.

This scheme uses one effective attenuation coefficient for
the whole beta spectrum of a given nuclide. This assumption is
only a good approximation for peak beta energies in the range
0.5 MeV to 5 MeV and where energy deposition occurs in ‘'a light
(low Z) medium. The ground air interface and the significant
beta ray emitters among the fission products in this application
of Loevinger's formula fall within the range of validity.

The comments of a previous section in this chapter on the
effects of ground roughness and weathering are of importance
to ground beta external dose rates. The ground roughness effects
could be very significant for these short range beta ravs. Hence
the results of this method should only be used as an indication
of general levels of external beta dose rates from fission

products deposited on the ground in the track of a plume.

Section 3.5 Examples of external ground exposures in the
modified models of WEERIE

This section will display some of the differences produced
by using a three group or one group dry deposition model. The
MAGNOX release is again the source term for the airborne mate-

rial.,
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Section 3.5.1 Ground gamma exposure rates one metre above

the deposit

The dry depositiion velocities used in this section are
the same as in section 2.4.1 for the one and three group deple-
tion models. Some general points can be made before detailed

examples are given.

The majority of the released activity is assumed to be in
aerosol form, so has the same treatment in both deposition
models. Caesium-137 falls into this category so the long term
external ground gami:a exposure rates predicted by both models
is the same. Hence any differences due to the three group model,
enhancing halogen contamination and modelling non-deposition of
inert gases, relative to the single overall group model, at '
short downwind distances under 211 weather conditions, will only
be observed for times characteristic of those isotopes which
contribute significantly to external ground gamma exposures.

The radioactive decay process can be such that the two models

diverge for short cooling times, of several days (60).

The greatest differences between the two models can be
expected for stable low windspeed conditions. Figure 3.4 gives
the distance dependence of the on-axis total initial ground gamma
exposure rate for both models under these conditions. This
shows that the simple one group model overestimates this exposure
rate by 25% 1 km and 30 km downwind and by more than 33% at
intermediate distances. Many féctors determine this net differ-
ence where the particular deposition velocities, elemental
release fractions and dispersion conditions are critical. Under
these conditibns the enhanced halogen deposition in the three
group model does not compensate for the different treatment of

inert gas deposition in the one group model.

Greater differences are observed in the exposure rates dug
to individual energy group sources. The initial grouped on-axis
gamma exposure rate is shown in figures 3.5 and 3.6, accumulating
with each higher energy group source, from the deposit at 1 km
and 20 km downwind, respectively, under stable conditions. At
one kilometre downwind the cne group model has a much larger
low energy exposure rate than the three group model, due to
isotopes of xenon in the deposit. For the three gamma ray groups
centred on energies from .76 MeV up to.1.55 MeV the three group

model shows the effects of enhanced iodine devosition velocities,
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Figure 3.4

Initial ground gamma exposure rates from notional MAGNOX
release under stable conditions using single and element
dependent dry deposition models.
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Figure 3.5

Single and three group deposition model
predictions of initial ground gamma exposure
rate accumulating with source photon energy
groups for notional MAGNOX release 1 km down-
wind (stable conditions)
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Figure 3.6

Single and three group deposition model predic-
tions of initial ground gamma spectral exposure
rate accumulating with source photon energy groups
for notional KAGNOX release 20 km downwind

(stable conditions)
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such that both models have very similar total exposure rates
for energies up to about 1.0 MeV to 1.55 MeV. Higher energies
again show the effects of inert gases depositing, primarily

the isotope krypton-88, in the one group model.

Figure 3.6, for the ground gzmma exposure rate 20 km
downwind, shows curves of a similar form but the three group
model is lower relative to the one group deposition model, due
to the severe depletion of the rapidly depositing iodine iso-
topes which emit gamma rays significantly in the range 0.62 MeV
to 1.88 MeV. Due to the non-deposition of Kr-88 in the three
group model there is still a large contribution to the initial
ground gamma exposure rate at 2.5 MeV from the short lived
depositing daughter rubidium-88. This high energy peak in the
initial source exposure spectrum will diminish with a half life
of the decaying principal isotope, Kr88(t,=172 mins) for the
one group model and Rb88(t%=18 mins) for %he three group model,
where tuere is a common background contribution from caesium-138
($%=33 mins). Although the size of this high energy contribu-
tion may not be critical for doses it could be used to guide
diagnostic measurements attempting to identify a particular

type of release.

Slightly unstable Pasquill-Smith category C dispersion
conditions can lead to different relative values of the initial
ground gamma exposure rate predicted by the two deposition models,
where significant changes are also produced when the halogen
release fraction is reduced from 10% to 1% (60). Figure 3.7
shows the initial on-axis ground gamma exposure rates under these

more dispersive conditions.

As these high windspeed conditions, category C, do not
produce any severe depletion from the plume, even for the
enhanced iodine deposition velocities, the relative differences
between the two models is constant. Here the three group depo-
sition model predicts an initial ground gamma exposure rate
about 25% greater than that from the one group deposition model.
The importance of different dispersion conditions on depletion
can be observed by this difference being opposite to that found
under stable conditions (see figure 3.4). Under these slightly
unstable conditions the depletion is so limited that the
enhanced iodine deposition velocities more than compensate for
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Figure 3.7

Initial ground gamma exposure rate from deposit downwind
of ground level notional MAGNOX release (slightly unstable
conditions)
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the neglirible contamination in the element dependent deposi-

tion model by inert pases,

These two depletion models predict different ground conta-
minations and ground gamma exposure rates, so the total ground
gamma exposure delivered by each deposit will differ for a
given period depending on the type of release. The differences
are in the treatment of inert gases and halogens, where the
most significant gamma emitters in these groups decay within a
month. After these particular isotopes have decayed both models
will predict effectively the same long term exposure contribu-
tions, where these are derived from such elements as caesium
and ruthenium which are not affected by the differences in the

two models.

Section 3.5.2 Ground beta dose rates one metre above the deposit

Gross ground beta dose rates are discussed in this section,
as details of the energy spectrum could not be described simply
owing to the overlapping of the continuous beta spectra of the

many isotopes involved in this MAGNOX release.

Long term ground beta dose rates, after attenuation by one
metre in air, are the same in both dry deposition models as
these are determined primarily by rhodium-106, the short lived
daughter of ruthenium—lOG(t%=369 days). Shorter lived beta
emitters which have relatively large beta decay energies include
some isotopes of iodine, tellurium and caesium. The very long
lived beta emitters, krypton-85 and tritium, have low decay
energies, so neither make contributions when either dry deposi-

tion model is used in these examples.

The initial on-axis ground beta dose rates are shown in
figure 3.8 for both deposition models, assuming the release
occurs under stable low windspeed conditions. These curves show
a relative difference dissimilar to the corresponding curves
for the initial ground gamma exposure rate, shown in figure 3.4.
In the case of initial ground beta dose rates the alkali metal
isotopes Rb88 and Cs138 are both important contributors. A
single overall deposition velocity approximately halves the inert
gas concentrations by 30 km, where this affects the in-plume
decays to these two isotopes as shown in Table 3.1. By ten
kilometres downwind in the element dependent depletion model

these effects exceed the ground beta contributions by inert



Figure 3.8

Single and three group dry deposition model
predictions of initial on-axis ground gamma
beta dose rate in air for a notional MAGNOX

release (stable conditions).
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Figure 3.9

Single and three group dry deposition

model predictions of initial on-axis ground
beta dose rate in air for a notional MACGNOX
release (slightly unstable conditions).
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Table 3.1 Ratio of predicted ground contamination by the

three group model relative to the one overall

group depletion model.

Downwind distance RATIOS (3 group to 1 group)
(km) Rubidium-88 Caesium-138
1 1.10 1.07
30 2.47 1.38

gases in the one group dry deposition model, so this total

dose rate exceeds the predicted initial dose rate of the one
group deposition model. A deficit of about 40% at short distan-
ces is reversed to a surplus of about 20% beyond 20 km. At
these larger distances any iodine contributions are not signi-
ficant in the three group deposition model due to the rapid

depletion assumed for these isotopes.

The corresponding curves for dispersion under slightly
unstable conditions are shown in figure 3.9. In this case
depletion is only a minor effect within a few tens of kilometres,
so that the initial ground contamination by Rb88 and Csl38 are
not very dependent on the model used. Even so the trends of
these two gross curves again show the influence of non-dcpositing
behaviour assumed for inert gases in the three group model
although the relative difference of about 10% by 30 km is proba-
bly similar to the uncertainties of using the Loevinger beta
dose rate formula.for a plane source of mixed fission products.

The gross ground beta dose rate predicted by each deposi-
tion model has a different dependence on the ageing time of the
contamination, due to the different constituent isotopes.
Figure 3.10 shows this effect for the MAGNOX release under
slightly unstable conditions at an on-axis receptor point one.
kilometre downwind of the source. At short times after the
deposit is formed the inert gases in the single overall depletion
model increase the rate above that from the deposit of the
three group model. This contribution starts to diminish and
after seven hours does not compensate for the enhanced iodine
contamination's beta decay energy in the three group deposition

model. Finally after more than 30 days all iodine isotopes
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Figure 3.10 |Effects of radicactive decay on predicted on-axis ground beta dose rate from single
jand three group dry deposition models, 1 km downwind of a notional MAGNOX release
\(slightly unstable conditions)
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have decayed, .so the ground beta rates predicted by both models
come into close agreement, as foreseen earlier in this section.
After 35 days the three group depleticon mcdel predicts a total
beta dose one metre above the deposit which is over 30% greater
than the estimate derived from the one group deposition model.
This contrasts with the differences between the early behaviour
predicted by the two models where the one group model estimates
the beta dosc rate after a few hours as being more than 25% in
excess of that derived from the element dependent deposition
model.

This emphasises that the use of different deposition models
can have significant effects on the external exposure rates
from ground contamination, which can change as the deposit ages
where a factor of two difference was observed in figure 3.10

after about a day.

Section 3.6 Summary and conclusions

It has proved possible to incorporate routines into the
modified version of WEERIE to provide estimates of external
ground gamma exposure and ground beta dose rates from the conta-
mination modelled by the element dependent depletion scheme.
This enables comparisons to be made to the corresponding cloud
estimates. Further the decay process in the deposit enables
more features of the improved dispersion and depletion routines

to be observed.

The ground gamma calculations are performed in more detail
than those for the beta estimates as external gamma exposures
are usually radiologically more significant. Examples of these
potential exposure routes will be given in Chapter five for a
range of notional AGR accidents. The next chapter will deal
with some of the problems of applying these potential doses and
exposures in calculating collective quantities for real popula-

tion distributions.
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CHAPTER FOUR

COMMENTS ON THE USE OF THE POPULATION DATA FROM THE
U.K. 1971 CENSUS

This chapter contains a brief description of the uses of
census data in the assessment of population distributions about
nuclear installations, or other sites. Attention will be given
to the probable inaccuracies which can be associated with
particular uses of this population data.

Section 4.1 Type of information available

The Office of Population Censuses and Surveys (OPCS) control
the basic population data derived from the 1971 census in the UK.
The information for Northern Ireland was compiled separately
from that for England, Scotland and Wales, ' Also such islands as
the Isle of Man and the Channel Islands were not included in data
processed by OPCS.

The information provided by OPCS can be based on 100% or
10% samples. For the purposes of site assessment, or collective
dose estimates, population totals can be used with appropriate
factors for the separate groups about a site. The population
totals are derived from a 100% sample of the basic units of a
census. These units are the enumeration districts (ED's) which
are areas covered by one census enumerator. ED boundaries are
chosen by local authorities to aid planning and other decisions.
The boundaries are usually easily recognised landmarks and define
an area which does not normally encompass more than about 280
households in England and Wales. Hence the ED can have a very
irregular shape and its size in rural and urban areas can be
gquite different. Often special ED's are defined for residential
hospitals, prisons and bases of the armed forces, where these

have no explicit boundaries.

Together many ED's comprise a Ward or Civil Parish (W/CP) in
England and Wales and the latter units are listed within each
Local Authority (LA), which was generally a county for the 1971
census. In Scotland there was a different local government
structure and a lower general overall population level, where
both these factors led to ED's of large physical size compared

t0o those in England and Wales.
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This population data has been converted by the OPCS
into square grid cells in units of side 100km, 10km, 1km and
100 metres, as defined by the National Grid (NG), although the
100 metre data are not available for all parts of the country.
The regular grid data produced by this method has different
characteristics to those of the irregular ED or W/CP data. In an
attempt to produce computer printed character maps of population
distributions fectangular grids were defined from the W/CP and
the 1 km data with sides in the same ratio as line-printer

characters (41), (42).

Population totals refer to residents under the headings of
private males, private females, non-private males and non-private
females. The total number of households are also included in
the data referred to as persons male, female and households
(PMFH). TFrom these subdivisions of the population gross totals
of all residents in each census district can be derived. This
information could often be adequate for assessing collective
doses and associated risks (ICRP 26). More detailed assessments
could be made by using the different dose-sensitivities of males
and females. In a very detailed study a 10% sample of the census
data might be used to represent the distribution of ages in a
population about a given site. It may only be justified to use
this specialised information for critical communities or other
selected groups. once a critical dose pathway has been found
(ICRP 26, 27, 29).

The form of the census data is such thaf it lends itself to
one particular mode of calculation of collective quantities. The
gross population total for each ED and W/CP is prbvided along
with the eight figure national grid reference of the weighted
population centroid (to the SW corner of a 100 metre square).
Hence integer arithmetic can be used on a digital computer to
identify exactly the location of a census unit, which correqunds
to a delta function representing the population regardless of
the particular ED or W/CP boundaries and internal distribution of
people. Similar information is provided for the regular grid
forms of the population census data. An estimate of the accuracy
of this use of the data is given in later sections of this

chapter,
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Population movements could be considered in site assessment.
Both occupational movement beyond the boundaries of a census
unit and net migration since the preceding census is available.
The latter covers long term changes of residential population
which could be updated each year with reasonable accuracy, in
areas adjacent to a site, provided sufficient effort was devoted
to this task. The former point is part of the more difficult
problem of dealing with transient populations. This can be a
very site dependent effect and could be critical during the peak
season of a major holiday resort or during a large festival in
one town. At present these short term transient populations have
to be considered separately from residential populations (see

chapter 6).

Residential census data is the prime source of population
information for site assessments and its use will be discussed

in detail in the following sections.

Section 4.2 Use of population data in the assessment of a whole

site

Two population groups can be identified for each site, namely
the surrounding population and a critical subset of this popula-
tion, This section will deal with problems associated with
using census data to assess the complete population distribution
in all directions about a site. The problems associated with
calculations involving a critical group through the use of a
worst sector technique will be dealt with in a subsequent section.

Section 4.2.1 Definition of population distributions

As remarked earlier the population census data represents
all the population for a unit as residing at one point: the
population centroid of that area (ED or W/CP). The form of this
data is.such that vopulation densities cannot be so readily
used. This means that the relevant population distribution (P),
where the site is taken as the origin of a cartesian coordinate
system (x,y), can be represented by,

(4.1) P(x,y)=§=§ Pi.ﬁ(x-xi,y-yi), assuming there are N population

centroids within the region (A) to be assessed and



93

(4.2) JAd(x—xi,y—yi)dx.dy= 1 if A includes (x;,y;)
O if A excludes (Xi’yi)'

Similar expressions can be given when a plane polar coordinate

system is used.

Any collective quantity (Q) resulting from a weighting or
dose function (W) for an area A in all directions about the site
can be represented as;

r N .
(4.3) (a) Q(A)= Ai=1 W(x,y).Pi.6(x—xi,y—yi).dx.dy , which

reduces to

(4.3) (b) Q(r_ )= 1
59 9 i=1

where xf+yi<rn. In the real world each term Qi in the summation

N _ N
W(xi,yi).Pi— Zi=1 Qi’ for an area A

of equation 4.3.b would be better represented as below:

< N
(4.4) Qi'zj=l Pij.W(xi+dxj,yi+dyj), where dxj and dyj represent

the distribution of population within the ith census area for
the internal elements (Pij) of the population Pi such that

NJ

equation 4.9 holds, see figure 4.1. (4.5) Pi=zj=l Pij' The

greatest detail of the physical distribution of the population
group would be achieved when all P.. were unity. 1If a detailed
weighting function (Wlk) was to belased, depending on a gender 1
and an age group k of the population, then the total population
in the ith area would have to be considered as:

NJ

(4.6) P,=

Nl Nk 1k, pND oMK Ik
5 P
i 3=1

(Jo1 fi21 Pig? " 1=1 k=1 B%
The corresponding elements of the collective guantity Qi would
be represented by:
(.73 qp= 3 B wix Lk L tut ' '

. ;% =1 k=1 i,yi).Pi , substituting equation 4.6 into
equation 4.3(b). TFurther detailed breakdowns for particular
organ dose commitments can be described (UNSCEAR, 1977).

The elements in the equations 4.3 and 4.7 are implicitly
averaged over the ith census unit. The following discussion
is to assess the accuracy associated with these terms when
used in computer based routines which calculate collective
guantities from the 1971 census data. Two classes of population
data are used namely irregularly shaped ED and W/CP units and

regular grid cells.
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Figure 4.1 Diagram of the scatter of population elements

of an irregular census unit about the weighted
centroid

ED or W/CP boundary

Population centroid of ED
or W/Cp

Element of residential

population
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Section 4.2.2 Properties of irregular census units

The two census units, ED's and W/CP's, both represent
irregular areas depending solely on local features. The
internal distribution of population within one of these areas
could affect a collective quantity, particularly where the
weighting function varies rapidly with distance. Before
discussing this aspect of the accuracy of population data a few
points can be made about the total population figures.

As mentioned earlier any transient population groups have
to be considered separately, so this census data should provide
the best available estimate of the residential population. The
OPCS does not release the exact results for population totals
in ED's or W/CP's, but uses a process called "Barnardisation"
to ensure the '"confidentiality" of this data. Barnardisation
consists of adding +1, O or -1 to the population of an ED or a
W/CP which contains more than 25 people or 8 households. This
means that the total population of all the ED's in one W/CP may
not equal that from the W/CP data, but over a large sample the
deviation should average to zero. Hence there is a fractional
error associated with each census district with a typical
magnitude of order: (4.8) |E§|=|1/Pil for P;>25 and O for P, <25,
where (4.9) : e? = 0 for each set of population data (ED or

all i :
W/CP).

The error associated with Barnardisation in any one census
district is at the very most 4%, where this would probably only
occur in a sparsely populated rural area. Collective quantities
would be insensitive to -this process as people from many census
units would normally be considered. Effectively the zero
deviation result expressed in equation 4.9 would apply to most

estimates of collective quantities.

Section 4.2.2.1 Mathematical representation of population

centroid census data

The distribution of population within one area was repre-
sented by equations 4.4 and 4.5. The population centroids ‘can

be formally defined as:
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32/P5

(i

(4.10) (a) x; = (35} (xj+dxy) P,

N .
(b) v = (§=1 (yi+dyj).Pi.)/Pi. This leads to the

J

following relationship for the internal deviations (dxj.dyj)
of the elements of population making up the ith census district
group with the relevant centroid (xi,yi):

N

i
£ - N -
(4.11) () iy dx;.p =0, (b) i) dyj.P; =0.

These conditions can be related to the collective quantities
(Qi) in equation 4.4 when the weighting function is expanded

about the centroid (xi’yi)’ giving:

J oW aw
4.12 r=yx NY p o (W(x..y.) + dx..=% +dy . .22
( ) Qi=r1) Py (W(xy,yy) 3 axlxi,yi Y9y lx;,v:

+0(dx?)) .
This assumes that the variables X and y are independent and

that all relevant derivatives of the function (W) are continuous
and finite in the region of the ith census district. The latter
condition is readily satisfied by selection of a suitable weigh-
ting fucntion, particularly one which represents physical
behaviour of a pollutant dispersing in the atmosphere. The
independence of the variables x and y can be assumed, although
there may be relationships between the quantities dxj and dyj

due to the nature of human society (e.g. streets).

Lumping the terms of second or higher order as O(dxz)
enables equation 4.12 to be rewritten as 4.13, as values of W
and its derivatives are only required at the centroid (xi,yi).

. J J
(4.18) qq=w .z N p  + 2 N op o ax . +2¥] SN

2

J
Substituting from equations 4.11, 4.5 and 4.3 for values in

4.13 gives the equation:

(4.14) Qi=Qi+O(dx2), showing that where the function W can be
exXpanded in this manner the error in the ith area's collective
guantity is of second order in the deviations of the actual

population distribution about its centroid.

The second order terms can be evaluated in plane polar

coordinates (r,¢) in the form:
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N
2y Py 4 31 3V 1 oW
4.15) O(dr%)=X -1 r.dr.d¢..c2. 1 2 += Dl
(4.19) Olarp=r L Ci9%%5-Grrg "t 5w
Tirg Ty, by
2 2
2 2 1 W 2 )
tory de 3z *+ dry ““‘32{ )
r. o¢ r
1
r1,¢i r1’¢i

Some weighting functions will have no azimuthal dependence
in a given sector which encloses all the ith census area. In

this case the derivative %3 is equivalent to a zero operator on

the weighting function, so the error term of 4.15 and 4.14

reduces to just,\

Eii dr 2 3w
2 Jj = 8.2

J

(4.16) 0(dr2) = N
J J=1

If (4.17) W(r)=A/rp, where p is between zero and two for most
weighting functions associated with doses related to atmospheric
dispersal of radionuclides, then:
(4.18) 0(dr2)=w(r.) ZNJ P, ..p(p+l).(dr./r,)?=q, (aF¥/r?)

’ J i’ 5=1 ij’ 5 ) jii i Jri7’
where p(p+l)/2 is of order unity. Hence the error, which in
this case is always an overestimate, in a collective quantity
using a weighting function of this form (equation 4.17) is
proportional to the ratio of the mean square deviation (5??) of
the ith population about its centroid to the square of the
separation of this centroid from the site (r?).

Section 4.2.2.2 Limitations on accuracy of centroid data

using continuous weighting function

A discussion of the results of the last section applied to
the ED and W/CP census data follows. This information is used
for whole site populations, extending in all directions from

the site as the centre of the weighting function.

In many applications the weighting function is not given
any dependence on direction from the site (Gronow and Gausden (2)),
so the error term in equation 4.18 might be observed. This
means that the mean square deviation of the internal population
distribution about the census unit's centroid is the immediate

source of error. An estimate of this value can be obtained from
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considering a circular population unit with a uniform distri-
bution out to a boundary ay metres distance from its centroid,
so (4.19) H??=é(ai)2 . This gives the fractional error in the

collective quantity approximately as (4.20) f(Qi)=%(ai/ri)2

As the W/CP data consists of a total of n ED units,
typically about ten, the error in collective quantities derived
from this data can be expected to be generally larger than that
using ED data for the same assessment. Through this effect,
for a given population distribution, any collective doses calcu-
lated with W/CP data would be expected to be generally greater
than that using ED data.

Each set of census units can be crudely divided into urban
and rural categories (Fitzpatrick (41)). The rural ED's
can typically span several kilometres, so a typical deviation
(ai(EDr)) could be 1 km. Urban ED's may just consist of a few
streets so that the deviation could be as low as 200 metres.
The corresponding W/CP error terms will typically be greater by

1
a factor of about n®* (i.e. about 3).

A minimum deviation of about 70 metres is iﬁtroduced by
the fact that the population centroid is placed at a corner of.
a 100 metre square in the national grid. This will affect the
validity of conditions 4.11 which allow an exact cancellation of
the first order term in the expansion of the weighting function,
in equation 4.12. This error can be expressed as
(4.21) O(centroid)= —p.(W(ri)/ri).gzz Pij.(drj+ej) =

NI
-p.(W(ry)/ry).go Py Q;.%5/r.

Py idved”

Although this cancellation will no longer be exact the result
should still be small as the centroid minimises any deviations
and only a small perturbation (Ei) from this true centroid has
been made. A maximum fractional error can be estimated for all
€j=+0.07 kilometres, so giving an error of order 7% at 1 km
and 0.7% at 10 km. For many centroids in a given assessment

area this effect should become negligible.

From the typical sizes of the census units the distances

by which a given accuracy is achieved for collective dose
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estimates can be derived. These results are shown in Table 4.1
for accuracies of 10% and 1%. The random interaction of the
centroid being slightly misplaced and the second order error

in using population centroids mean that the ED data could be
expected to be accurate to at least 10% within about 4 kilometre

in rural areas and about one kilometre for urban areas.

As only a few semi-urban sites, with an effective exclusion
radius of 1 km, have been used for some AGR designs ED data
should cope reasonably with estimating real collective quanti-
ties at all distances, although the ED data may have to be
subdivided close to a site in low density population areas.
Collective doses based on W/CP data can be expected to agree
with ED based results beyond about 3 km and 10 km for urban
and rural areas respectively. The advantage of using W/CP data
is that few units need to be evaluated to cover quite large
population sub-groups, so a saving in computational time can
be made over methods using ED results at larger ranges.

Normally a collective quantity for a site assessment is
required within a given radius T, This final delimeter will
cut across many census unit boundaries. Some populations
centroids will be included which represent areas not fully within
the assessment area while others will be excluded even though
they represent people within this circular boundary. This
effect can be expected to be random in nature and ideally
result in no net error being introduced to the collective
quantity. An estimate of the size of this error can be made
where the number of census units cutting the boundary can be
represented as (4.22) NC:Z“rn(fr/dr+fu/du)=N;+N§’ where dr’du
are the typical diameters of rural and urban units where the
total of each type occupy respectively the fractions fr and fu
of the boundary. The fraction of this boundary occupied by
the sea (f) results in the identity, (4.23) 1=f +f +f_

3
Using the values of deviations ay to give a diameter di(=2 /2.

a.)
this gives the following approximate relationships for ED's
and W/CP's respectively (assuming fr=fu=% ;

c c _
(4.24) (a) Npp = 6.5 . rooo (b) Nyep = 2.4 r,

An outer boundary could typically be 30 km for site assess-

ment by either population set, or possibly 100 km in some
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circumstances where primarily W/CP data would be used. Hence
of order 100 population centroid areas would cross this boun-
dary. This fairly large number of samples might be expected
from statistical theory (Maisel) to have a mean deviation
proportional to the square root of this number. For an estimate
of the fractional error produced by this effect the total
number of centroids (NT) in the area has to be known, say
where (4.25) Nt=nurﬁ(fr/d3+fu/dﬁ). Substituting in approXimate
values for ED's or W/CP's gives

T 2 T

_ 2
gp-40.1, (b) Nyep=

(4.26) (a) N 4.rn

By the outer radius (rn) the weighting function (W(rn))
will be below the mean individual weighting value W, so that
the maximum fractional error for this cut-off effect, assuming
each census unit to contain approximately the same number of
people, is of order: (4.27) (a) f(QED)=(W(rn)/W).(1/(7.rn)),

(b) £(Quep)=(W(r ) /W) .(1/(2.r)).

Mlore typical values could be closer in the following,
3
(4.28) (a) £(Qpp)=(W(r )/W).(Y(20.r,/2)),

(b) f(QWCP)=(W(rn)/W).(l/(3.r§/2)). As the ratio of

W(rn)/W may be less than one tenth the likely errors from this
cut-off effect should not be significant, being less than 1%
for results using W/CP data out to 30 km.

For many purposes the collective site quantities at
distances ri(<rn) are also required. The above analysis can
be applied to these fractional errors in collective values
(Q(ri)). This can impose quite large errors when populations
close to a site are considered. Under these conditions few
people are present within a radius ri,if this is small, so the
ratio W(ri)/W may be taken pessimistically as unity. This can
result in 10% errors in collective quantities within about 1 km
and 5 km for ED and W/CP data respectively. In rural areas
this effect can be expected to be greater than in urban areas,
as there are fewer centroids representing the rural area so
proportionately more will cut a given boundary than in urban

areas.
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This cut-off effect can be just as, or even more, severe
than the errors expected due to the use of centroid data when
the population group involved is close to the site. The ED
data should still be reasonably accurate by a few kilometres.
As this last effect has a radial dependence of r—a, where o, say,
is in the range 1 to 1.5, this random error in the results using
W/CP population data can still be important out to 10 km in

rural areas.

These three factors affecting the accuracy of using popula-
tion centroid data while evaluating collective site gquantities,
using a continuous weighting function, within a radius r, of
the site suggest that ED data is preferable in all cases for its
accuracy, and is essential for rural areas within at least 10 kms
of the site. The next sub-section applies some of these consi-
derations to the case where discrete weighting function for
radial delimeters rs and r,4y are used with these centroid

census data.

Section 4.2.2.3 Accuracy of centroid data used with discrete

weighting functions

A simple discrete site weighting function can be defined as
having a uniform value (Wi) for any population unit between
the radial distances ri 1
site, see Figure 4.2. This would produce a collective gquantity

and ri in all directions about the

for each annular region which would only be equal to that from

a corresponding continuous weighting function if
z ) =2 .
(4.29) wi'all k Bk Ta11 kW(rik).Pik for rs <Typ<Ty- Hence the

accuracy of this method will depend on how well the discrete
weighting function is chosen to represent the mean dose to the

population groups in each annulus.

The accuracy of this method would improve as more annular
elements were taken, so that the discrete weighting function
did not deviate significantly from a corresponding continuous
weighting function. The particular population distribution in
each annulus could also affect the accuracy of this method. An
overestimate would be obtained if the population was mainly at
the outer boundary (ri), while an underestimate would occur

when most people reside close to the inner boundary (ri_l).



102

Figure 4.2 Diagram of whole site and single sector

annular zones

Total perimeter

2wri+1

Sector perimeter

2ﬂri+l/n
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Provided the annulus was large enough sufficient units could be
included so that the averaging procedure implicit in eguation
4.29 usually occurred. This might be achieved by defining the
discrete and continuous functions using equation 4.30:

-W(r ) where r (r +ry l)/2 say. This suggests a compromise

has to be reached when ch0031ng values of r;.

Due to the independence of the discrete weighting function .
with respect to radial distance from the site within the ith
region there is no systematic error due to the distribution
of‘population about the centroid for a census unit. This means
that the only internal inaccuracy of collective quantities
derived from a discrete weighting function results from how the
census units cut the annular boundaries. As described in the
pPrevious section the likely size of this error will depend on
the dimensions of census units and the distances of the boun-

daries from the site.

An estimate of this cut-off error in this form of collec-
tive quantity calculation can be expressed as below, allowing
for different mean sizes and populations of census units in each
region by using the term g, accumulating out to a distance T

(4.31) dQ(r )= 2 1(W W1+1) ry . + W o.r .a_.¢ where

*i-%4 n""n>n''n ’

¢i represents the random nature of this effect and, say, lies
in the range +1 to -1. The total collective quantity can be
defined as below:

2 2 .
(4.32) Q(r )= 1 l 1 i.(ri-ri_l ), where Bi allows for differences

in census unlts between each area. Assuming that the typical
fractional error can be given by that for the critical ith

annulus then,

(4.33) £(Q=((W=W, ,1)/W,) . (ay/8,) 6, .x; /((rpor; D (ry-1y 1),

i+l
where ro=0. Using an average value of ozi/Bi of 1/7 and 1/2

for ED and W/CP data respectively (see equations 4.27 a, b) and
that the discrete weighting functions decrease by a factor of
about 2 (Gronow and Gausden... ) then equation 4.33 can be

evaluated as;
(4.34) (a) £9(Qyy) =¢;.r./(14. <r —r121>) :
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If a critical group is in the 2km to 3km annulus from a
site the error introduced to the discrete collective quantity
could be about 4% and 15% for ED and W/CP population data
respectively. Although there are fewer sources of internal
error when using a discrete weighting function there could be
severe cut-off inaccuracies induced compared to the results from
a continuous weighting function. These could be of order 25%
or more within 2 km of a site if a factor of two existed between
consecutive values of a discrete weighting function. The
larger the annuli are the less likely extreme discrepancies
would be to occur, but this would be offset by an increase in
the deviation of the discrete function from its corresponding
continuous function. Experience would have to be gained to
obtain a balance of these two effects so enabling a discrete
weighting procedure to give reasonable agreement with a poten-
tially more accurate continuous weighting scheme to evaluate

collective quantities.

Section 4.2.3 Properties of regular grid census data

There are two main differences between the regular grid
and the ED or W/CP sets of population data. As noted earlier ED
and W/CP units can be very irregular, so it is difficult to
assess exactly which portion of these units are cut by a given
boundary. The second difference is that the regular grid
data only gives the total population within that cell, not its
population centroid as given by ED and W/CP. data.

The advantages of using a population centroid with a
continuous weighting function were that errors were of second
order in the census units' internal population distribution and
that these errors should not cause an underestimate of collec-
tive quantities. When the regular grid data is used the popula-
tion centroid can, on average, be expected to coincide with
, the area centroid. The mid-point (x?,y?) of the ith regular

grid cell can then be used as an approximate centroid. This
gives a collective gquantity defined as:

4. Im=2 m m =Z _~m
(4.35) Q=77 3P4 -W(xi,v5) =597 19
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A more accurate description of the ith cell's population

distribution would give:

o Mye Mie

(4.36) Q 5 afl jpij'w(xi j’yi+ j)'

Expanding this in a manner corresponding to equation 4. 13 gives
,m_ 5 5 .P

(4.37) @' J=wx], v . 0q5 JFig + & a1 555.P15" %% F11 5 J 13+0C(¢ 2)

In any particular cell the first order terms will not cancel if
the population centroid is not at the mid-point of that square
cell. Converting equation 4.37 to plane polar coordinates
(r,¢) and assuming, as before, an inverse power law for the
weighting function (see equation 4.17), which is independent of

the azimuthal angle (¢), gives:

y_AM e my I 2
(4.38) Q7=Q W(ri).(p/ri).all jdripij +O(drj), where dr.j can
be a positive or negative distance from the cell's mid-point

for the element of population Pij'

A mean error term can be defined as:
_ m - m
(4-39) in_"in '(drl/ri) )

where EFi represents the separation of the population centroid
from the mid-point of the cell (see Figure 4.3). Hence a first
approximation to the overall error expected in the collective

quantity for N regular grid cells can be given as:
N
b

(4.40) dQ=-pX 7 QT

5 .(dri/r?), where p is of order unity. For a

large sample the following condition could be expected to hold:

N —
21 =1
square grld data, with entries in 538 one kilometre cells

about Heysham and Bradwell. The mean easterly (dE=zdx/538) and
northerly (dN=:dy/538) net deviations of the populatlon centroids
from the mid point of a cell were such that (dN2+dE Y = 21

metres (to 2 SF's). The population weighted mean separation

dr, -O This has been confirmed using a sample of 100 metre

of the population centroid from the centre of the 1 km square
cell was found to be 170 metres (to 2 SF's) for this sample.

The factor in equation 4.40 (i.e. Q?/r?) may affect this
averaging process, although it is unlikely to be correlated
with the cell deviations (E?i).

A pessimistic estimate of this error term can be made

assuming E?i=(2/3).a/2, where a is the side of the square cell.



Figure 4. 3 Diagram of whole site and single sector

annular zones.
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For 10 kilometre data a fractional error of approximately 10%
might be expected in g range about 35 km from a site. The
more detailed one kilometre grid data could have a 10% error
occurring typically about 3 km to 5 km from the site, compa-
rable to ED and W/CP resolution of population.

The 100 metre square grid poses a different problem as
the mid-point of one cell cannot be accurately:.located when
using standard national grid references. These coordinates
would locate the effective mid-point of the cell for collective
dose assessments at a corner of that 100 metre cell. As the
source of a release and the track of the resultant plume of
activity is unlikely to be known to within one hundred metres
in the event of an accident, it would probably not be worthwhile
trying to use more accurate population coordinates than these

standard national grid references.

This means that the population of a 100 metre square cell
will always be misplaced, say at the south-west corner, ;T,
rather than the mid-point, T, relative to an origin. The devia-
tion (da) from the cell's mid-point induced by this relocation

can be expressed as:

1
(4.41) da=(a/2%).sin(135-(a/2 +¢))/sin(90+u/2), where ¢ is the
angle between T and r' and a = 100 metres. Where the radial
distance is large compared to 100 metres the angle o is negli-

gible, so equation 4.41 becomes: (éay $ is related to north).

(4.42) da=(a/2).sin(45+¢)/sin(45). Given a population distri-
bution with point symmetry, or symmetry about one axis throuch
the site at a given radial distance, this systematic error
will cancel when all 360%f the whole site population are

included in a collective dose estimate.

At any given cell the maximum fractional error for the 100

metre data can be given as:

(4.43) f (Q)=da/r=0.07/r where r is in kilometres. Hence this
100 metre data should be of reasonable accuracy even at an AGR
exclusion boundary of one kilometre. This has better resolution

than ED data in rural areas close to a site.
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The effects of cutting off a calculation for a collective
gquantity at some distance Ty, will produce errors in a similar
manner to those expected for irregular census units. Owing to
the regular nature of the grid units considered in this section
these errors in any one portion of the outer boundary could be
of the same sign, although the effects would cancel for a

uniform population along the whole boundary.

The number of square cells, of side a kilometres, crossing
the boundary r kilometres distant from a site is of order
2rr/(y.a), where y is of order unity and represents the average
length of the boundary within one cell, say y=1. At this
distance let a fraction, such as %, of this number of units be
cut by the boundary so that about half their population, at a
density of o' per cell, is erroneously included. This produces
an extra collective contribution of:

(4.44) dQ=vro'W(r)/(4a). The total collective quantity within
this radius can be given approximately as (4.45) Q=naW.(a/r)2,
for an average cell population density of a with a mean weight
of W. Considering one kilometre square grid data (a=1 km) the
fractional error is (4.46) dQ/Q=(1/(4r)).(o'.W(r))/(a.W). The
value of a'Wr(r)/(o.W) should be less than unity when the
critical group in the weighted population is at a distance less
than the outer boundary (r). This result can also be inter-

preted for use with discrete weighting functions.

Comparison of the result in equation 4.46 with correspon-
ding results for ED's and W/CP's show that 1 km grid data should
typically exhibit smaller inaccuracies than rural or possibly
even urban W/CP's. Urban ED's should still enable more accurate
estimates of collective quantities to be made than this 1 km
data. In the case of rural ED's the 1 km grid data may be
more accurate than this irregular form of centroid data, although
the deviation of the regular cell's population centroid from
its mid-point would tend to limit the accuracy at short distances

from the site.

Section 4.2.4 Summary of use of population data for whole site

assessment

Continuous weighting functions combined with population

centroid data can be used for estimating collective quantities
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to reasonable accuracies, where the intrinsic error tends to

be an overestimate proportional to the ratio of the mean square
deviation cf the population about the centroid in a census unit

to the square of the centroid's separation from the site centre.
When regular square grid data is used in place of centroid data
the corresponding inaccuracies are proportional to a first order
ratio of a deviation of population about the point representing
the position of cell and the distance of this point from the site.
Census data can be chosen which should enable reasonable estimates
of these collective quantities to be made. Some of these discrep-
ancies can be expected to roughly cancel for regular grids when
collective quantities over a whole site are calcualted.

Often the collective dose within a circular region centred
on the site is required. This produces an additional error due
to the boundaries of the population units not coinciding with
the boundary of the region being assessed. When this circular
boundary is close to a site it may produce '"cut-off" errors
larger than those intrinsic in the methods used to represent

these population distributions.

'Discrete weighting functions may be used to provide esti-
mates of whole site collective quantities with accuracies similar
to those for continuous functions provided optimum annular bands
are chosen. Even so a fixed scheme for the use of discrete weigh-
ting functions may fail to give a reasonable estimate for certain
population distributions, so this method should not be used in
isolation (see chapter 6). 4

The population distributed in a sector can also be consi-
dered as a critical group for a single release of activity, as a
whole site population can for a series of releases. The next
section briefly deals with some aspects of calculating sector
collective quantities which differ from those for a whole sitei

Section 4.3 Collective quantities in a sector

The same basic calculational methods can be used to estimate
sector collective doses as those for a whole site (equations 4.1
to 4.7), but different boundaries limit the extent of the calcu-
lation. Hence the only major difference in expected errors will
be due to cut-ocff effects at these boundaries. These may be

important in defining a worst sector.
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A sector of angular width 27 /n, with a given radius r,
shares one nth portion of the circular boundary used for the
collective site quantity for the same outer radius. There are
also boundaries in the form of two radii from this portion of
the circular boundary to the site centre. This gives the ratio
of the sector tou site perimeters as (4.47) B(sector) /B(site)=
1/7+1/n while the areas are in the ratio
(4.48) A(sector)/A(site)=1/n.

If the crude assumption is made that all the units which
cut these sector boundaries produce a similar contribution to
the error, these two factors can be used to convert the expected
fractional errors for a whole site to an estimate of these for a
sector. This can be done as below:

(4.49) f(Qsector)/f(site)=Bse/B '(Asi/As

This reflects the greatgr perimeter of a sector for a given area,

= +
si e) n/n+1,
but the increase in number of census units cutting this peri-
meter of a sector relevant to the whole site may enable a better

averaging of gains and losses to occur for the sector.

Typically the angular widths of sectors are similar to
those subtended by plumes for prolonged dispersion times, such as
300 or 22%0, where n becomes 12 and 16 respectively. This
suggests that uncertainties in sector collective quantities can
be about five times those in site quantities for the same outer
radius of the assessment area. Hence the use of small census
units, which intrinsically enable site quantities to be the most
accurately estimated, should be used for the assessment of a
sector. W/CP data would be quite inaccurate within 10 km while
rural ED data may be poor within 5 km of a site. The regular 1 km
grid data would be of a similar accuracy as typical ED data
about a nuclear power plant, but could be readily supplemented at
short ranges by more accurate 100 metre grid data, if these are

available.,

One restriction on these cut-off errors for a set of n
sectors is that the sum of all the errors produced by the radii
cutting the census unit boundaries should be zero. This will
affect the result in equation 4.49 when n is small (say 4 or less),
but such large sectors would probably only be used for crude
calculations ( ICRP29).
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When this grid has a fixed orientation a worst sector can
only be defined to an angular accuracy of %.(2r/n). Also the
magnitude of the worst sector collective quantity may be under-
estimated by up to a factor of two. A worst fixed sector is
unlikely to coincide with the true worst sector, so use of a
fixed grid should only be used to identify a broad region to

be studied in more detail.

When a worst sector is being searched for, using real
population data, the minimum required angular accuracy (d¢) can
be crudely estimated as the ratio of the population unit's
characteristic dimension (d) to the outer radius (rn) of the
assessment area: (4.50) d¢=d/rn radians. For a radius of 30 km
and a characteristic dimension of about 1 km, typical of ED or
1 km grid data, this angular accuracy requirement is about two
degrees. A critical group may be at smaller distances, but
the size of units would also be smaller as this would generally
be a large community with smaller ED's. This should also be
similar to the agreement between these two data sets when pre-
dicting a worst sector for a site. W/CP data typically consists
‘of physically larger units so any worst sector defined by this
means could disagree with an ED estimate by a margin of up to
about six degrees at this range. Better resolution could be
expected from all these data sets if the outer radius was
extended to say 100 km,

Section 4.4 Examples of the use of real population distributions

This section includes the presentation of some numerical
examples dealing with the accuracy of various population data

sets given a fixed weighting function.

The weighting function used is that published by the NII
(Gronow and Gausden) for an AGR with a prestressed concrete
pressure vessel, and is derived from inhalation dose commitments
resulting from a nominal release of activity to the atmosphere.
This was originally defined as a discrete weighting function,
for radial distances out to 20 miles (32 km), but has been
redefined for metric boundaries out to 30 km. Interpolation
between these new discrete values enables a corresponding conti-
nuous function to be defined. These functions are independent
of the orientation of the line separating a population unit and

the site being assessed.
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The relative accuracies of the two types of population
centroid data, ED and W/CP, are compared for both whole site
and sector assessments. The effects of using discrete and
interpolated functions are also considered. Further some
limited samples of 1 km grid data, at a semi-urban site and a
remote site, are used to display some properties of fegular

grid representations of population distributions.

Section 4.4.1 Comparison of ED to W/CP population centroid data

The two data sets, ED and W/CP, represent the major source
of information about population distributions used during this
period of study. It has been found that adequate accuracy was
obtained with W/CP data beyond 30 km. ED data has been exclu-
sively used within 30 km of a site, so comparisons between these
two population centroid systems is limited by the range after

which it is inefficient to use ED's.

The comparisons are split between site and sector assess-

ments, making use of results for eleven sites in the UK.

Section 4.4.1.1 Site collective quantities derived from ED
and W/CP data

The continuous form of the weighting function is used for
the comparison of site weighted population values made in this

section.

At each site the ratio of the collective site quantity up

to a given distance using the W/CP population distribution to

the corresponding result derived from ED data was determined. No
corrections had been made to either set of population data in

any attempt to correct for the real distribution of residents
about any given centroid. This means that some population units
may lie pessimistically close to the centres of some sites. 1In
chapter six an example is given of a correction for this effect.
The W/CP data are normally such that centroids closest to a site
are further removed than the closest ED centroids, particularly

for rural sites.

Having produced this set of ratios from W/CP and ED results,
the mean value (R) for eleven sites can be calculated at each
radial distance. These are shown in table 4.2 along with the

relative mean deviation (dR), at these intermediate distances, of
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Table 4.1 Distances for intrinsic errors in population

centroid data

Type of site Error Radius typical of given intrinsic error
ED's W/CP's (km.)
Urban 10% 0.6 2
1% 2 6
Rural 10% 3 9
1% 10 30

Table 4.2 Comparison of site collectuve results for W/CP and ED

~population data using a continuous function (averaged

over 11 sites)

Outer radial

from site (r

distance
km)

Mean ratio of col-
lective values
(R) W/CP to ED

)
i

0.92
.20
.85
.99
.97
.98

©C O O O O

.99

Relative mean r.(dR/R)

deviation(dR/R) '

about the value R
1.14 2.10
0.54 1.95
0.36 1.80
0.11 0.88
0.050 0.60
0.044 0.70
0.018 0.54

Table 4.3a Comparison of sector collective results for W/CP and

ED data using a discrete function (averaged over 11

sites
Outer radial distance Mean ratio of col- Relative mean devia-
from site (r km) lective values (R) tion (dR/R) about
W/CP to ED | the value R
3 1.51 0.42
0.91 0.67
8 0.92 0.43
12 1.01 0.20
16 1.01 0.19
30 1.01 0.12
(30 (interpolated fun?tion) 0.99 0.12)
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W/CP results from the corresponding ED values. Within eight
kilometres of a site the W/CP results can deviate from the ED
values by large amounts, where the discrepancies are likely

to increase closer to a site. From 8 km to 30 km the mean site
values of both data sets are in good agreement. The relative
mean deviation at each of these distances decline with increa-
sing separation from a site, to about 2% by 30 km which is

similar to the results given by equation 4.27(b).

Also shown in table 4.2 are the values of the relative
mean deviation multiplied by the radial distance (r) of the
appropriate boundary. ZFrom the preceding sections these devia-
tions, away from the immediate vicinity of a site, can be
expected to have a 1/r dependence, due to the errors primarily
resulting from the cut-off effects of the assessment boundary
crossing the census units' boundaries. In this sample of eleven
sites this dependence may hold roughly for the results beyond
8 km, At these large distances the ED data could be taken as
the true result, so this allows the deviations to be interpreted
as absolute errors for the W/CP values. Closer to a site the
irregular results produced by both sets of centroid data do not
lead to any firm conclusions, although the mean deviations at
2 km and 3 km fit, marginally better, a l/r2 dependence, but this

may not be significant.

This has shown that collective site quantities calculated
from ED population data are not reproduced accurately by using
W/CP data within about ten kilometres of a site. Further from
a site, except possibly at very remote sites with a sparse
population distribution, these two data sets have comparable

accuracies when whole site quantities are estimated.

Section 4.4.1.2 ED and W/CP derived results for sectors

In this section the worst sector at each site is derived
for both sets of centroid data, using a discrete 22%° sector
weighting function. Both the angular accuracy of these methods
and the agreement of the total collective sector quantities can
be assessed. The effects of a discrete weighting function
also have to be considered as only cut-off errors should be
observed rather than deviations from a centroid.
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The procedure used to determine a worst sector at a site
for either population set could locate this worst sector to
the nearest %’ . From the earlier discussion an angular resolu-
tion of about 2° could be expected (equation 4.50) for results
dominated by contributions out to 30 km from a site. It was
found that each worst 22%° sector at each site given by
the two data sets, agreed to within 31°: the mean angular
deviation was about 2o for the eleven sites, which is in agree-
ment with the expected angular resolution, Only two semi-urban
sites were included in this sample so no significant difference
between rural and urban census units could be determined. 1In
these worst sector assessments the urban areas within 30 km will
tend to be dominant so similar angular resolution might be
expected for any sites with several large towns within the

assessment area.

The ratios of the mean total Sector quantities at various
downwind distances for W/CP to ED results are displayed in
table 4.3(a), along with the relative mean deviations at these
radial distances from the site. Comparatively large deviations
between the results for the 2212—O sectors occur within about
10 km of a site, due to the different cut-off and intrinsic
errors for the two data sets. These only reduce to about 10%
in the final region from 16 km to 30 km, where a similar deviation
is found for the total sector values using a continuous weighting

function.

The simple cut-off error form, of 1/r or that of equation
4.33, cannot be expected to be observed as readily as for a
whole site, due to the effects of the radial boundaries to the
sectors having errors at all distances out to a given radius (r).
When these two sets of discretely weighted populations are consi-
dered a 1/(ri+ri_1) dependence seems to be observed in the mean
deviations of the W/CP results relative to those of the ED's.
In table 4.3(b) this approximate relationship can be observed
to hold for separations from a site of at least 5 km better than
a 1/ri or a ri/(riz—rigl) relationship, where the last reduces

to 1K%fri_l) if (ri—ri_l) is proportional to r;.



Table 4.3b Distance dependence of mean deviations about discrete sector collective
results from W/CP data relative to ED data

Outer radius from r. .(dR/R) (r +r._,).(dR/R) ((r?—r?_l)/ri).(dR/R)
site (ri km) |
3 1.3 2.1 0.70
3.4 5.4 2.1
8 3.4 5.6 2.1
12 2.4 4.0 1.3
16 3.0 5.3 1.3
o | 38 | 85 | 28
(30(continuous function) 3.6 5.5 2.6)

Table 4.4 Mean ratios of whole site results using W/CP data with discrete and

continuous weighting functions (averaged over 16 sites)

Outer radius from Mean ratio of collective Mean deviation (dR/R)
site (r km) values (R) discrete to relative to the value R
continuous weights
0.99 0.11
1.01 0.079
12 1.00 0.059
16 1.00 0.047
30 1.00 0.043

9TT
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A further property of these 22§ sector collective quantities
can be seen in tables 4.2 and 4.3a: ~ the ratio of the mean devia-
tions for 22; sectors to the corresponding whole site values.

It was suggested, in equation 4.49, that this ratio could range
up to about six for sectors of angular width 22§ , where this
appears to hold for this sample, gllowing for the comments made
in the preceding paragraph. The values calculated for these
eleven sites do show that sector collective gquantities are less
accurately estimated than site values, although at short distan-
ces the discrepancies between ED and W/CP data sets are more

important sources of inaccuracy.

The two sets of centroid data can be used to effectively
identify the same worst sector at a site, by a given distance
r,- If the critical group of residents within this area is
within about 10 km of the site large differences between the LD |,
and W/CP sector collective doses could be expected. Generaliy
these collective quantities for a sector tend to be less accu-

rately.estimated than whole site characteristics.

Section 4.4.2 Comparison of discrete and continuous weighting

functions

Atmospheric dispersion is a physically continuous process,
so the only advantage of using a discrete weighting function to
describe consequences resulting directly from this dose pathway
is a simplification of the procedures for calculating a collec-
tive dose commitment. In this section the results of this
discrete weighting function are compared to those obtained

using a continuous function,

Table 4.4 displays the mean ratios of the discrete to
continuous whole site results, for distances out to 30 km, using
W/CP centroid data for sixteen sites. This shows that on average
the results from the discrete function agree very well with
those of the continuous function at distances of at least 5 km
from the site. This represents the balancing effect of popula-
tion being distributed within an annulus so that condition 4.29

is satisfied for these NII functions.

The relative mean deviations quoted in table 4.4 show that
there is a spread of results between the discrete and continuous
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functions. These are of order 10% at five kilometres and

decrease to a level below about 5% beyond twelve kilometres,
Hence for whole site assessment the discrete weighting func-
tions can give results equivalent to those derived by conti-

nuous weighting functions.

The worst 22; sectors defined by discretely weighting
the population can also be compared to the use of the corres-
ponding continuous weighting function. For eleven sites the
mean ratios for these differently weighted sector results, by
30 km, using ED and W/CP data sets were 1.04 and 1.07 respec-
tively, with corresponding mean deviations of 0.058 and 0.10,
This shows a slight, but probably not significant, tendency
for the discrete method to overestimate the sector collective
dose. Again the W/CP data are less accurate than the ED data,
as reflected by the factor of almost two between the mean devia-
tions. These two values of the mean deviation of the ratios
of discrete to continuous results are less significant than
the intrinsic ED to W/CP differences for the sector values,

as given in table 4 .3a.

] In this section the discrete weighting functions have been
shown to be eguivalent to those of the continuous weighting
function for estimating both site and sector collective quanti-
ties at ranges from about 5 km to 30 km. Both methods will
still be included in the collective dose assessment routines

to provide a check on this agreement for all sites.

Section 4.4.3 Properties of the one kilometre grid data

A limited sample of 1 km grid data was obtained to assess
its usefulness compared to the ED and W/CP 1971 census centroid
data. This extended to at least 16 km from a semi-urban site
and 12 km from a rural site. Convenient direct comparisons
between the regular and irregular census units are only made

for whole site quantities.

Given the full 1 km data of the UK, with over one hundred
thousand entries, this could be more conveniently stored in
blocks associated with 10 km national grid squares. Similarly
100 metre data could be categorised by the 1 km grid. This
method would allow rapid selection of large blocks of data
rather than a prolonged search for many smaller units, as

necessary with the irregular ED and W/CP data.
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One advantage of the OPCS 1 km grid system is that the
population for large rural ED's (and W/CP's even more so) is
broken into smaller units. This effectively moves people away
-from major communities closer to their real locations, and is
most evident close to a rural site. In the rural example the
closest ED centroid is over 1.5 km from the site, while a 1 km
grid cell's mid-point is less than 0.5 km distant. Even for
the semi-urban site the 1 km data allows for a small community
within 2 km of the site which the ED data includes in a more
distant centroid. The resolution provided by 100 metre grid
data would be better than that of this 1 km data but ED files
could be edited to provide an equivalent accuracy.

The ratios of collective site gquantities derived by 1 km
grid data relative to W/CP and ED data at these two sites are
given in table 4.5, where a continuous weighting function is
‘used in all cases. As expected the rural W/CP and ED results
are not in good agreement with the 1 km data, although this
significantly improves by about 10 km. No W/CP centroids lie
within 5 km of this rural site, so this greatly exaggerates these
differences. For the semi-urban site both the ED and W/CP
centroid data are in effectively good agreement with 1 km grid
data, taking into account the typical mean deviations given in
table 4.2,

The effects of discrete and continuous weighting functions
can be observed for these particular sites using ratios of
resulting site collective quantities derived from 1 km grid data.
These results are given in table 4.6 for the semi-urban and
rural sites, The discrete function tends to overestimate this
collective site quantity, but probably not significantly. Good
agreement, apparently to a couple of percent, is obtained

between these two weighting systems at both sites by 12 km.

An alternative method of assessing the accuracy of 1 km
grid data would be to allow an effective site centre to be
chosen randomly within 0.5 km of the true centre of the site.
This has been done for the semi-urban site where twenty three
points were selected. The mean fractional deviations derived
from the two sets of discrete and interpolated collective site

values are given in table 4.7, at various distances from the



Table 4.5 Comparison of collective site results between
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1 km grid data and the ED and W/CP centroid data

for two particular sites (continuous weighting

function)

Outer radius

Rural site

Semi-urban site

Q(1lkm Data) | Q(1lkm Data) | Q(1km Data) Q(1lkm Data)

(in km) QW/CP) Q(ED) Q(W/Cp) Q(ED)
2 - 3.03 - -

3 - 3.31 0.75 1.05
5 - 2.00 0.98 0.89
8 1.29 1.23 1.08 1.06
12 1.31 1.15 1.04 1.00
16 NA NA 1.01 1,01

Table 4.6 Comparison of discrete and continuous weighting

functions for site collective results using 1 km

grid data at two sites

Outer radius

Ratio of discrete collective site value to

corresponding continuous result

(in km) Semi-urban site Rural site
0.5 - 1.08
1 - 1.15
2 1.07 1.15
3 1.11 1.15
5 1.07 1.10
8 1.07 1.03
12 1.02 1.02
16 1.01 NA
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site. At short ranges there are differences due to the limited
population distribution not changing its discretely weighted
value as much as that for the continuously weighting function
for this range of effective site centres. These results
indicate the size of errors likely to exist in the values
derived for collective site calculations for the particular site

coordinates.

The ratio of the discrete to continuous semi-urban site's
results from this sampling procedure is given in table 4.8.
This shows much better agreement at short ranges than would be
expected from the mean deviations given in table 4.7. Also
given in table 4.8 are the ratios for these derived mean discre-
tely and continuously weighted quantities relative to those
corresponding to the actual site coordinates. These show more
variation than just the change from discrete to interpolated
functions. This difference between the results for the parti-
cular site and the mean of the points about this real site is

smaller than the mean deviations given in table 4.7.

A comparison can be made between the mean result of this
sampling procedure and the ED and W/CP results for the actual
site coordinates, for the continuous weighting function. This
is given in table 4.9 and shows the three sets of values to be
in close agreement beyond 5 km from the site. These results
are similar to those of table 4.5, where the W/CP data is

still most divergent close to the site.

The properties of one kilometre grid data are such to give
an accuracy equivalent to that of ED centroid data, where urban
areas are critical, but could give more accurate estimates

close to rural sites than these unedited centroid data.

Section 4.5 Other uses of population data and concluding

remarks
There are several methods by which doses can be delivered
to groups within the population for both planned and unplanned
releases. These include:
Inhalation doses and external doses from airborne
activity;
External doses from ground deposits;

Food chain doses;



‘Table 4.7
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Relative mean .deviations produced by the sampling

procedure on 1 km grid data whole site results at

a semi-urban site

Outer radius (r km)

Relative mean deviation (dR/R)
Continuous weights Discrete weights
0.353 0.256
0.460 0.381
0.268 0.247
0.046 0.052
0.032 0.035
0.018 0.020

Table 4.8 Comparison of mean site values from the sample proce-

dure with 1 km grid data to the particular site values

Outer Ratio of collective site results at the semi-urban site
radius Q(sample,discrete) [|Q(sample,discréte)| Q(sample,continuous)
(r km) Q(sample, continuous Q(siggi discrete)| Q(site, continuous)

2 1.06 0.98 0.99

3 1.04 0.77 0.82

5 1.04 1.03 1.06

8 1.04 0.94 0.96

12 1.00 0.99 1.01

16 1.00 0.99 1.00

Table 4.9 Comparison of continuous site collective values for

the mean of the 1 km grid sampling procedure to the

centroid data for the site coordinates

Outer radius (r km) Ratio of collective continuous site results
(semi-urban site)
Q(sample) Q(sample)
Q(ED) Q(W/CP)
3 0.86 0.62
0.94 1.04
8 1.02 1.04
12 1.01 1.05
16 1.01 1.01




123
Water-borne contamination;

' External doses from activity during transport.

The first two of these can be estimated using residential
populations and simple weighting functions derived from atmos-
pheric dispersal formulae, as described earlier in this chapter.
Both food chain and waterborne dose pathways may involve
concentrating mechanisms in the environment which means that
a totally different type of weighting function may be needed
(ICRP 29). Lastly estimating the population dose from trans-
porting radioactive substances may require more detailed infor-
mation than that availahle with purely residential census data.
Also the distance dependence of doses from a transportation
flask could be very different to that associated with atmospheric

dispersal of radionuclides. (See Macdonald and Mairs, 1278(37)).

These different methods of delivering collective doses
will have different characteristic errors associated with the
use of real population distributions. Both food chain and
waterborne pathways may have very large margins of error on the
expected doses from either routine or accidental releases,
possibly an order of magnitude above and below a mean value,
Hence it may not be necessary to use population distribution
data as detailed as described in the bulk of this chapter, al-
though age, diet and gender distributions may be more signifi-
cant. Where atmospheric dispersal is the direct dose pathway
what 1s considered an accurate air concentration may be in error
by a factor of two (Pasquill). This means that it should be
adequate if the population distribution is represented in such
a way that would give possible errors only of order 10%. Doses
from a transport flask may be very accurately known under
routine conditions, so the limit on the accuracy of these collec-
tive dose estimates could be the information about other road
or rail users along the transport route. In unplanned station-
ary conditions this might revert to an assessment of airborne
activity.

Direct inhalation dose commitments from radionuclides
released to the atmosphere are used to define the current UK
siting criteria, reflecting the critical acute dose pathway
for potential accidental releases from nuclear power reactors.

Hence the use of the population centroid data described in this



124

chapter should be of adequate accuracy to investigate this
type of collective dose assessment and associated implications

for sditing policy.
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CHAPTER FIVE

A STUDY NF¥ FOUR MOTIONAL AGR ACCIDENTS

Section 5.1 Introduction

In this chapter a series of four notional AGR accidents-
are described. A range of release conditions are covered so
that resulting time integrated air concentrations can be used
to characterise each type of release. These notional releases

are modelled upon the effects of

1, Simple failure of the cladding to 20 pins on a major
depressurisation incident;

2, More prolonged heating and clad failure of 20 pins
following the same depressurisation;

3. Single channel melt-out without a breach of the pressure
circuit (e.g. a blockage);

4. Single channel melt-out accompanying a major depressurisa-
tion incident ('incredible' but theoretically possible).

Cases 1 and 2 represent two different ranges for releases
of volatile isotopes which are '"free" between the fuel and
cladding. Cases 3 and 4 enable a comparison of the consequences
of prolonged releases with filtration to those of a short time
scale release for a similar escape pattern from the fuel in a
single channel. Before dealing with the results of these
notional accidents some aspects of dose calculations will be
reviewed. The calculation of doses in WEERIE and the implica-
tions of the recommendations in ICRP 26 are discussed.

Section 5.1.1 Dose Equivalent Commitments

Inhalation dose commitments in WEERIE are estimated by
applying a rem/Ci (inhaled) factor (F) to the product of the
time integrated air concentration (X) and an average breathing

rate (B), as in equation 5.1.

(5.1) D(of organ k)=Fi,j,k*Xi,j(x’y’z)*B’ for isotope (1i,J).
These organ sensitivity factors were calculated by a biological
model SAURON (31). Doses from insoluble activity have been
calculated for the lung and the four compartments of the gastro-
intestinal tract. Soluble isotopes give doses to bone, kidney,
fiver, thyroid and "total body", where the last includes blood,
miscles and other organs and tissues not mentioned individually.

In this model radiation escaping from one organ or tissue is
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CHAPTER FIVE

A STUDY N® FOIR NOTIONAL ACGR ACCIDENTS

Section 5.1 Introduction

In this chapter a series of four notional AGR accidents
are described. A range of release conditions are covered so
that resulting time integrated air concentrations can be used
to characterise each type of release. These notional releases

are modelled upon the effects of

1. Simple failure of the cladding to 20 pins on a major
depressurisation incident;

2. More prolonged heating and clad failure of 20 pins
following the same depressurisation;

3. Single channel melt-out without a breach of the pressure
circuit (e.g. a blockage);

4. Single channel melt-out accompanying a major depressurisa-

tion incident.

Cases 1 and 2 represent two different ranges for releases
of volatile isotopes which are "free'" between the fuel and
cladding. Cases 3 and 4 enable a comparison of the consequences
of prolonged releases with filtration to those of a short time
scale release for a similar escape pattern from the fuel in a
single channel. Before dealing with the results of these
notional accidents some aspects of dose calculations will be
reviewed. The calculation of doses in WEERIE and the implica-

tions of the recommendations in ICRP 26 are discussed.

Section 5.1.1 Dose Equivalent Commitments

Inhalation dose commitments in WEERIE are estimated by
applying a rem/Ci (inhaled) factor (F) to the product of the
time integrated air concentration (X) and an average breathing

rate (B), as in equation 5.1.

(5.1) D(of organ k)=F, (x,v,z)*¥B, for isotope (i,j).

i,5,57%5 5
These organ sensitivity factors were calculated by a biological
model SAURON (31). Doses from insoluble activity have been
calculated for the lung and the four compartments of the gastro-
intestinal tract. Soluble isotopes give doses to bone, kidney,
liver, thyroid and "total body", where the last includes blood,
muscles and other organs and tissues not mentioned individually.

In this model radiation escaping from one organ or tissue is
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not accounted for in doses to any other part of the body.

A more recent evaluation of these factors, for fission
products from a fast reactor, (6), using the latest ICRP
recommendations, produced values (F) which included the irra-
diation dose delivered to a single organ by the fractions of a
given isotope in other parts of the body. Table 5.la displays,
for some radiologically significant isotopes, the rem/Ci(inhaled)
values for the lung, thyroid and bone with the SAURON "total
body'" factors included as a separate listing. Also included in
this table are corresponding factors used in the Reactor

Safety Study (41) for a series of LWR releases.

The same models have been used in both the CEGB and NRPB
Studies for the lung (30) and the gastrointestinal tract
(Eve, 1966 (85)). The lung dose commitment factors would be
expected to be the most alike, but there are order of magnitude
differences for isotopes such as Sr89, Sr90, Csl34, Csl1l37 and
Bal40 due to different assumptions about transportation within
the model. More wide ranging differences can be expected to
exist for organs, such as the bone and thyroid, where the dose
pathways are more extended from the initial inhalation of acti-
vity. These three sets of dose commitment factors, in table
5.1(a) are intended to represent reasonable estimates, but show
significant differences in some possibly critical organ sensi-
tivities. The WEERIE values used in this present study might
cause appreciable overestimation of the dose delivered by

some isotopes in particular organs:

a, Lung- Sr89,Sr90,Cs134,Csl137 and BaldO;
, Bone-~ Cel44,Sr89,Sr90 and Y91;
¢, Thyroid; I134(but is significantly underestimated
for Tel32 and Tel31™).

Section 5.1.2 ICRP Recommendations, a Brief outline

In ICRP 26 the concept of dose equivalents (Ht) has been

formalised as,

(5.2) Ht=organ(t) dose equivalent
=Q*Dt*N, where Dt=absorbed dose in organ t,
N=1 (at present),
Q= quality factor of the radiation

producing Dt.



Table 5.1(a)

Life-time integrated dose commitments

(rem/Ci(inhaled)) (Clarke and Utting,
Kelly et al., WASH1400)

Isotope LUNG
Sauron FBR WASH 1400

Sr8&g 2.1(5) 7.8(3) 7.8(3)
Sroo 3.1(6) 1.2(4) 1.8(4)
Y91 2.4(5) 3.7(5) 2.0(5)
Rul0O3 6.2(4) 5.4(4) 5.4(4)
RulO6 2.2(86) 3.9(6) 3.9(6)
Tel29M 1.8(5) 1.5(5) 1.5(5)
Tel31lm 1,7(4) 1.2(4) 1.1(4)
Tel32 3.2(4) 6.4(3) 3.0(4)
I131 2.1(4) 2.3(3) 2.4(3)
1132 8.4(2) 9.5(2) 1.0(3)
1133 4,4(3) 3.4(3) 3.1(3)
I134 3.8(2) 5.4(2) 5.6(2)
I135 1.8(3) 1.7(3) 2.5(3)
Cs134 1.2(6) 4,0(4) 5.1(4)
Cs137 1.2(86) 3.0(4) 4.0(4)
Baldo0 1.4(5) 4.,4(3) 6.3(3)
Celdd 1.7(6) 2.9(6) 2.9(6)
Table 5.1(a) (continued)
Isotope Thyroid "Total Body"

Sauron FBR WASH-1400 Sauron
Sr89 0 1.5(3) 9.2(2) 1.2(4)
Sro0 0 8.1(3) 1.0(3) 1.6(6)
Y91 0 2.3(1) 9,.8(1) 9,2(3)
RulO3 0 8.1(2) 4,3(2) 7.0(2)
RulO6 0 4,1(3) 6.2(2) 9.2(3)
Te129$ 6.4(3) 9.4(2) 3.2(2) 3.5(3)
Tel3l 2,0(3) 1.2(5) 8.7(4) 1.1(3)
T132 2.6(3) 2.0(5) 9.7(4) 2.2(3)
1131 1.7(6) 1.0(6) 1.0(6) 2.8(3)
1132 5.5(4) 5.4(3) 6.6(3) 1.4(2)
1133 3.9(5) 1.6(5) 1.8(5) 5.6(2)
1134 2,6(4) 9,.3(2) 1.1(3) 6.0(1)
1135 1.1(5) 3.0(4) 4.4(4) 3.1(2)
Csl34 0 3.9(4) 7.9(3) 5.7(4)
Cs137 0 2,7(4) 5.1(3) 3.5(4)
Bald0 0 1.3(3) 1.0(3) 7.0(3)
Celdd 0 1.3(4) 4,5(1) 6.6(4)
WASH-1400 values taken to 30 years, but both the others

refer to 50 years.
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Table 5.1(a) (continued)

Isotope Total Bone Marrow Endosteal
Sauron WASH-1400 FBR WASH1400 Surfaces
(red) (Total) (FBR only)
Sr89 1.9(5) 3.0(4) 3.2(4) 1.3(4) 3.2(4)
Sro0 2.6(7) 2.4(5) 2.8(6) 6.0(5) 2.8(6)
Y91 3.5(5) 1.9(4) 7.1(2) 9.3(3) 8.8(2)
Rul03 9.7(2) 8.8(2) 1.1(3) 1.1(3) 8.5(2)
Ru106 2.3(4) 5.9(3) 5.8(3) 6.2(3) 5.3(3)
Te129™ 1.8(4) 1.4(3) 2.6(3) 8.4(2) 2.6(3)
Te131™ 2.4(3) 2.5(2) 3.6(2) 3.1(2) 2.6(2)
Tel 32 3.2(3) 9.1(2) 1.7(3) 1,0(3) 1.8(3)
1131 3.2(3) 2.1(2) 1.3(2) 1.9(2) 1.2(2)
1132 1.4(2) 4,7(1) 1.6(1) 5.0(1) 1.3(1)
1133 1.1(3) 9.2(1) 3.0(1) 9,4(1) 2.5(1)
1134 7.1(1) 1.9(1) 6.8(0) 2.0(1) 5.4(0)
1135 2.8(2) 8.7(1) 2.8(1) 9.1(1) 2.3(1)
Cs134 3,7(4) 4.7(4) 4.0(4) 4,8(4) 3.7(4)
Cs137 6.0(4) 3.6(4) 2.8(4) 3.7(4) 2.7(4)
Bal140 9.4(4) 5.2(3) 4.6(4) 3.4(3) 1.9(4)
Cel44 1.2(6) 1.0(4) 1.8(3) 9.2(3) 1.6(3)

WASH-1400 values taken to 30 years, but both the others refer
to 50 years,

Table 5,1(b) ICRP weighting factors (ICRP pub. 26)
Organ or Tissue Weighting factor (Wt)

Gonads 0.25

Breast 0.15

Red Bone Marrow 0.12

Lung 0.12

Thyroid 0.03

Bone surfaces 0.03

Remainder® 0.30

*Where five other most irradiated organs, or tissues, (excluding
the skin in most circumstances) are given a weight of 0,06 each,
with irradiation of all other organs and tissues being neglected.,




129

Committed dose equivalents are the time integrated dose equiva-
lents received from any radioisotope absorbed at one time and
delivered over a human life-time (50 years). If integrated

for an infinite time this is referred to as a dose equivalent
commitment . These two commitments are the same when the
isotope's effective half-life is much less than 50 years. Jrob-
lems arise for long lived isotopes, such as C-14(9). It was
also recormended that "the Commission's dose limitations

are intended to relate to the dose-equivalent commitment
resulting from one year of a particular practice'". The dose
equivalent received in one year (possible from one incident,

as could occur under accident conditions), over either a short
period from short lived radioisotopes or a long period from
less unstable isotopes, may be covered by that year's dose
equivalent limits. The dose limitations have been set as
l1imits on risks from doses 1likely to iead to stochastic effects.
The limits are set so that whole body irradiation and non-
uniform irradiation lead to the same limiting risk. This is
contained in the condition below, for one year, where the organ
dose equivalents (Ht) are weighted by factors (Wt) recommended
in ICRP 26:

(5.3) ZtWt*Ht<H , where Hwb 1= annual whole body dose

wb,1
equivalent limit. The weighting values are displayed in table
5.1b.

The left-hand side of condition 5.3, say (5.4) Z=ZtWt*Ht , can
can be evaluated for single releases under a variety of condi-
tions and compared to the appropriate limits for individual
members of the public. For non-stochastic effects the total
dose equivalent annual 1imit is 50 mSv, while the whole body
(stochastic) annual 1limit for members of a critical group is
5 mSv, There are special conditions applicable to the eye lens

and the skin regarding non-stochastic dose limits.

Variables, such as age and sex, are not considered to be
significant in the setting of these limits, but need to be
considered when evaluating dose equivalents and any derived
limits. An example of this is given by Baverstock and Vennart
(1977(55)) for derived emergency reference levels for ground

contamination in the milk food chain in the U.K.
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Section 5.1.3 Application of ICRP 26 to calculated doses
for the WEERIE model

Only a limited range of organ committed dose equivalents
from the SAURON model are used in WEERIE. Nine single organ
doses are considered, which are: lungs; thyroid; bone; stomach;
liver; kidneys; small intestine; wupper large intestine and
lower large intestine. The bone dose commitment does not
discriminate between bone surfaces and red bone marrow. Also
included, as mentioned in section 5.1.1 is the "total body"
dose commitment for other drgans and tissues, but the distri-
bution of this quantity among the organs and tissues is not
defined explicitly.

From this immediately available information condition 5.3
cannot be completely evaluated, but a major portion can be
described. Here it is assumed that the bone dose commitment
takes the total weighting of each section of the bone. The
doses to the gonads and the breast are not given individually,
but are included in the ''total body" dose commitment. One
assumption would be that both the breast and gonads each receive
the "total body" inhalation dose commitment. The quantities
of inhaled radionuclides depend greatly on the atmospheric
dispersion for the release, where factors of two to ten could
quite often occur between predicted and measured time integra-
ted air concentrations. Also release pathways can not be
accurately described. Hence the assumption on the inhalation
dose commitments for the two organs should not be unduly pessi-
mistic with regard to other factors in the calculation of doses.

-~

For gas cooled carbon moderated thermal reactors the
fission products to which the '"total body'" dose is most sensi-
tive are listed in table 5.1lc, where iodine-131 and tellurium-
132 have also been included. The entries in this table display
the products of the organ sensitivity factors (F rem/Ci(inhaled))
and the relevant weighting function (W) for the three major
organs to receive significant doses as well as the "total body",
using 0.4 for W ("total body'")=W(breast+W(gonads) under these

assumptions.

For the MAGNOX and AGR reactors the notional accidents

considered will primarily release iodine, tellurium and caesium,



Table 5.1(c)

Interpretation of '"total body" dose in terms of ICRP 26 weighting terms in

calculating weighted whole body doses from the available dose predictions
in WEERIE,

Activity Product of (Fk*Wtk) for organ k % of "total body"
(kCi/AGR fuel | Isotope "total body'" |Thyroid Lungs Bone to this weighted
channel) dose (57% of weight)
Wt=0.4 Wt=0,03 Wt=0.12 | Wt=0,15
100 Sr89 0.5(4)* 0.0 2.5(4) | 2.9(4) 8.5
15 Sr90 0.4(6) 0.0 0.24(6)| 3.0(6) 11
70 RulO6 1.2(3) 0.0 240(3) 3(3) 0.5
180 Tel32 0.8(3) 0.1(3) 3.8(3) 0,5(3) 13
130 1131 1.2(3) 60(3) 2.4(3) 0.5(3) 1.9
22 Cs134 2.4(4) 0.0 14.4(4) 0.6(4) 14
19 Csl37 1.6(4) 0.0 14.4(4) 0.,9(4) 9.4
160 Celd4d 2.8(4) 0.0 21(4) 18(4) 6.7
* 0.5(4) = 5000

TET
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with significant quantifies of ruthenium in some cases. The
release fractions of strontium and the rare earths will gene-
rally be comparatively small, and iodine may be surpressed in
cases where it reacts with MAGNOX vapour. With these limita-
tions, it is unlikely that this estimate of the weighted
whole body effective dose (Z in equation 5.4) would be in
error by more than about 10%, where this error also depends on

the organ sensitivities assumed.

The expected error in the value of "Z'" will depend on
the reactor type and release patterns. Elemental strontium
is more volatile than its oxides while the reverse is true for
ruthenium (44). For.high burn-up fuel, as in FBR's and HTR's,
build up of, for example, Csl134 may adversely affect this
approximation. Fuels, such as bonded carbon coated oxide
pellets in an HTR (Lewis), which could have relatively high
metallic release fractions would also alter the degree of this
approximation, pérticularly for releases in reducing atmospheres.
Different fuel cladding and coolants, such as zircalloy and
water in LWR's, have different release properties to reactors
using steel and carbon dioxide for these two items respectively.
Zircalloy reacts with oxygen relatively more than steel so
could allow relatively higher releases of strontium but suppress
releases of ruthenium and tellurium, by affecting the immediate
atmosphere about the fuel. It should be noted tellurium is an
oxygen group element so can react readily with zircalloy.
General pellet-cladding interactions will affect details of any

escape of activity.

These effects could alter this approximation of applying
the weighting functions for the gonads and breast to the '"total
body" dose calculated within WEERIE. The accuracy is not signi-
ficantly affected due to the organ sensitivities used at
present. If new inhalation dose factors are introduced in the
future, or exotic releases are considered, this approximation

would have to be reviewed.

Section 5.2 Description of Notional accidents in an AGR

In this section each of the four notional AGR accidents
will be described along with the calculated release of fission

products to the atmosphere. The parameters of the escape process,
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such as release fractions, rate of fuel involvement, plate-
out rates, resuspension factors and overall leakage rates, are

given,

Each case has a common fuel irradiation history, where
the burn-up of 18000 MWd/Te is assumed to occur at a rating of
13 MW/Te, typical of an AGR. Time dependent flux, spectrum
allowance factor and fission fractions (12) are incorporated in
modelling the irradiation period, which is broken into nine
154 day steps. The fission product inventory is estimated,
using this data, in the FISP section of the code WEERIE. This
.FISP routine (10) does not allow the formation of isotopes by
neutron capture, only allowing for their decay by this nuclear
process. A later program, FISP 4, Beynon 1973 (77) does allow
for accretion by neutron capture, where a more detailed three
group model of neutron flux, rather than a single group, is
used. Both routines use a point model of a reactor.

The neglect of build up of isotopes by neutron capture events
events in FISP only led to one radiologically significant iso-
tope being grossly underestimated, see table 5.2. This isotope
was Csl34 so the assumption was made that it would be released
in the same ratio to Csl37 as it was produced in the reactor
core. Not only do both have the same chemical properties but
also these are long lived nuclides with respect to the time |
scale of any accidents and have no significant short lived pre-

cursors which could be affected by release conditions.

This is an appropriate time to mention briefly some of the
design features of an AGR which should guarantee the safety of
this system to such an extent that it has been constructed on
sites much closer to large urban communities than earlier gas
cooled reactors in the UK. One important feature is the
ceramic fuel in steel cans which can withstand much higher
operating and transient temperatures than uranium metal fuel
with magnox cladding without releasing activity to the coolant.
The coolant circuit itself is contained within a pre-stressed
concrete pressure vessel along with the heat exhcangers. This
greatly reduces the number and size of large penetrations and
also the rates of depressurisation for a given, but improbable,
failure. This pressure vessel is designed so that its failure

during the operating life of the reactor is "incredible".
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Table 5.2 Comparison of FISP4 (3 group flux model) to
FISP (1 group flux model) for 1386 days irra-
"diation in an AGR ’ o
Radiologi- ‘
cally signi- Half life Fission Product Inventory(Ci/Te)
ficant of isotopes" FISP FISP-4
isotopes (no (n,vy) with (n,vy)
production production
Total Krypton mixed 1.83(6) % 1.74(86)
Rb88 18 min. 2.59(5) 2.56(5)
Sr89 50 d. 3.35(5) 3.37(5)
Sro0 28 y. 5.07(4) 4.30(4)
Rul03/Rh103 39 d./57 min. 8.49(5) 9.67(5)
RulO6 369 d. 1.98(5) 2.18(5)
Tel32 78 h. 5.15(5) 4.99(5)
Total Tellurium mixed 2.73(6) 3.16(6)
Iodine-131 8 d. 3.54(5) 3.50(5)
Total Iodine mixed 4.54(6) 4 .86(6)
Total Xenon mixed 3.77(6) 3.33(6)
Cs134 2.1 y. 1.80(1) 6.57(4)"
Cs137 30 y. 5.53(4) 5.62(4)
Celd4 /Prid4 284 d./17 min. 4.60(5) 4.86(5)/4.88(5)

21.2(3)=1200 etc.

bTobias (1972)

%
In FISP4 6.57(4) Ci/Te is produced by Cs133(n,y)Csl34 against
1.65(1) Ci/Te produced by decay along the mass chain A=134.
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Two main forms of penetrations still exist, namely the
stand pipes over the fuel channels (for control rods and
on-load refuelling) and the~tunne1s for the gas circulators.
The former have been designed so that a failure is only a
remote possibility, but if it did occur the following depres-
surisation transient would cause little, if any, economic
damage to the plant and minimal radiological hazards off-site.
The penetrations for the gas circulators are not expected to
be breached, where double closures may be used. Even so the
motor was mounted in the tunnel to reduce the chances of rota-
ting plant damaging the closures and to provide a resistance
to the flow, which would minimise the probability of coolant
stagnating in the core, in the case of an "incredible'" failure
in this tunnel. Air has to be excluded from this tunnel to
prevent a possible 0il explosion at a faulty motor. Another
possible means by which a depressurisation of the circuit could
theoretically occur is if the by-pass system used to control
the chemical composition of the coolant was to fail, causing

depressurisation to atmospheric pressure in about an hour.

A great deal of effort has been expended to ensure that
adequate cooling is provided to all fuel channels in the core
in the event of faults in this reactor. The control system has
been designed to cope with the interactions between the genera-
tion of power in the core, derived from normal operation or the
radioactive decay heating after a reactor trip, the heat sink,
in the form of the boilers and feed water supply, the genera-
tion of electrical power at the turbines and the supply of
essential power if external sources fail. Great complexities
arise when restarting forced flow after the reactor has been
tripped and the gas circulators' speed has run down. It is
essential to achieve a good level of cooling as the decay heat
in the core is of order 100 MW immediately after the successful
reactor trip. Even so the overall system is designed such |
that there is adequate time to prevent economic damage to the
fuel and core structure, where the period malfunctions have to
last before safety is impaired in these circumstances is always

longer.
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Some potential critical malfunction conditions have been
investigated and the system has been determined to react
satisfactorily. Flow in one channel has to be reduced by 40%
of its intended operational level in a fuel channel, by block-
age or graphite sleeve fracture, to cause fuel melting while
the reactor is still operating, but the channel gas outlet
temperature, or later the activity detectors, should trip the
reactor to prevent fuel damage. It is theoretically possible
for a channel to be blocked and the fuel to melt in an intact
coolant circuit, where plate-out would occur, but activity would
have to leak to the atmosphere through normal pathways at a
~very slow rate. This potential accident could only release,
at mdst, 100 Ci of iodine-131, given pessimistic assumptions.
Some depressurisation accidents have been considered, where
a slow depressurisation may cause economic damage and safety
damage 1if adequate cooling is not provided within about 10
minutes and 30 minutes respectively Pf the start of the accident.

In this work the notional AGR accidents which model pin
failures could be described as having a definite but small
probability of occurrence, but this would be much greater than
any associated with the melt-out of fuel in a channel. The
latter type could be described as 'incredible". No specific
significance should be attached to the use in this work of the
failure of exactly 20 pins or the melt down of one fuel channel.
These values were taken to show the relative sizes and types of
releases which might occur for different accidents, but restric-
ted to a scale which should not involve any catastrophic changes
in the reactor structure which could lead to complexities out-

side the scope of the WEERIE models.

In all the accident sequences studied it is assumed that
the reactor is shut down two minutes before any release from
the fuel begins. No significant changes in the consequences -’
are produced by using a different delay of up to about 10
minutes. The isotopes used in FISP generally have half lives
greater than a few minutes, so this delay can be used to allow
for the decay of shorter lived precursors already assumed in
the data incorporated within the model. Some form of time

difference may be expected between shut down of the reactor and
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damage to the fuel which permits escape of radionuclides. The
two minute delay used here for these modelled AGR accidents

is purely notional. In some accident sequences this delay may
be negligible or, even more improbably,reversed if the reactor

is not trinped vrapidly.

Cnce the amount of activity released in a notional acci-
dent has been calculated there are further limitations on esti-
mation of any doses resulting from dispersion in the atmosphere.
The Gaussian dispersion parameters used in WEERIE are strictly
valid only for ground level releases, so elevated releases are
not considered in the following incidents. The effects of
buoyant and self heating plume rise are not modelled for these
releases. In depressurisation events the escaping coolant
could contain a large enough heat content to produce appreciable
rises in some circumstances. The interaction of buoyancy forces
and building wakes is a complicated problem. Self heating plumes
could only occur for major accidents, and would also be depen-

dent on the condition of the atmosphere.

Section 5.2.1 Description of notional depressurisation accident

with simple cladding failure on twenty pins

This notional accident is intended to demonstrate some
features of simple cladding failure which may occur on a major
depressurisation in an AGR. Five time steps are considered
within the release, so that the internal time dependent struc-

ture of the release can be examined.

The major depressurisation is assﬁmed to occur with a half
life of 9 minutes (Woollatt), which means the incident should
tail off in about a half hour to one hour. The cladding of
twenty pins is assumed to fail, with 80% of this fuel being
involved at a linear rate within four minutes. The remaining
20% is assumed to be released at a rate decreasing exponen-
tially, as allowed in the WEERIE circuit behaviour model, with
a characteristic time of one minute., The total mass of fuel

involved is given by (5.5) M = M, +M,, (Te) , where M1=r1*tp

(5.6) , with tp as the time in seconds when 80% of the fuel has
been involved at a linear rate in the release to the coolant.

Other terms are defined below:
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tr -at -atp -oatr
(5.7) M, = e . ry.dt = e -e ) .To/a Te.

ip

-otp -atr
(5.8) Ml/M2=4/1=(r1/r2)*(tp*a)/(e - e ). Assuming

a=4/tp (5.9) so that the whole fuel involvement should occur
effectively within 2tp, where tr is such that
(5.7a) M2=(e_aq))*r2/a . TFrom (5.8) and (5.9) this gives (5.10)

4 .
Ty=r,.e Te /second. This form of release will be assumed for

- —_ —

all the four cases, but with different values of tp for a given -

mass M of fuel involved.

Only a small fraction of the fission product inventory
in the fuel pins, but no actinides, is assumed to escape on
clad failure. Element dependent release fractions correspond
to a portion of the '"free' isotopes éxisting in any spaces out-
side the oxide fuel ceramic, but contained by the cladding under

normal operating conditions.

The "free" isotopes in a fuel pin will tend to consist
preferentially of the longer lived isotopes. This ig due to
the diffusion rates of isotopes through the ceramic to the gap
about the fuel. The fuel tends to fragment with increasing
burn-up, under the effects of stresses, densification and
general pellet-cladding interactions which can alter the diffu-
sjion paths isotores have to travel to become '"free'. Also
grain boundary mnvements within the crystalline structure of
the fuel could affect the constitution of the '"free'" isotopes.
A pessimistic assumption has been made that the release frac-
tions used for each element would be independent of the half-
lives of the radionuclides involved, as the temperature condi-
tions within the damaged fuel would possibly have an important

influence on releases during the accident.

Many studies of the release fractions of isotopes from
uranium dioxide fuels have been made. From these studies it
can be assumed that 6 Ci of I131 is "free" in an AGR pin,
corresponding to 1.37% of the total I131 inventory of the pin,
but only 2 Ci(0.46%) is released on a simple cladding failure
(Woollatt 1978 (78)). This last value is similar to that
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derived from experiments undertaken by the UKAEA (Hillary
and Taylor, 1972 (79)). In these experiments it was also
found that Csl37 releases followed that of I131 quite closely
for can punctures at about 1000°C. Other elements which are
likely to display similar release behaviour to caesium and
iodine are: germanium, arsenic, selenium, bromine, rubidium,
cadmium, antimony, tellurium (as elements) and tritium (as
some hydride rather than a gas). Inert gases are reported to
have a release fraction of about 6% under these conditions.
Although the alkaline earths, strontium and barium, are more
volatile than the oxide forms, they still have low release
fractions. Beattie (53) quotes releases of 3.1.10—3% and
1.1.10_3% for Sr and Ba respectively from UO, fuel again at

o
about 1000 C, where this is in agreement with other sources of
information (44, 79-82), Rare earths, including Yttrium,
Zirconium, Niobium, Silver, Lanthanum, Cerium, Praseodymium,
Neodymium, Promethium, Samarium, Europium, Gadolinium and
Terbium, are assumed to be well retained by the fuel at about
1000 C with a release fraction of 107°%. If actinides were to
be released they would probably behave in a similar fashion to
the rare earths. Other elements, including Ruthenium, were
assumed to escape in quantities intermediate to those of

caesium and strontium:

R(Ru)=( R(Sr)*R(Cs) )_%=4.10_2%. These release fractions are
displayed in table 5.3.

A simplified model of fission product behaviour in the
coolant circuit is assumed, where only iodine is plated out on
interior surfaces. Further it is assumed that 90% of the iodine -
is in elemental form with a half life of 3 minutes in the coolant
(78, Macdonald 1971 (83)), while the remaining 10% is methyl
iodide which effectively does not plate out. The mean plate-
out rate for iodine is ;g =O.9*0.693/180=3.465.10_3 1.

Resuspension of Xenon from the plated out Iodine is assumed to

sec”

occur in the coolant circuit. No filtration is allowed for
the escaping coolant and coolant borne fission products which
leak directly to the atmosphere with an effective half life of

9 minutes for this major depressurisation.
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Table 5.3 Elemental release fractions for a notional simple

pin failure in an AGR

Elements Re lease Fraction
Xe,Kr 0.06
I,Cs(Te,Ge,As,Se,Br,

Rb,Cd,Sb,H3) 0.0046
(Ru,Mo,Tec,Rh,Pd,

Ca,Zn,In,Sn) 0.0004

Sr 0.000031

Ba 0.000011
(Y,Z2r,Nb,Ag,La,Ce,
Pr,Nd,Pm,Sm,Eu,Gd,Tb) 0.000001 ]

Table 5.4 Atoms released from the simple twenty pin
failure on a major AGR depressurisation.

Isotopeg Release lInventory in Half Maximum {Calculated Releases
Fraction[2O pins (NO')Life PotentiallNo. of atoms|Curies
(R) T Release
Krg5™ 0.06 |2.31(18)° (4.5 h | 1.39(17)1.23(17) 140
Kr85 0.06 2.80(21) 11 y | 1.68(20)1.53(20) 8.8
Sr90  [0.000031 5.6(22) 28 y 1.7(18) {1.55(18) 0.034
RulO3 0.0004 2.5(21) 39 d |{1.0(18) (9.05(17) 5.0
RulO6 0.0004 9.5(21) 369d | 3.8(18) {3.42(18) 2
Tel32 0.0046 2.2(20) 78 h | 1.0(18) 19.03(17) 60
1131 0.0046 3.65(20) 8 d |1.68(18)4.77(17) 12.8
1135 0.0046 2.44(19) 6.7 h | 1.02(17)|3.09(16) 23
xe131™ | 0.06 5.4 (18) 12 d |3.24(17)[2.95(17) 5.3
xe133™ | 0.06 2.09(18) 52.5 h|1.25(17)1.14(17) 11.4
Xel33 0.06 4.77(20) 5.3 d |2.86(19)|2.47(19) 1010
Cs134 0.0046 6.3(21) 2y 2.83(19)]2.55(19) 7.3
Cs137 0.0046 7.7(22) 30 y |3.54(20)}3.18(20) 6.3

*(1.2(3)=1200)
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Iodine released to the atmosphere is assumed to have a
deposition velocity in air of 1.2 em/sec. The chemical forms
iodine may take include elemental iodine, methyl iodide and
iodine associated with aerosol particles, where the proportion
of elemental iodine will probably dominate the deposition rates
close to the source. With the source depletion model used
this deposition velocity for iodine might possibly have to be
reduced once dry deposition has removed a large fraction of
elemental iodine. This could occur within 30 km of the source
under stable conditions and at much larger distances as the
conditions become more unstable. There is an option in the
modified depletion model where this effect can be approximated,
provided the change required in the deposition velocity is not
too large. However as the proportions of the different physi-
cal forms of iodine are uncertain this option will not be used
here. In addition daughter isotopes produced mainly in the
plume may have significantly different deposition properties
to those isotopes of the same element which were released from
the nuclear installation. When stable dispersion conditions are
used results will onli_gevgiven to about 30 km, as severei
depletion of iodine will have occurred by this distance and
results may no longer be adequately described by a constant
high deposition velocity for material released at the source
or by a simple Gaussian model. Except for non-depositing inert
gases the rest of the release is assumed to be small aerosol
particles, with a deposition velocity typically 0.3 cm/sec.

Hence a three group deposition model can be used.

The releases from this modelled event were stored for five
time steps: 0-240 secs; 240-480 secs; 480-720 secs; 720-960
secs and 960-1800 secs, by which time the majority of the
release has occurred. Results from a detailed breakdown of the
release pattern are given in a later section, while the gross’

releases are described here.

Table 5.4 gives the inventory of the twenty pins for some
isotopes along with the calculated and 'maximum' potential
releases. For ling lived isotopes the 'maximum potential

release' can be defined effectively as: Q??=Rij*Iij(pin)/the
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product of the pin inventory (I) and the ijth isotope's release
fraction (R), ignoring precursors, plate-out and other effects.
Hence this can be used to identify the effécts of plate-out

and contributions from short lived precursors. In the case of
I131 only 30% of the 'maximum potential release' occurs due

to plate-out. Isotopes which are not plated-out in this
notional accident seem to have been reduced by the truncation
of the modelled incident to only half an hour, but the 10% loss
should not be significant in comparison to other uncertainties.
There are no major effects of resuspenéion in the released
quantities of xenon isotopes, such as XelSlm, Xe133™ and Xel33.
This is due to the relatively short time scale of the accident

compared to the half-lives of the i1odine isotopes concerned.

The total release contains of the order of at least 1kCi

of mixed fission products but only 12.8 Ci of Iodine-131.

Section 5,2.2 Release from a more prolonged clad failure on

a major depressurisation in an AGR

This notional accident is intended to be a more pessimistic
interpretation of the previous pin failure accident. The
irradiation history, with the two minute cooling period mentioned
earlier, is retained, as well as the total mass (M) of the 20

pins involved (see equation 5.5 etc.).

The release fractions used in this case are higher. All
the "free'" 1131 in each pin (6Ci) is assumed to be released.
Thus the iodine release fraction is increased by a factor of 3.
In addition to this all other elements, except for the inert
gases, are assumed to have a similar increase in the relevant
release fractions. From the data available for releases of
inert gases from uranium dioxide fuel an upper value of the
fractional release of 10% would be more representative than an
increase by a factor of three to 18% (Hillary and Taylor). This
also allows the description of an accident which is less domina-
ted by inert gases escaping to the atmosphere.

A second parameter altered was the time tp in which 80% of
the release from the fuel pins occurs. This was extended to
8 minutes, so that the time steps used to describe the internal
structure of the release were modified to four and prolonged
to a full hour. (i.e., 0-480,480-960,960-1800,1800-3600 secs).
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The gross releases of selected isotopes are presented in
table 5.5. There is no significant truncation of the release
when the time steps are extended to one hour. Some effects of
plate-out are evident in the releases of iodine isotopes.

Again no major effects have been produced by resuspension in
this short accident. This second release contains less than
3kCi of mixed fission products associated with 38.5Ci of I131,
reflecting the relative change of release fractions of the inert
gases and the other radioisotopes from those in the first

accident.

Section 5.2.3 Notional release due to channel melt out with

an intact coolant circuit

This case is intended to represent a sequence of events
where all the fuel in an average channel melts while the coolant
circuit is intact but leaking to the atmosphere at an average
operational rate. This permits a study of the effects of fil-
tration on the notional release. The initial inventory of the
fuel has the same irradiation history as previously described,
where the reactor is again assumed to be shut-down two minutes

before the fuel begins to release fission products.

For the fuel to melt in one channel while the reactor has
just been shut down it may be assumed there is poor coolant
flow through that channel. This means that radioisotopes from
the fuel will only slowly enter the coolant circuit. The present
model represents this by assuming that 80% of the fission
products is involved after 2 hours, which is a much longer time
than in the two releases described earlier. A complete fuel
channel consists of a single stringer of seven elements each
with 36 pins, totalling 252 pins (78).

A coolant circuit normally operates with an effective, but
small, (9) leakage rate to the atmosphere, assumed to be 3%
per day in this case., Final clean-up of the circuit is presumed
to begin 24 hours after the start of the incident. This marks
the end of the release studied here, although inert gases may
still escape during this last stage, probably with some time
delay while passing through the appropriate filters. During
the release it is assumed a by-pass system is started, one hour

from the onset of the release, which absorbs methyl iodide at a
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Table 5.5 Release from the more prolonged pin failure on

a major AGR depressurisation

Isotope %eleage Potential Release Calculated Relgase
raction No. No. Curies
Kr85™ 1 0.10 2.31(17) " 2.26(17) | 260
Kr85 0.10 2.80(20) 2.80(20) 15
Sr90 0.000093 5.3(18) 5.26(18) 0.11
RulO3 0.0012 3.0(18) 3.0(18) 17
RulO6 + 0.0012 1.1(19) 1.1(19) 6.6
Tel 32 0.0137 3.01(18) 3.02(18) 200
1131 0.0137 5.0(18) 1.42(18) 38.5
1135 0.0137 3.34(17) 9.17(16) 70
Xe133™ 0.10 2.09(17) 1.53(17) 15
Xel33 0.10 4.77(19) 4.77(19) 1970
Csl134 0.0137 8.5(18) 8.5(18) 24 .1
Cs137 0.0137 1.06(20) 1.06(20) 20.9
*
(1.2(3)=1200)
Table 5.6 Filtration factors used in the two sequences for

the single channel melt-out in

an intact coolant

circuit.

Time Steps Filtration factors

(hours) Sequence 1 Sequence 2
0-1 0 0
1-2 0.97 0.5
2-4 0.97 0.5
4-12 0.97 0.9
12-24 0.97 0.97
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rate with a '"plate-out" half life equivalent to 1.6 hours. This
effect can be represented by an additional plate-out rate for
iodine, so AP=0.693(0.9/180 + 0.1/(1.6¥3600)) sec™’ after the
first hour. The majority of the channel inventory will be
involved within the first three hours, so it is assumed that
plate-out only leaves methyl iodide in the coolant circuit with
a plate out rate of 1P=0.693/(1.6%3600) sec™l.
sented later by a four group deposition model to cope with the

This is repre-

later portion of the release containing only methyl iodide,
where the deposition velocity for iodine is reduced to lmm/sec.
while that for the other halogen, bromine, is unchanged.

It is further assumed that measures are taken to reduce the
atmospheric release of radionuclides after the initial hour.
This is modelled by assuming that filtration factors (Fl1) can be
applied to the release from the reactor. These filtration fac-
tors have been varied during the release so as to investigate
the gross sensitivity of this mechanism. No filtration factors
are applied to the inert gases, tritium or iodine, where the
last element is the only one with plate-out reductions. The
variation of filtration factors assumed during the five time
steps is shown in table 5.6. 1In addition the second time step
was assessed with a filtration factor of 0.9. A major assump-
tion in the simple filtration model is that all daughters of
isotopes which are produced by radioactive decay of parent iso-
topes on the filters immediately resuspend and escape directly
to the atmosphere. This will act as a delaying term in the
release of a fraction of the later isotopes in decay chains, but
without reduction by that daughter's filtration factor or
leakage rate from the containment.

Release fractions of the fission products have been taken
from several sets of recommendations in an attempt to provide a
wide selection range for input data. It is known that uranium
dioxide crystal matrix does not retain fission products well
above about 1500 C to 1700 C, depending on irradiation and phy-
sical damage. Table 5.7 contains the release fractions used in
this case of a single channel melt-out. The complete melting
of the fuel is represented by the high, 99.9%, release fractions
for the inert gases, tritium and the halogens. The results of

experiments show a tendency for the releases of tellurium and



Table 5.7 Release fractions for a notional channel
melt-out in an AGR

Elements {Releaser Fraction

Kr,Xe,I,Br H° 0.999

Te 0.99

Cs,Rb 0.966

Ru 0.791

Ge,As,Se,Cd 0.8

Ga,Mo,Tc,Sn,Sb,In 0.2

Ba 0.029

Sr,Ag,Pd,Rh,Y,Zr Nb,Zn,

La,Ce,Pr ,Nd,Pm,Sm,Eu,

Gd,Tb 0.006

146
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the alkalis to be slightly lower ((53)(44)), as in table 5.7.

In a carbon dioxide atmosphere a 79.1% release of ruthenium

has been measured, (53) and has been extended to cover other e-
lements of a similar volatility. This high release fraction

for ruthenium suggests a non—reducing atmosphere which explains
the low release fractions for barium (2.9%) and strontium

(0.6%) reported from the same source. Non-volatile elements
have been given the same release fraction as strontium. A

group of elements of intermediate volatility are assumed to be
released at a level of 20%. The comparatively high leatility
of ruthenium oxides has been considered in the process of assig-
ning release fractions to elements without widely reported

experimental basis.

Any actinides escaping from the fuel would have a release
fraction similar to that of the rare earths, as an upper limit
in most cases. Radioisotopes of radon, a heavy gas, could be
an exception to this, but only Rn222 has an appreciable half
life, which is slightly less than four days. Evidence from
test rigs suggests that the actinides rapidly plate-out on any
relatively cool surfaces within the coolant circuit. As the
coolant circuit is intact, it is assumed that negligible
actinide activity escapes to the atmosphere. This may not be
the case if a depressurisation occurred with fuel melting, but
this is dealt with in more detail in the description of the
fourth notional AGR accident.

Gross releases of selected isotopes from this notional
accldent, spanning twenty four hours, are given in table 5.8
for the two complete sequences of different fiitration parameters.
The release of inert gases, and long lived isotopes of iodine
without significant precursors, are not affected by the filtra-
tion factors, due -to the effective circuit behaviour modelling
already described. The other isotopes show releases which are
increased about three times in the case with low filtration
efficiencies. The large release of inert gases results from
two factors. The first is the high release fractions combined
with a null effect by the filters. >The second is that some
inert gas isotopes have precursors which are more abundant
in the irradiated fuel than these isotopes, such as with I135
and Xel35, where the immediate precursor is contained within
the reactor. 1In the case of I135 92% decays to Xel35 within 24
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Table 5.8 Activity released by the two sequences of
filtration on the single channel (notional)

melt-out with an intact coolant circuit

&sotopes Total Channel Released Activity (Ci)
Inventory(kCi)* Sequence 1 Sequence 2
Krgs™ 35 230 230
Kr85 ' 2.0 57 57
Sr90 15 0.098 0.29
Rul03 170 150 450
RulO6 70 62 180
Te129™ 8.4 9.4 28
Te131™ 19 17 55
Tel32 180 190 620
1132 190 3100 3100
I131 130 17 17
1135 240 23 23
Cs134 22 24 72
Cs137 19 21 63

*
At time of initial shut-down
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24 hours, so the major portion, over 70%, of Xel35 is due to

production after shutdown of the reactor. This phenomenon is
of more importance in the control of reactors due to the very
high thermal neutron capture cross-section ("reactivity

poisoning" effect) of Xel35.

This notional accident sequence releases only about 17 Ci
of I131, but of order 20,000 Ci of inert gases and other fission
products with half lives of at least several hours, Also
released are quantities of long lived caesium isotopes
(Cs134, Csl37), where the escape may involve more than about
100 Ci of each when poor filtration efficiencies are assumed.
Ruthenium isotopes, such as Rul03, and RulO6, can be released
in quantities of the order of or greater than 100 Ci, with a
similar release of Tel32 (the precursor of 1132). This leads
to a more complex dose pattern resulting from the dispersion in
the atmosphere of this release compared to that of either of

the previous multi-pin failure cases.

Section 5.2.4 Notional single channel AGR melt-out associated

with a major depressurisation.

This major depressurisation case involves the same amount
of fuel as the previous case described in section 5.2,3, where
the same release fractions are used but combined with a much
shorter release period. This assumes the atmosphere in the
fuel channel is non-reducing, so depressing the releases of
strontium relative to ruthenium. The likelihood of this type
of accident is probably of such remoteness that any detailed
changes in a few of the elemental release fractions would be of
little significance compared to the large uncertainties surroun-
ding any relevant accident sequences. Plate-out of iodine and
subsequent resuspension 6f xenon are dealt with as in the two
previous major depressurisation incidents. No filtration of
the escape to the atmosphere in this melt out case is assumed.

An assumption has to be made about the time scale for the
whole channel to melt. The source of heat (Hd) in the shutdown
reactor would be due to radioactive decay processes, which is
about 5% of the operating level. The single core could contain
approximately 400 channels generating a thermal power of about
1500MW. The heat generation from the release should be below



1MW so self heating plume rise can be neglected (51,52).
The mass of fuel (Mc) in a single channel of seven elements
is almost 360 kg with a mean specific heat capacity (Cf) of
about 350 J/(kg.'K) in the temperature range of concern.
" The appropriate time (dt) for the fuel to melt, with a mean
rise in temperature (dT) of about 1800°%K is:

(5.11) dt(secs)=dT*Mc*Cf/Hd = 1200 s (to 2sf). In the model

an extension of this period to only cover that in which 80% of
the fuel melts was made as a token allowance for residual
cooling due to low gas flows at reduced pressures and any radia-—
tive cooling at high temperatures. Five time steps were used
for this release covering a full hour: 0-480 secs; 480-1200
secs; 1200-1800 secs; 1800-2700 secs and 2700-3600 secs.

The gross releases are displayed in table 5.9; obviously
this is the most severe of the notional accidents studied. The
release of about 30 kCi of I131 means this is a serious accident,
especially with the accompanying releases of ruthenium, caesium
and tellurium radioisotopes. The release of inert gases is

of the order of a few hundred thousand curies,

In this notional accident actinides could be released,
where a pessimistic release fraction is similar to that for
the release of strontium (0.6%). A reasonable assumption would
be that the great majority of the refractory actinidies rapidly
plate-out within the complex coolant circuit of the AGR, The
form of these actinides could be asvsmall particles which
could be bonded together by the less inert fission product
compounds. This could even lead to any radon radioisotopes
being trapped within the internally deposited material, The
total single channel activities of some actinides are given in
table 5.10, taken from the prediction of two heavy element
computer models, HYLAS(77) and HYACINTH(Harte, 1976 (84)) using
the fuel irradiation history assumed previously. Also displayed
are the maximum permissible air concentrations (see (84)) of
the radionuclides as insoluble forms. From this table it can
be observed that the hazard from any radon gas is negligible.
(c.f. coal fired power stations, (9)). A significant potential
hazard arises from the fissile isotopes and the transuranium

elements.
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Table 5.9 Activity released from the notional AGR single
channel melt-out on a major depressurisation
Isotope (half-1life) Channel Inventory (kCi) Gross release
at time of shut-down (kCi)
Krgs™ 34.6 29
Kr85 2.0 1.8
Sro0 15 0.081
Rul03 170 120
Rul06 70 55
Te129™ 8.4 8.2
Te131™ 19 18
Tel32 180 170
1131 130 34
1135 240 62
Cs134 22 21
Cs137 19 18
Bal40(12.8 d) 220 6.1
Cel144(284 d.) 160 1.0

Table 5.10 Heavy element inventories in an AGR
Isotopes - Channel Inventory (C1i) gzgtgilégsgiugii
HYLAS HYACINTH 3
predictions |predictions (Ci/m™)
Rn222 (not in model)|2.2(-11) 1.0(-8)
U238 1.0(-1) 1.0(-1) 5.0(-11)
U239 2.3(6) 2.2(6) 1.0(-9)
Np239 2.3(6) 2.2(6) 2.0(-7)
Pu238 1.6(2) 1.8(2) 1.0(~-11)
Pu239 6.0(1) 5.8(1) 1.0(-11)
Am241 3.0(1) 3.0(1) 4.0(-11)
Cm244 5.0(1) 7.5(1) 3.0(-11)
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Table 5.11 shows the values of rem/Ci (inhaled) for some
actinidies (6). Curium-244 only builds up significantly in
high, hard neutron flux, as in FBR's rather than AGR's. Only
uranium, plutonium and neptunium have been reported as being
released from molten fuel in test rigs: wusually only traces
escape the high temperature regions. Using the channel inven-
tories from table 5.10 for Pu239 and applying pessimistically
the release fraction of strontium, about 0.4 Ci of Pu239 could
be released to the atmosphere, This has to be compared to the
releases of 80Ci of Sr90 and about 20 kCi each of Csl1l34 and
Cs137, TFor the same breathing rate and dispersion conditions
the relative doses after 50 years (6) to the endosteal bone
surfaces, red bone marrow and the lung are shown in table 5.12,
Doses from Pu238 and Cm244 could be larger than those of Pu239,
but only by a factor of about two. The tissue most sensitive
to these actinides appears to be the endosteal bone surfaces,
but no significant errors would be brought into the description
of the inhalation dose commitments of this notional accident
by neglecting potential actinides releases. External expo-
sures would not be affected by neglecting these actinides due
to the dominant release of Csl37 which sets these levels for

many decades,

Any plutonium which did escape to the atmosphere may be
expected to be in the form of a heavy aerosol which has a high
gravitational settling velocity, as the material may have
densities similar to that of uranium dioxide (10O gm/cm3). This
would severely limit the extent of its dispersion in the atmos-
phere, so restricting doses, although there would be hazards
in any decontamination work, This would also apply to any
""clean up'" operations taken against deposits of fission products,
but this is not dealt with when considering these releases in

the next section.

Section 5.3 Doses and exposures from four notional AGR

accidents

Atmospheric conditions can be parameterised by Pasquill
dispersion categories. This allows mean time integrated air
concentrations to be calculated. These lead to inhalation doses

which may be related to appropriate actions. Comparisons can
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Organ dose sensitivities for heavy elements

Table 5.11
(Kelly et al)
Isotopes Organ sensitivities (rems(at 50 years)/Ci(inhaled))
Lung Red bone Endosteal (bone) Thyroid
marrow surfaces
Pu238 5.9(7)} 1.2(7) 1.6(8) 1.9(6)
Pu239 6.0(7)| 1.4(7) 1.8(8) 2.2(6)
Cm244 3.6(6)| 1.9(7) 2.4(8) 2.9(6)
“INp239 (oxide
form) 1.6(1)( 3.8(0) 4.8(1) 5.9(-1)
Am241 3.4(6){ 3.8(7) 4.8(8) 6.0(6)
Table 5.12 Comparison of "relative'" doses due to heavy
elements and to long lived fission products for
a release from the fuel in a single channel
melt-out.
Isotope geleage Rel?ased Rglative Doses gKgl}y et al.)
raction Actlylty (i.e. Dose s§n§1t1v1t§*
(Ci) Released activity (10°))
Endosteal Red bone Lung
bone surface marrow
Cs134 0.966 21000 7.6 8.4 8.4
Cs137 0.966 18000 4.9 5.0 5.4
Sr90 0.006 81 2.3 2.3 0.01
Pu239 (0.006) 0.4 0.7 0.06 0.24
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be made to Emergency Reference levels (ERLs), set by the MRC
(34) for use in the U.K, and to the recommendations of ICRP

26. Table 5.13 gives the ERLs currently applicable in this
country, where the dosés also apply\to dose commitments.

These are intended to be limits where action may be taken if

a significant reduction in total risk can be achieved but are
not absolute dose limits. The ICRP 26 recommendations for
exposure of members of critical groups of the public are stric-
ter requirements, for annual doses, with limits at 0.5 rem
(whole body) for risk limitations in stochastic dose ranges

and 5 rem (any organ or tissue) for prevention of non-stochastic

effects.

Use of the present deposition model allows estimates of
ground contamination to be made. These levels can be compared
to Derived ERLs (Baverstock and Vennart (55)), see table 5.14,
for the pasture-cow-milk ingestion dose pathway. External
gamma and beta exposures received over an extended period after
the accident may also be compared to the relevant limits. The
consequences of the two accidents involving twenty pins will
be dealt with separately from those involving the melt out of
a single channel. The three depressurisation releases have a
three group dry deposition model applied to represent plume
depletion with a mixed release of elemental and other forms of
iodine. The deposition velocities are shown in table 5.15. The
prolonged release, over a whole day, from a single channel
melt out contained in an intact pressure circuit is dealt with

in more detail, as briefly described earlier.

Section 5.3.1 Cloud doses from failure of twenty pins on a

major depressurisation

Temporal characteristics of the release will be discussed
initially, after which the dose dependence on downwind travel
is considered., Comparisons will also be made between the '
numerical estimate of the cloud gamma exposure and that of the
semi-infinite cloud approximation.

Atmospheric dispersion is assumed to be that of average
Pasquill category D weather with a mean windspeed of 5 ms™L.
The horizontal Gaussian dispersion parameters for category C

are used as the release is extended over a period larger than



Table 5.13 ERL's in the U.K. (MRC)
ORGAN ERL Dose (rems)
Whole body 10 (or 15 Roentgens in dry air)
Gonads 10
Bone:
Red marrow 10
Endosteal surfaces 30
Lung 30
Thyroid 30
Superficial tissue
(e.g. beta irradiation)| 60
Any other tissues
or organs 30
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Table 5.14 DERL's for ground contamination giving doses
via the pasture-milk food chain (MRC,
Baverstock and Vennart, 1976)

Isotope - DERL (microCi/mz) Critical
Adult Infant (6 months) Organ

Sr89 6400 190 Bone marrow

Sr90 26 6.6 Bone marrow

Cs137 36 18 Whole body

1131 27 1.8 Thyroid

Table 5.15 Deposition velocities used in the grouped element
dependent deposition model

Elements Deposition velocity cm/sec

Kr,Xe 0.0

I,Br(average) 1.2

All others

(aerosols) 0.3
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about 10 minutes (15), (53). The dispersion parameters

used give mean values of time integrated concentrations. No
allowances have been made for any effects of building induced
turbulence, although it is assumed the release occurs at

ground level. An inversion layer is not explicitly modelled,
but as the dispersion parameters rely on validation from experi-
ments an averaged effect on the cloud dosage is implicitly
assumed in these calculations. Detailed surface roughness
effects have not been considered in the description of the

dispersion estimates in this study.

From the accumulation of time integrated air concentrations
at a given point downwind of the release the build up of
potential inhalation dose commitments can be estimated. An
average breathing rate of 2,32.10"4 m3.s“1 has been assumed to
apply when using equation 5.1 to convert time integrated air

concentrations to dose commitments.

Examples of the internal time structure of releases are
given in figure 5.1 for ground level on axis lung and thyroid
dose commitments, 1 km downwind of the source for both releases.
In each case the effect of iodine plate-out on the thyroid dose
commitment, with an effective half life of 3 minutes, can be
seen. Within about fifteen minutes of the start of the release
the thyroid dose commitment is levelling off sharply, while
that for the lung is still increasing but at a decreasing rate
due to the depressurisation tailing off with a half life of 9
minutes. There appears to be no major differences resulting
from the different rates of fuel involvement used in these cases.
After half an hour the ratios of both the thyroid and the lung
dose commitments are about 2.96:1, reflectihg the factor of
three introduced between the release fractions for elements,
other than inert gases, in these incidents, Similar effects
can be seen in figure 5.2 for the on axis ground contamination
by I131 and Cs137 one kilometre downwind of the source.

Numerically calculated cloud gamma (Roentgens in dry air
at STP) and cloud beta (rads in air) exposures are given in
figure 5.3 where these apply to an on axis ground level expé—
sure point 1 km downwind. The cloud beta exposure is based
on local air concentrations, reflecting the short range of

beta particles in air. After half an hour the ratios of the
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Figure 5.3
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two releases for cloud gamma and cloud beta are 2.08:1 and
1.85:1 respectively. This shows that the inert gases contribute,
as could be expected, more to these cloud exposures than to
organ dose commitments where the relative increase in inert gas
release fraction was only 1.67:1 rather than 3:1 for non-gaseous
fission products. Also the cloud beta exposure is dependent
slightly more on the inert gas component of the release than

the cloud gamma exposure.

The downwind distance dependence of each of the on-axis
inhalation dose commitments, cloud exposures and ground conta-
minations has been studied for these two releases. Predicted
mean ground contaminations can most readily be compared to DERLs
for these accidents, Figure 5.4 shows the on axis downwind
distance dependence of I131 and Csl137 contamination compared to
~the adult and infant DERLs for the pasture-milk-food dose path-
way. Here caesium ground contamination is unlikely to be a
problem beyond the site boundary of a few hundred metres, for
either release. Iodine-131 ground contamination, with respect
to adults, would only be of slight significance in the larger of
the releases within a downwind range of about % km under neutral
dispersion conditions. The infant's DERL for 1131 is more res-
trictive and contamination at levels above this value extend to
downwind distances of about 1.3 km and 2.4 km for the simple
and more prolonged twenty pin failure releases respectively.

In the latter case the DERL is not exceeded at the 10% plume
boundary beyond about 0.6 km downwind where the crosswind plume
spread is about 0.265 km, This gives an estimate of the area
of I131 contamination above the infant's DERL as approximately
0.32 km2 (80 acres). The loss of production from this area of
farm land is unlikely to be of significance in the supply of
milk to the local or regional population.

The gross releases, described in tables 5.4 and 5.5,
dispersing in the atmosphere under neutral category D weather are
unlikely to produce unacceptably high levels of risk from inha-
lation dose commitments. The two largest single organ dose
commitments are to the thyroid and lung, where these are gene-
rally about an order of magnitude greater than any other single

organ inhalation dose commitment, including the "total body"

internal irradiation dose.
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These two organ doses, to the thyroid and the lung, are
given in figure 5.5 for ground level on axis dose points at
various downwind distances. No ERLs are exceeded, on average,
by either release under these dispersion conditions beyond
site boundary of about 200 metres. Even 300 metres downwind
the mean on axis weighted inhalation dose commitments from the
greater of the two releases produce an equivalent whole body
dose of 0.471 rem, which is very close to the ICRP annual limit
of 0.5 rem to members of the public: +the '"whole body" dose could
just exceed this annual limit when the external cloud gamma
exposure, of 0.026 R (numerical) to 0.24R (semi-infinite appro-
ximation), is considered, as these give extra whole body con-
tributions of about 0.015 rem to 0.14 rem (33). The non—stochasf
tic ICRP limit of 5 rem per year to any single organ probably
will not be exceeded under neutral conditions beyond about 200
metres and then only for the thyroid dose commitment resulting

from the larger release.

If the releases were to occur in stable Pasquill category
F conditions (with the horizontal dispersion parameters for a
short release) with a typically low windspeed of 2 metres/second,
there 1s an increase of on axis cloud concentrations at short
distances but predicted depletion from the narrower plume can
reduce long range concentrations even with the low deposition
velocities given in table 5.15; where Q*=0.38 one kilometre down-
wind for vg=1.2cm/sec in stable conditions. Beyond 10 km this may
not accurately reflect the characteristics of say I131 if this
was released in several different forms, unlike I132 produced
mainly in the plume. . The smaller of the two releases is
unlikely to lead to inhalation doses exceeding the relevant ERLs,
while the greater release could produce organ doses close to
these levels for the thyroid and lungs within about 300 metres
downwind (see figure 5.6). Beyond 1 km the lung becomes the

most irradiated single organ.

Uncertainties in the dose sensitivity of the lung to certain
isotopes are not of major importance in these releases. In the
later stages of the release, particularly in stable conditions
when jiodine is severely depleted far from the source, uncertain-
ties of the dose delivered by Tel32 to the thyroid may not be
negligible.
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High levels of ground contamination could extend to about
6 km, see figure 5.7, but meandering of the plume in stable
conditions could produce major local differences. Also, the
contaminated area above DERL's, assuming a straight path
under these non-dispersive conditions, is about 0.46 km2(115
acres) which is about a 50% increase over the equivalent area
for neutral conditions. If the release occurred from a low
stack a larger area might be contaminated but at lower levels.
Also shown in figure 5.7 is the ipitig] contamination due to
1132, half life of 2.3 hours. This isotope is the comparatively
short lived daughter of Tel32, half life of 78 hours, so under
these conditions and deposition model most of the I132 beyond
a few kilometres is produced in the plume. This is a demon-
stration of the relative increase of 1132 contamination to that
of both I131 and Cs137 due to the differences between the

sources noted upon earlier (see Chapter 2).

For dispersion under stable conditions the whole body ICRP
annual limit, for doses in the stochastic range of 0.5 rem
would be exceeded at 1 km where the weighted whole body dose is
0.73 rem excluding 0.052 R to 0.43 R external cloud gamma expo-
sure, for the larger pin failure release. Also the non-stochas-
tic 1limit of 5 rem to any single organ would probably be exceeded
under these stable conditions for both the thyroid and the lung

to about 1 km in either of these notional ground level releases,

In figure 5.8 the downwind distance dependence of the
cloud gamma and cloud beta exposures dispersing under category
D weather conditions, as used for figures 5.4 and 5.5, are
displayed. Even close to the reactor the ERLs are not approached.
The cloud beta dose would be given primarily to any uncovered
portions of the skin as well as the eyes,where clothing can
provide effective shielding against beta radiation. The cloud
gamma exposure can be estimated by a numerical calculation,
using 2*93 sampling points for an on axis exposure point and 93
for off axis exposure points, or a semi-infinite estimate based
on the local gamma activity of the time integrated air concen-
trations. No allowance in either calculation has been made for

the presence of the ground (see chapter 3). From figure 5.8,



FPig. 5.7

Downwind dependence of on-axis initial

ground contamination due to a notional
AGR accident 2 dispersing under stable
short time scale conditions.

Initial 1000
ground conta-

mination
(pCi.m—2)

100

12

1

0.1

b

-

-

=

AY
1131 "

N T
\\\\

‘\‘

Cs

A
\ \\

AY
\
\\\
AN
AN

CS137(1) ™,

1132

~Cs137¢4) W\
TI31(AY, N

J
137

| 1131(1)

DERL's

J B

N
- | S X

1

0.2

Downwind distance (km)

1

10 20

Exposure
(3:rad
v:R)

10

10~

10

Fig,

Downwind dependence of initial
on-axis external cloud exposures

due to the notional AGR accidents
1 and 2 dispersing under prolonged

neutral conditions.

i i .

0

.2 1

Downwind distance

9D



164

Figure 5.9 Downwind dependence of on-axis cloud gamma and
beta exposures in air due to a notional AGR

accident 2 dispersing under stable short time
scale conditions. ' '
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for both releases, the numerical cloud gamma estimate is

always the lower, representing the leakage of photons from the
finite plume. This difference, as expected, is larger at short
distances where the plume is smaller, with dimensions similar
or less than the mean free paths of gamma rays in air (typically
100m to 200m for energies of 0.5 MeV to 2MeV). For example,
under these neutral conditions, at about 30 km downwind the
plume is 9.5km wide and O.3km high, while at 1 km downwind these
dimensions are 440m and 70m respectively. For category F stable
conditions these two dimensions are respectively, 2.9km and
0.13km at 30km downwind and only 140m and 30m, one Kkilometre
from a ground level source., Figure 5.9 shows the expected grea-
ter difference between numerical and semi-infinite estimates of
the cloud gamma in less dispersive conditions to those of figure
5, 8.

To recap, only a severe release of volatiles from a
failure of the cladding . of twenty pins on a major depressurisa-
tion could lead to inhalation dose commitments greater than
present ERLs, close to a site boundary several hundred metres
downwind, and then only for a ground level release under stable
conditions with poor dispersion. Iodine-131 contamination of
pasture could be a problem under neutral dispersion conditions
and become more exXtensive if stable conditions occurred at the
time of the release. External cloud gamma and beta exposures
are not significant when compared to these other factors for
the dispersion conditions considered. External exposures from

depositéd materials will be considered in the next section.

Section 5.3.2 External Exposures due to ground contamination

from clad failure incidents

In these clad failure depressurisation incidents the plume
of airborne radionuclides takes a matter of about an hour to
pass any given downwind exposure point. A deposit is left on
the ground and other obstacles which may only be a small frac-
tion of the plume material but is resident, and delivering
exposures, in that locality for a time long compared to that of
the passage of the plume. In this study exposures 1 m. above a
smooth plane of this deposit have been calculated neglecting any
shielding effects of ground roughness. The ageing of the deposit

during the first year is considered, but allowances for weather-
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ing or other redistributions of the material are not made.

This restriction is imposed as it would be very difficult to
follow all the pathways affecting doses in the environment, and
would involve many problems beyond the scope of this study of
the immediate impact of active releases to the atmosphere.

As the releases have been broken into time segments, or
steps, this enables the gamma exposure rates from the ground
deposites to be studied during the release period. The implica-
tions of this are demonstrated for the lesser clad failure
release under neutral dispersion conditions. No exposure rate
from ground activity is calculated during the initial step of
the release., All the time integrated release from the first
step is allowed to escape in this mogel at the end of this first
step. Hence at the start of the second period the exposure rate
from the modelled deposit is an overestimate (see figure 5.10),
as no decay has been allowed while the time integrated release
for the step is accumulated. By the end of the second period
the exposure rate is an underestimate as the contribution from
the second stage of the release is not included until the start
of the next period. During the release this model can be used
to set upper and lower bounds to the mean exposure rates from
ground deposits. After the final release the estimate is an
upper bound but will return to a 'true' mean value after a period
sufficient to allow the transient effects of the stepped release
to decay. The transients will extend for a time scale which
depends on the steps used and the isotopes released, and should
not be more prolonged than several times the release period,
provided the steps are not too large.

Both the external beta and gamma exposure rates 1 km down-
wind for the two clad failure accidents are shown in figures
5.10 a and b respectively, to an ageing time of one year after
dispersion in neutral conditions. The steps bound the exposure
rates quite closely during the time in which the releases are
assumed to occur. The maxima occur towards the end of the
release giving exposure rates for the two cases (a) 1.1 mR/hr,
(b) 3.2 mR/hr and (4)7 mrad/hr, (b) 20 mrad/hr for ground gamma
and beta exposures respectively. From inspection of the curves
in these cases the transient effects of the stepped releases
are expected to be minimal within three hours of the end of the

release.
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Figure 5.10a Effects of decay on external ground exposure
rates for up to one year after a deposit is
formed on-axis 1 km downwind of a notional AGR
accident 1 dispersing under prolonged neutral
conditions.
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Figure 5.10b Effects of decay on external ground exposure
- rates for up to one year after a deposit is
formed on-axis 1 km downwind of a notional
AGR accident 2 dispersing under prolonged
neutral conditions.
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At short times the build up in time of these exposures
from ground sources will be affected by the stepped releases.
No activity is lost by this process, only its time of release
and subsequent decay is altered. The total exposure from these
sources, after a suitably long period, should accurately reflect
the expected time dependence of this quantity. Figure 5.11
displays the time dependence of on axis external gamma and beta
exposures for the lesser clad failure accident 1 km downwind
with neutral dispersion conditions. This shows that exposures
from deposited sources can exceed the relevant cloud exposures
after about eight hours of the start of the release. After one
year of decay the ground deposits have produced an exposure
possibly over twenty times that of the cloud if no modifying
factors are introduced. In this release the mean on axis exter-
nal ground gamma exposure will probably not exceed about 0.15 R
1 km downwind under these neutral dispersion conditions. Also
after cooling for about one year the beta exposure rate appears
to be falling more rapidly than that due to gamma activity.
This depends on the type of release considered (e.g. Clarke).
The plateau in the gamma exposure rate reflects the quantities

of long lived caesium isotopes released.

The downwind distance dependence of the mean on-axis ground
exposure after one year ageing is shown in figure 5.12 for this
lesser pin failure release under neutral conditions, along with
the two cloud gamma estimates. From this it can be seen that
the ground gamma exposure does not decrease as rapidly as the
cloud gamma downwind. Several factors contribute to this effect.
One is that many short lived isotopes can contribute signifi-
cantly to the cloud exposure at short downwind distances, but
give negligible contributions to the ground exposure after a
year, Not only is this due to the short half lifes but also
to comparatively poor deposition rates, such as for Kr88,
'Xe133™ and Te133",

At short distances the size of the plume can 1limit the
sources of cloud gamma exposures relatively more than those
giving ground gamma exposures., The on axis cloud gamma has a
large spatial range of source positions which can contribute
significantly while the on axis ground exposure has a much more

limited. geometry, so is less affected by the plume dimensions.



Figure 5.11  Accumulation in time of on-axis cloud and ground external
exposures 1 km downwind of a notional AGR accident 1 dispersing
under prolonged neutral conditions.
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Figure 5.12 Downwind.dependence of on-axis Figure 5.13
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The ground gamma exXposure rate within one year is dominated

by contributions from caesium isotopes and other elements

which were given a low deposition velocity. Compared to the
deposition pattern of long lived iodine isotopes these other
elements extend over a larger downwind range which is reflected
in the ground gamma exXposure. Similar trends are displayed by

the greater pin failure case in figure 5.13,.

Another method of presenting these results in more detail
is used in figures 5.14(a) and (b). These display contours of
the ratio of ground gamma to numerically calculated cloud gamma
on-axis exposures for both pin failure releases, where diagram
(b) refers to case 2, The contours of the deposit formed under
neutral dispersion conditions are plotted on axes of downwind
distance and ageing time. From both sets of curves it can be
seen that ground deposition is relatively more important to
external gamma exposures before about 10 km and after about 15 km
downwind than within this range, at least during the first
year for each release. This is due to restricted plume disper-
sion at short distances while at longer distances the cloud
gamma exposure has already lost any contributions from short

lived isotopes.

Cloud exposures rely mainly on contributions from inert
gases (a) which in these accidents are much more abundant than
depositing nuclides (b). The inert gases are not depleted by
dry deposition but only by radioactive decay while travelling
downwind (g(x/(u*tc)), where tC is a characteristic decay time
for the major contributors to cloud exposures. For depositing
nuclides which contribute significantly to ground exposures a
long decay half life is necessary so only depletion of the
source term by dry deposition Q*(x) is important rather than
radioactive decay in the plume. There are also different geo-
metric terms for each type of exposure, dépending on the rele-
vant plume or deposit dimensions G%J%). Hence the ratio of
ground to cloud gamma exposure rates x metres downwind after an

-ageing time of t is dependent on the factors:where b‘=thA'dt'
* * o
(5.12) (Ng*Q (x)*b)/(N *g(x/(u*t,))*a+N_*Q (x)*b). When the

quantity a is much greater than the amount of depositing mate-
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Figure 5.14a Contours of the ratio of ground gamma to
numerical estimate of cloud gamma exposures for decay
time ot deposits and downwind on-axis position for a
notional AGR accident 1 dispersing under prolonged
neutral conditions.
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rial b the distance dependence will be determined by Nd/N
and the competitive effect between Q and g, where the 1ast

two depend on windspeed and meteorological conditions.

For gamma exposures the effects of different geometries are
shown in figure 5.14b where the cloud gamma is derived from
both the numerical and semi-infinite estimates. The effect of
dry deposition can be measured by the source depletion terms
reaching 50% by 40km and over 100km for deposition velocities of
l.2cm/s and O.3cm/s respectively under neutral conditions. The
shorter distance corresponds to a travel time of about two hours,
which has to be compared to the decay half lives of the major
cloud gamma exposures: 1132(T%=2.3hrs.); Kr87(Ti=76mins.);
Te133™ (T3=55mins.); Cs138(T4=33mins.) and Kr88(Ti=176mins.).
This suggests the cloud components decay more rapidly than the
plume is depleted by deposition under neutral conditions with
a characteristic time less than 1 hour, from the turning point
in figure 5.14 , although the situation has further complexities

than mentioned.

Consider the ratios of cloud and ground gamma for the two
pin failure releases as being dependent on: b/(a+b) (Case 1);
3b/(5a/3+3b) (Case 2). As an inert gases are very much greater
than b, non-gaseous elements, these two ratios are in proportions
of 1:9/5 for the lesser and greater releases respectively. This
explains the factor of approximately two between the contours

in figures 5.,14a and 5.14b, for corresponding times.

Also shown in figures 5.14a and b are isopleths of ground
gamma exposure giving the ageing time and on axis downwind
distance when this whole body external exposure exceeds 75 mR,
about one tenth the ICRP whole body annual dose limit to members
of the public. For the lesser release this does not occur at
1 kilometre downwind until about four months after the escape
of activity. The release from Case 2 causes this exposure
level to be reached after only about a week, at this distance.
This difference in time scales is due to the dependence with
which the exposure accumulates, as shown in figures 5.10 and
5.11.

Contours of the ratio of ground to cloud beta can be drawn,
see figures 5.15a and b for the greater release under condi-
tions D and F respectively, corresponding to those for gamma
exposures in figure 5.14. Due to the short range of beta radia-
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tion in air the exposure is only dependent on local levels

of activity for both cloud and ground estimates. A consis-
tent difference between these two exposures 1is due to the
ground beta dose having been attenuated by one metre of air
while that of the cloud is assumed to include '"contact'" doses.
Attenuation of beta rays by air has most impact for energies
below O0.5MeV. Geometric factors are not relevant to distance
dependences of beta ratios, only the competitive effects
between decay and depletion remain. As could be expected these
beta ratios show more resemblance to the gamma ratios with the
semi~infinite cloud approximation, although there is a more
complicated situation at short ageing times in category D
conditions, see figure 5.,15a, probably due to the behaviour of
short lived isotopes and daughter products in the plume. The
build up of ground beta- exposure from long lived sources have
to be of high energies, such as RulC6/Rhl0G, while low energy
beta emitters (Tel32, Kr88, Xel33,HS,Cs134 and Cs137) contri-
bute effectively only to the cloud dose. Under category F
conditions the mean windspeed is 2 m/s so two hours travel
corresponds to about 15 km. The source depletion terms reach
50% by about 0.5 km and 15 km for Vg=l.2 and 0.3 cm/s respec-
tively in these stable conditions. This would have the effect
of enhancing ground beta doses close to the source due to large
amounts of iodine isotopes in the deposit, at quite short ageing
times before the longer lived depositing nuclides dominate the
ground beta exposure. A low windspeed tends to compress the
length scale in stable dispersion conditions, as in figure 5.15b,
Finally at ageing times of several months the long lived ground
deposits impose the source depletion functional dependence on
the ratio lines in figure 5.15b. Comparison of the curves in
figures 5.15 a and 5.14 b shows that cloud gamma exposures
relative to ground gamma exposures are more important than
cloud beta to ground beta exposures at all times within a year
of the release occurring and at most distances beyond 1 km

of the source,

These results are strictly relevant to the particular depo-
sition model used and its application to the isotopes considered
in the two pin failure incidents. Characteristics of other

releases will be considered later in the following sections.
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Section 5.3.3 Cloud doses from notional AGR single channel

"melt-out accidents

These two notional accident scenarios both involve the
same release fractions but develop along different paths before
activity escapes to the atmosphere, as described earlier in
this chapter. The consequences of these releases are also

different in scale and type.

The contained single channel melt-out (Case 3) extends
over a period of one day. This means that one meteorological
condition is very unlikely to predict the consequences from
the release realistically. A pessimistic assumption is made
however that the wind direction does not change while activity
escapes., Some allowance is made for a change of dispersion
conditions by considering different categories applying to some

portions of the release.

Before discussing Case 3 the major depressurisation single
channel melt-out accident (Case 4) is described. The time
scale of the depressurisation is assumed to be about one hour,
as in the previous cases 1 and 2. The build up in time of dose
commitments from Case 4 is shown in figure 5.16 for the thyroid,
lung and bone on-axis doses under Pasquill-Smith modified
category C conditions. Building entrainment and an inversion
at a height of about 1 km have been incorporated. Smith's para-
metrization of dispersion has been followed, assuming a ground
level release at midday in spring or autumn with partial cloud
cover and an average roughness length of 30 cm along the whole
path of the plume, for a 5m/s windspeed at 10 metres. The
thyroid dose commitment again reflects the plate-out behaviour
of iodine, while other elements do not have this allowance,

The ERLs for both the lung and thyroid are exceeded within the
Tfirst stages of the passage of the plume one kilometre downwind
of the source. By the end of the release the gross bone dose
commitment has exceeded 10rem, at this downwind distance where
this may reflect possible early fatalities better than lung

or thyroid organ doses. From figure 5.17 the external cloud
gamma exposure can be predicted as not exceeding the relevant
ERL, while the cloud beta dose is low compared to the ERL for
irradiation of superficial tissues. Figure 5.18 displays the

on-axis ground contamination 6f I131 and Csl137 greatly excee-



figure 5.16 Build up in time of on-axis
inhalation dose commitments 1 km downwind
of a notional AGR accident 4 dispersing
under slightly unstable conditions.

_Dose commitment (rems)

200 [ )

100 | i

- Thy i

Lung

10 + ¢ ’

A

500 1000 2000
Time (seconds)

0.
Bone '

5

Figure 5,17 Build up in time of on-axis

external cloud exposures,

in air,

1 km

downwind of a notional AGR accident 4 disper-
sing under slightly unstable conditions.

Exposure (B rad: vYR)

~ Cloud
8
L. Cloud v

(semi-infinit&)

~ Cloud

Y
(numerical)

1 1

i

LLT

500 1000
Time (seconds)

2000



Figure 5.18 Build up in time of on-axis
ground contamination 1 km downwind of a
notional AGR accident 4 dispersing under

slightly wstable conditions.
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ding the relevant DERLs even after only a small part of the

release has passed.

The downwind distance dependence of the on-axis thyroid
and lung inhalation dose commitments to 100km is shown in
figure 5.19. The threshold for early fatalities due to lung
doses, received within one year, is about 2500 rads, so pro-
bably no early fatalities could be expected under these condi-
tions beyond 300 metres. Whole body irradiation greater than
200 rads could produce early fatalities, due to bone marrow
damage, but it is unlikely that any would occur for this
release under slightly unstable conditions beyond several hun-
dred metres. There is a slight difference in trends beyond
about 30 kms due to the sensitivity of the thyroid dose commit-'
ment to the higher iodine deposition rate relative to other
depositing elements. Uncertainties in organ sensitivities arele-
ss important in cases 3 and 4 as a greater range of isotopes
are released and have an averaging effect over any discrepancies.
Also shown on this figure is the weighted whole body dose commit-
ment derived from the ICRP 26 factors and the single organ
dose commitments. In this modelled incident the main contri-
bution derives from the lung dose commitment. The ICRP sto-
chastic whole body dose 1imit is exceeded within about 40 km
of the source while the non-stochastic limit is exceeded within
a shorter range extending to 5 km. The ERLs, derived by the
MRC in the UK, are not exceeded beyond about 4 km and 6 km for
the thyroid and lung respectively. The external cloud exposures
under these slightly unstable conditions are given in figure
5,20, Neither the gamma or beta exposures are of great relative
significance, Both estimates of the cloud gamma exposure are
at least an order of magnitude less than the weighted whole
body irradiation due to inhalation of radioisotopes. This
reflects the large release fractions of elements other than

gases and iodine in this notional accident.

Initial ground contamination out to 100 km by 1132, 1131
and Csl1l37 is shown in figure 5.21. Under these conditions
deposition depletes the plume to 0.58 and 0.87 of the original
source strength for travel to 110 km from the source, for
deposition velocities of 12 mm/s and 3 mm/s respectively, so at
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short distances depletion does not have a major effect and
there should be no major problems about the iodine release
consisting of several physical forms. Figure 5.21 shows high
I131 contamination levels out to 100 km, where this is still
above the DERL for an infant. The corresponding DERL for
Csl1l37 is exceeded within about 11 km of the site. The build
up of I132, produced from Tel32 decays in the plume, can be
seen by comparison of this contamination to that of I131 which
mainly depends on the guantity released at the source. These
factors suggest that external exposures will be significant
from the deposited material, as will be discussed in the next

Section.

The consequences under slightly unstable conditions for
this depressurisation melt-out accident are severe and become
more so if stable category F weather is assumed for dispersion
calculations. Figures 5.22a and b show some of the on-axis
dose commitments and ground contamination, respectiively,
following this release occurring in stable conditions with
the same grouped deposition model. The effect of the relative-
ly high iodine deposition velocity is seen in both the thyroid
dose commitment and the I131 ground contamination. Relative
build up of iodine-132 by decays from Tel32 in the plume has
again been predicted. The lung and weighted whole body dose
commitments follow similar curves to those of the weakly depo-
siting elements, such as caesium and strontium. Eariy fatali-
ties, and morbidity, may occur within 3 km due to the lung
inhalation dose commitment, assuming most of the dose accrues
within the first year. Damage to bone marrow, directly and
by whole body irradiation, may be an important influence within
several hundred metres of the release. Travel to 30 km under
these stable conditipnns represents a period of over four hours
but these conditions are unlikely to persist to 100 km.

Two interpretations of the notional contained single channel
melt-out accident have been modelled using different filtration
efficiencies; other variations could be envisaged due to
changes in meteorology over the 24 hour release period. However
for ease of comparison to the other notional accidents a single
wind direction has been assumed for all meteorological conditions

applied to the separate steps of the release.
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A pessimistic assumption about meteorology is to assume
dispersion under category F conditions for the full 24 hours.
The initial three short time steps are assumed to have 1a teral
dispersion characterised by a short averaging time while the
last two steps, covering 20 hours, is modelled by using para-
meters for a prolonged (category C (Beattie and Bryant 1970))
release., The resulting build up of potential on-axis inhalation
dose commitments one kilometre downwind are presented in figure
5.23, with the effects of different filtration sequences 3.1
and 3.2. The effect of reducing the elemental filtration effi-
ciencies from 0.97 to 0.50 is marked in the case of the lung
and bone dose commitments. The iodine dominated thyroid dose
commitment is only slightly dependent on the filtration factors
in this descriptive accident. This corresponds to the assump-
tion that only plate-out, and not filtration, influences iodine
releases from the reactor., Filtration of tellurium, and any
subsequent resuspension from the filters, only causes small
percentage changes in the thyroid dose commitment at short times,
but at late periods I132 is an important resuspension product.
Also shown for the lung and bone doses is the effect of using
90% efficient filters during the second hour of the release.
The ratios of the dose commitments to the lung for the three
filtration faétors due to the second hour of the release is, as
could be expected, in the ratio
16.6:3.34:1=1-F(0.5):1-F(0.9):1-F(0.97).

Figure 5.24 shows that the on-axis cloud beta and cloud
gamma exposures one kilometre downwind of the source are less
dependent on the filtration fractions, due to the large contri-
bution from inert gases. Complicated differential effects
result from the model assuming that decays within the filters
immediately release the daughter products to the atmosphere
together with the resuspension from plated out iodine. These.
detailed differences have not been investigated further as the
model of the filter systems is crude and no reasonable sequence
appears capable of producing critical external cloud exposures
for these particular releases., An example of allowing different
meteorology for each of the time steps of case 3 is presented
in figure 5.25 for inhalation dose commitments building up

during the release for an on-axis exposure point 1 km downwind



Figure 5.23 Build up in time of on-axis Figure 5.24
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the notional filtered AGR accidents 3(1 and 2)
dispersing under stable conditions.
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Figure 5.25 Effects of different dispersion conditions’

on the build up in time of on-axis inhalation doses from
the notional AGR accident 3.1 . (F(u=2m/s,short) — —,
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of the ground lgvel source. These are for filtration sequence

1 with the first four steps released in one category, F or D,
but the last prolonged step, from 12 to 24 hours, is given

for both conditions as detailed in the figure. From this graph
it can be seen that persistent stable weather during the first
half of the release produces the severest conditions, irrespec-
tive of the dispersion category for the last half. However if
the first half of the accident is assumed to disperse under
neutral, Pasquill category D, conditions the total dose commit-
ment from the whole accident can still be dominated by stable
weather in the second half of the release as could occur during
the night. The assumption of neutral dispersive conditions in
the early stages of the accident decreases the lung dose propor-
tionately more than that of the thyroid, due to a larger portioﬁ
of the lung dose accruing in the first twelve hours. This is
due to the modelling of the iodine plate-out, which means the
iodine release after a half-day is primarily due to resuspen-
sion and assumed immediate escape of iodine isotopes from tellur-
ium isotopes decaying on the filters, especially for I1132.

Downwind distance dependences for on-axis inhalation dose
commitments and ground contamination under neutral (category D)
prolonged conditions are shown in figures 5.26a and b respec-
tively for filtration sequence 1. These suggest that ERLs
for inhalation dose commitments will most probably not be excee-
ded beyond a few hundred metres from the source, while the
ICRP non-stochastic annual limit for single organs would be
exceeded only over a slightly longer range, probably not beyond
0.6 km., The thyroid dose commitment curve approximately follows
- that of the lung dose commitment, due to there being little
plume depletion within 30 km under these neutral dispersion
conditions. Two thirds of the thyroid dose commitment is
received in the last two steps, 20 hours, of the release when
I132 is resuspended from the filters and delivers about 85%
and 95% of the thyroid dose close to the source from the last
two steps respectively. There will also be a large component
from Tel32 decays in the cloud at fairly long distances from
the reactor. Figure 5,26 b displays the initial 1132 ground
contamination from only the last twelve hours of the release,
but the source I132 is deposited at only 0.1 cm/sec, as is all

iodine due to the assumption that 1131 is released at this



Figure 5.26a Downwind dependence of on-axis
inhalation dose commitments from the notional

AGR accident 3.1 dispersing under prolonged
neutral conditions.
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stage only as methyl iodide. The half life of I132 is 2.28
hours, corresponding to a travel distance of about 40 km in the
plume when deposition is negligible. Longer lived iodine isoto--
pes would contribute proportionately more at long distances.

The ICRP stochastic whole body annual 1limit is not exceeded be-
yond 1 km where the pessimistically predicted mean weighted
value is 0,13 rem, with at most 0.03 R cloud gamma exposure.

Total ground contamination is not of any significance beyond
1 km, when compared to DERLs for the grass-milk-fcod dose path-
ways for I131 and Cs137 under uneutral conditions. The assump-
tion of a low deposition velocity after four hours of the start
of the release, corresponding to methyl iodide only, does not
affect the I131 ground contamination by more than a factor of
two in these conditions. Major differences could be produced
by this assumption with the large 1132 release, noted above,
during the last twelve hours (see figure 5.26b). The form of
this I132 resuspendiné from Tel32 decays on the filters is
uncertain, but might be in a form which would have a mean depo-
sition velocity larger tham that of methyl iodide. Hence
different isotopes of one element may need to be described by
different depletion rates during the latter stages of a prolonged
release, and this may have to be extended to cover different

chemical forms of single isotopes.

Under stable conditions, using prolonged lateral dispersion
during the last two release steps, the resulting inhalation dose
commitments for both filtration sequences are displayed in
figure 5.27. In both cases lung decses are most critical, excee-
ding ERL's within 1 km, while mean thyroid doses only exceed
these levels within about 300 metres of the site for both sequen-
ces. The worst filtration sequence results in a mean lung dose
commitment above the ICRF annual non-stochastic limit out to
about 3 km, where the mean on-axis weighted whole body dose is’
approximately 0.62 rem. This has to be compared to the corres-
ponding distance of 1 km for the more efficient filtration
scheme. This distance also applies to the 1limit of high thyroid
doses for both sequences. Todine is not directly acted on by
the filters, only by plate-out, but the consequences are domina-

ted by the releases from the filters during the last two steps
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which are similar in both filtration schemes,but a low iodine

deposition velocity is assumed in these periods.

Dose commitments from the two different filtration sequen-
ces can be compared relative to the thyroid dose commitment,
as in table 5.16. The lower filtration efficiency sequence
allows the lung and most other dose commitments to increase by
abont a factor of 5 relative to the thyroid dcse (sequence 2),
In this sequence the doses to both the compartments of the
large intestine become comparable to the thyroid dose commit-
ment. Both the stomach and small intestine dose commitments
only change by a factor of about two for these cases, due to the
dominance of doses from iodine isotopes, particularly I132 in
the last twenty hours of the release. No account of different
chemical forms affecting organ sensitivities has been considered
for the later stages of the rzleasse, but this may be significant

in prolonged releases.

The thyreid inhalation dose commitment in cases 3.1 and
3.2 only show a slight fall relative to lung doses by 30 km,
unlike the total I131 to Csl37 ground contaminations in figure
5.28. This is due to a combination of nroduction of 1132 by
decays from Tel32 and the low deposition velocity assumed for
iodine during the last two steps of the release from the intact
coolant circuit. The decay of Tel32 in the plume only becomes
important when I132 originally released from the reactor has
decayed while travelling downwind. The 1131 ground contamina-
tion is dominated by tine early releases, due to the effects of
plate-ocut and the large iodine deposition velocity used, 1.2 cm/s
compared to 0.1 cm/s in later stages, as figures 5.26b and 5.28
reflect. The importance of 1132, released by this model directly
from the filters, along with its production by "in cloud" decay
of Tel32, in the last stage of the accident is highlighted by

these two figures.

This is an example of a restriction on the use of an
element dependent deposition model in a situation where isotope
dependent depletion could be of significance. Also the physical
forms of each isotope has to be considered in the most stable
dispersion conditions when predictinc levels beyond 10 km. These
points will be considered further in the discussion of external
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Table 5.16 Single organ dose commitments, relative to that of

the thyroid for single channel melt-out with an

intact coolant circuit.

Single Organ Inhalation organ dose commitments, normalised
(I:insoluble, to that for the thyroid for the filtered releases
S:soluble) Sequence 1 Sequence 2

I Lungs 1.4 6.8

S Thyroid 1.0 1.0

S Bone 0.068 0.34

I LLI 0.22 1.1

I ULI 0.11 0.53

I Stomach 0.045 0.083

I SI 0.049 0.096

S Kidneys 0.087 0.39

S Liver 0.032 0.15

S "Total body" 0.017 0.073




192

exposures from the deposits formed by these notional releases

in the next section.

Section 5.3.4 External exposures due to ground deposits from

"the notional single channel melt-out releases

In all the results of this chapter an element dependent
deposition model is used which assumes that inert gases are
not deposited. This means that uncertainties in the releases
of xenon isotopes, due to assumptions about the filtration, plate-
out and resuspension parameters for iodine, the immediate pre-
cursor of xenon isotopes, do not affect the ground contamination.
This also applies to xenon decay daughters, which are not signi-
ficant sources of caesium isotopes. The current model of resus-
pension to the atmosphere after decays on filters can produce
large releases in the last stages of an incident, particularly
for 1132, However this crude assumption will not greatly affect
the long term exposures from the deposit, as I132 has a short
half 1ife of 2.28 hrs. In general the long lived radioisotopes
do not have any significant precursors which could yield signi-

ficant activity resuspending from the filters.

When dealing with external exposures for the contained
channel melt-out with a prolonged release period, it is pessi-
mistically assumed that the ground deposits from each step have
a common axis. The on-axXis external ground gamma exposure rate
1 km downwind is shown in figure 5.29 (curve 1,1), for filtra-
tion sequence 1, released under neutral, category D dispersion
conditions. This exposure rate remains approximately constant,
at 0.5 mR/hr, during the day long release period, and probably
for most of the second day after the start of the incident.

Note that there is only an order of magnitude decrease in the
exposure rate in the first year of this large scale accident,
unlike the earlier pin failure cases where this quantity decrea-
sed by two orders of magnitude. Also shown are the contribu-
tions from each step of the release. This emphasises the impor-
tance of the assumed lack of filtration in the first hour, as
well as the 'duration of the filtered (97%) release from the last
two time steps. Figure 5.29 also gives the total and step
contributions of the on-axis external ground gamma exposure 1 km
downwind for filtration sequence 2 released under stable category

F dispersion conditions (curve 2,1) with lateral dispersion, as
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described earlier for figure 5.25 in the relevant section. In
this case the steps from the second to fourth hours dominate

due to the poor (50%) filtration factors and the short time-
scale lateral dispersion parameters. The peak exposure rate

in this case is about 14 mR/hr for most of the release period.
There is a factor of about 35 between the two cases at short
times, falling to about 20 at long times, where different
dispersion assumptions account for up to about half this ratio.
The remainder arises from increases in releases of both short
and long lived isotopes. The application of prolonged lateral
dispersion parameters for the last two steps reduce the conse-
quences by a factor of three compared to those predicted with
characteristically short release parameters. The sharp decrease
in these rates for the last two steps, with a time scale of
hours, is due largely to the I132 component resuspended to the
atmosphere by Tel32 decays on the filters. The above discussion
demonstrates that one type of prolonged release has the poten-
tial to yield a large range of consequent ground gamma exposures.

The effects of changes in meteorological dispersion condi-
tions for the last half of the release are also shown in figure
5.29, TFor sequence 1 the occurrence of stable conditions, possi-
bly in the night, during the first hour or a large period of the
remainder of the release could produce a significant increase
in the long term exposure rate. An example (curve 1,2) has the
last step dispersing under prolonged stable conditions and
produces a threefold increase in the ground gamma exposure rate
after ageing of the deposit by one year. When the first half
of the filtration sequence 2 release disperses under stable
conditions the last half cannct significantly affect the long
term exposure rates. This is due to the compar&tively small
contribution to the total release of long lived caesium isotopes
by the last steps, as shown by curves (2, 1) and (2,2) of figures
5.29 where the latter curve results from neutral meteorological

conditions in the final stage of the accident.

The isotopes dominating these ground gamma exposure rates
close to the source are given in the computer calculations,
and tabulated in tables 5.17 and 5.18 for sequences 1 and 2

respectively.



Table 5.17

Time dependence of significant contributors to the external

ground gamma exposure from sequence 1 filtered release at

short downwind distances with neutral dispersion conditions

Time after

Dominant isotopes in given energy groupsk*

1

start of 1 2 3 4 5

release 0-0.39MeV - 0.39-0.68MeV 0.68-0.8. 8MeV | 0.88-1.28MeV 1.28+MeV
First 4 hr, | Te/I132 Rul03,1133 1132,Ru105(I134) | 1132,1135(1134) I135,1132

Up to 1 d. |Tel32,Tc99™(I131)] Rul03,1132 I132(Cs134) 1I132,Te131™ 1132 (Lal40)
2nd day 7 o '1132,Cs13¢ h N

3rd day oo L . ¥ 1132,Lal40(Tel31M)| 1132 (Lal40)
dav 12 Tel32,Tc99™,I131 || Rul03,Csl34 1132,Cs134 12140, 1132 i :
Day 35 (Cel4l, Tel29,1131) " Cs134,Bal37™ Cs134,Rh106 Lal40,Cs134
day 70 (T8129,Ce141) t N I CS134(La14O\
day 170 (Ce144,Ru103) ECSlB‘l,RthG ] Csl134 :Csl 34

1 year (Cel44,5b125) t Bal137™,Cs134 H .

*i: (isotope n)

the total ground gamma exposure rate.

ii;

previous time.

this isotope does not contribute significantly to

" the main isotopes have not changed since the

G6T
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At early stages in both filtered releases iodine and tellu-
rium isotopes are of most concern. The most persistent of these
two elements giving significant contributions to the ground
gamma exposure is Tel32(t3=78hrs.), with its short lived
daughter I132(t}=2.2hrs.) which gives a high yield of gamma
radiation on decay. The contributions from I131 (t4=8d) are
swamped by the quantities of low energy gamma emitters released
in later steps of the release. Ruthenium isotopes persist for
longer periods, particularly RulO3(t3=40d) and Rul06(t}=369d),
where the latter has a short lived gamma emitting daughter Rh106,
The caesium isotopes Cs134(t$=2,28y) and Csl37(t4=30y), by its
gamma emitting daughter Ba137m(t%=2%min.), contribute greatly
to the external gamma exposure after about a month, finally
producing over 80% of the total exposure rate after one year of
decay. By this stage the mean group 3 energy of O,76MeV used in
the calculation overestimates the main single photon occurring
in this group, which is that at O.66MeV from Bal37".

Small, high energy contributions at intermediate times
result from Lal40 (t3=40 hrs.) which is the daughter of Bal40
(t3=12.8d). Low energy photons due to Tc99™ (ti=6 hrs.), the
short lived daughter of Mo99(t}=66 hrs.), gives a contribution
which is superceeded by Cel41(t4=32.5d), Tel29(short lived
daughter of Te129m, t3=33.5d), Cel44(t$=284d) and Sbl25(t}=2.5y).
In both case 3.1 and 3.2 it is only a few of several hundred
isotopes which produce major contributions to the ground gamma
exposure rates. The ageing behaviour of the total exposure
rate is similar in form for both cases. Note that the exposure
rate at one year has not levelled off as much as was found in
the pin failure cases. This is due to the relatively larger
component of intermediate and long lived isotopes escaping

during these filtered releases.

The build up in time to one year of on-axis external gamma
exposure 1 metre above the deposit of mixed fission products
from the first filtration sequence release is shown in figure
5.30 together with the numerical estimate of the cloud gamma
exposure. The exposure from the ground again exceeds the
external cloud gamma exXposure 1 km downwind about a day after

the end of the release for dispersion under neutral stability



Table 5.18 Time dependence of significant contributors to the external

ground gamma exposure from sequence 2 filtered release at

short downwind distances with stable dispersion conditions.

Time after Pominant Isotone
start of 1 2 3 4 5
release 0.-0.39MeV 0.39-0.68MeV 0.68-0.88MeV| 0.,88-1.28MeV 1.28+MeV
First 4 hr.| Tel32,1131 Rul03,1133 I132,1134 1134,Tel33", I135,Rb88,Cs138
Tcoom Rul05 1132 Tel133M
Up to 1 d. Tel32,Tco9M Rul03,1132 I132,Rul05, 1132,Te131m I132,Lal40
Cs134
2nd day " " I132,Cs134 " "
3rd day " Rul03 " I1132,Te131™ "
day 12 " Rul03,Csl134 " I1132,Cs134 Lal40,1I132
day 35 (Celdl, " Cs134,Bal37™| Cs134,Rh106 Cs134,Lal40,
Tel29) Rh106
day 70 (Tel29,Cel41) " " " Csl34,Lal40,
Rh106 ,Prl44
day 170 (Ce144,Ru103] " " Cs134,Rh106,
Csl134,Rhl06 (Prl44,Lal40)
1 year (Celd44,Sb125) " Ba137m,C5134 " Cs134 ,Rh106
* .
i; (isotope n) this isotope does not contribute significantly to the total

ii;

ground gamma exXposure rate.

the main isotopes have not changed since the previous time.

L6T
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conditions, The downwind distance and ageing time dependences
of the on-axis ground exposure are shown in figure 5.31, with
contours of equal exposure. The detailed dependences within a
day of the release will be affected by the process of using
stepped releases. Ground roughness effects could be accommo-
dated by reducing the contour values by an appropriate factor,
usually quoted as about ‘0.5 but this is dependent on local
conditions. These exposures are greater, or comparable, to a

typical background irradiation level out to several kilometres,

External beta exposure rates, for the deposit from the
sequence 1 release, are shown in figure 5.32 for neutral disper-
sion conditions throughout and also the case where the first
four hours disperse under stable conditions, with the individual
step contributions also shown. As before, for the ground gamma
exposure rate, any portion of the sequence 1 release which
disperses under stable conditions dominates the whole ground beta
exposure rate as the deposit ages, see curve two. The beta
exposure rate of the deposit formed from the third and fourth
hours under stable conditions approximately equals the total
beta exposure rate for the whole release when dispersed under
neutral category D conditions, see curve l. Figure 5.33 (a and
b) shows the age and downwind distance dependences of the ground
beta exposure in air on the axis of the plume for dispersal
occurring in Pasquill category D and F weather respectively. The
ageing time starts one day after the release ends, so as to
avoid any problems created by using stepped fractions of the
release. Under continuous stable category F conditions for the
sequence 2 release the on-axis ground gamma and beta exposure
history up to one year are shown in figures 5.34a and b, respec-
tively. The contours in figure 5.34b are about 5 times those
in figure 5.33b, due to the greater release of depositing acti-
vity. The form of the ground gamma contours in figure 5.34a
show the effects of plume depletion at long distances, under
stable conditions, when compared to those of figure 5.31. This
can also be seen when the beta exposures shown in figures 5.33a

and 5,34b are compared.

Case 4 produces much greater levels of ground contamination,
as noted in the previous section. This is displayed in figure



Figure 5,31

Contours of on-axis external
ground gamma exposure in air (milli-Roentgens)
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Fig. 5.33a Contours of on-axis external ground Figure 5.33b Contours of on-axis external

beta dose in air (millirads), for a notional AGR ground peta dose in air
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Figure 5.34a

Contours of on-axis external ground

Figure 5.34b Contours of on-axis external
gamma exXposure in air (milli-Roentgens) for a ground hHets dose in air
notional AGR accident 3.2 released under stable (millirads) for a notional AGR accident 3.2
conditions.
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5.35 by the on-axis ground gamma exposure rate 1 km downwind of
the. source, after dispersion under Pasquill-Smith C conditions.
For several hours during and after the release the ground expo-
sure rate exceeds 0.7R/hr, and is still over 18mR/hr after one
year ageing, neglecting any modifying effects. The gamma expo-
sure from the ground deposit exceeds the cloud gamma exposure
after two hours from the end of the release, which is much
sooner than for the pin failure depressurisation releases or
the. contained channel melt-out accident. Gross gamma exposures
building up in time are shbwn in figure 5.36, where the ground
exposure exceeds the numerical cloud gamma estimate 1 km down-
wind by more than a factor of 100 after ageing of the deposit
by one year. Both the last two graphs refer to deposition under.
slightly unstable conditions, which do not produce large deple-
tion factors, and the ground gamma exposures reflect the large
release fractions assumed. The total exposure of about 300 R
during the first year, 1 km downwind, is unacceptably high and

evacuation followed by decontamination would be required.

The full ageing and distance dependence of the ground gamma
exposure is shown in figure 5.37a for the depressurisation re-~
lease occurring under slightly unstable conditions. Even 30 km
downwind the exposure can exceed 1 R (about 0.7 rem, (33))
within about one month and so also exceeds the ICRP stochastic
annual limit on whole body dose to members of the public. The
non-stochastic ICRP annual limit, in this case for irradiation
of the whole body, is not exceeded in the first year beyond
about 10 km of this ground level source. Any contamination by
Cs137 becoming fixed in the soil could produce a hazard over
an extended period, where figure 5.21 can be used to estimate
the affected area. Neglecting weathering and ground roughness
a Csl37 contamination level of about 6 microCi/m2 could produce
an exposure of over 0.5 R in air each year, only falling off
with a half life similar to 30 years. The area could extend
to 30 km along the axis of the deposit and about 5 km along
the 10% plume boundaries, representing a large area.of about
8.7 km2 (2100 acres).

The ratios of ground to cloud exposures are plotted against
ageing time and travel distance in figure 5.37b., This shows,
as for the smaller notional depressurisation releases (cases 1

and 2), the effects of a narrow plume at short distances and
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Figure 5.35 Decay of on-axis eXternal ground gamma
exposure rate 1 km downwind from a notional AGR accident
4 released under slightly unstable conditions.
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Figure 5.36 Build up in time of on-axis external ground and
cloud gamma exposure 1 km downwind of a notional AGR accident
4 dispersing under slightly unstable conditions.
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Figure 5.37b Ratio of on-axis ground to cloud
gamma exposures in air after a notional AGR
accident 4 is released under slightly unstable

Figure 5:.37a Contours of on-axis external
ground gamma exposure in air for the
notional AGR accident 4 released in slightly

conditions. unstable conditions. (in Roentgens).
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the decay of short lived isotopes in the plume by greater
distances. The size of the release is represented by contours

appearing at shorter distances and more occurring within one

year,

The effects of ground gamma exposures from this single
channel depressurisation accident are severe even under
slightly unstable conditions. A brief example of potential
consequences for this release dispersing in stable conditions
follows, where only the exposure on axis 1 km downwind is

described.

Figure 5.38 shows the on-axis external gamma exposure rate
from the deposit formed under stable, low windspeed conditions
1 km downwind of the source. For about three hours, during
and immediately after the release, this exposure rate exceeds
12 R/hr and falls after one year to O0.42R/hr, assuming no
ameliorating factors. Obviously this would make a large area
uninhabitable and could make early fatalities a major consequence
in this interpretation of the release. The high on-axis gamma
exposure rate from the deposited material 1 km downwind is
shown in figure 5.39 along with the ageing dependence. This
ground exposure exceeds that due to the cloud almost immedia-
tely after the passage of the plume, but downwind diffusion
time has been neglected in these dispersion calculations. Also
the effects of the stepped release would affect the time depen-
dence of this exposure at short times. After ageing by one
year the deposit has delivered a gamma exposure almost 400
times that of the cloud at this short downwind distance.

Isotopes which deliver major contributions to the ground
gamma exposure during the ageing process of the deposit from
this single channel melt-out depressurisation incident are
shown in table 5.19., Iodine isotopes, given a comparatively
high deposition velocity in the grouped depletion model, ini-

tially dominate the exposure rates. Later the caesium isotopes
Cs134 and Cs137/Bal37™ produce most of the exposure after
several months. Ruthenium isotopes, RulO3 at short times and

RulO6 /Rh106 at longer times, give significant contributions to

this external gamma exposure during the first year of decay.



206

Figure 5.38 Decay of on-axis external ground gamma
exXposure rate 1 km downwind from a notional AGR
accident 4 released under stable conditions.
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Figure 5.39 Build up in time of on-axis external ground and
cloud gamma exposure 1 km downwind of a notional AGR accident
‘4 dispersing under stable conditions.
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Table 5.19 Time dependence of significant contributors to the external ground

gamma exposure from the single channel melt-out depressurisation

release at short downwind distances with slightly unstable dispersion

conditions.
Time after : Dominant Isotopes
start of 1 2 3 4 5
release 0-0. 39MeV 0.39-0.68MeV 0.68-0,88MeV 0.88-1.28MeV 1.28+MeV
First 4 hr. Tel32,1131, I133,RulO3 1132,1134 1134,Te133m 1135,1132,
TcooMm 1135 Cs138
Up to 1 d. Tel32,1131, I133,Rul03 I1132,Cs134 I132,1135 1132,1135,
Tel31m
2nd day " Rul03,1132 " I1132,1135 I1132,Lal40
Tel31l Tel31M
3rd day 1t T 1 1" 13
day 12 I131,Tel32 Rul03 ' I132,Cs134 Lal140,I132
day 35 I131 Rul03,Cs134 Cs134,Bal37™M Cs134 ,Rh106 Cs134,La140
(Celdl) (Prl44)
day 70 1131(Tel129, " " " "
Celdl)
day 170 (Cel4d4, Cs134,Rh106 " " Cs134,Rh106
Rul03) (Prl44)
1l year (Cel44, " Ba137m,03134 " Cs134,Rh106
Sb125)




Figure 5.40 Decay of on-axis external beta dose rate 1 km downwind
from a notional AGR accident 4 released under slightly unstable conditions.
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The portion of the release from 480 seconds to 1800 seconds
dominates this depressurisation release, both for inhalation
and external cloud and ground doses., This is'again shown by
the step components of the release in figure 5.40, giving the
time dependence of the on-axis beta exposure rate from material
1 km downwind under slightly unstable conditions. This peaks
at about 6 rad/hr during the release, but decreases more rapidly
immediately after the end of the release than the ground gamma
exposure rate. Towards the end of the first year the beta expo-
sure rate reaches a slight plateau not found for the gamma expo-
sure rate in figures 5.35 or 5.38. The isotope Rh106, the short
lived daughter of RulO6(t3=369d), has a mean beta decay energy
of 1.4 MeV, while other long lived isotopes and associated radio-

nuclides do not produce such high beta decay energies.

No further consequences will be discussed, as an adequate
description of these releases has been given in the preceding
sections. Collective dose commitments to groups of population
will be discussed in the next chapter, while the remaining section
of this chapter briefly displays some attempts to produce

"diagnostic" predictions.

Section 5.4 Use of WEERIE to provide '"diagnostic'" cuantities
for the four AGR cases

If an accident were to occur it would be of obvious benefit
to have methods available which would permit identification of
the release on the basis of a few quite rapid field measurements.
The CEGB have estimated time integrated air concentrations and
associated gross decay counts which can be related to ERL's of
organ dose (36). Other indicators which may be of use, besides

the gross beta and gamma count rate, are:

i. Gross cloud gamma/beta ratios of exposure (rates),
ii. Ground gamma exposure rates at short times,
iidi. Energy spectra of gamma (external) exposure.

The next three subsections will briefly describe some appli-
cations of the methods developed to predict gross decay counts

and the other parameters.

Section 5.4.1 Gross decay counts from airborne radionuclides

There are many problems associated with physically sampling

a plume of mixed radioactive nuclides in the atmosphere. These
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difficulties would be enhanced if a comparatively simple quantity
such as a decay rate count were to be used in predicting a
complicated parameter such as inhalation doses likely to be

received by a member of the public.

The sampling procedure itself can cause problems, as not
only the properties of turbulent diffusion in the atmosphere
have to be considered but also the limitations of the available
counting system. At present the emergency plans involve taking
an alir sample by drawing air through a filter. The decay rate
of material on the filter is assessed and related, through
previously calculated factors, to potential organ doses. Such
filters would only provide a delay period of a few score seconds
to inert gases, which can contribute greatly to cloud beta, and
to a certain extent to cloud gamma, exXposures, This delay is
quite short compared to typical half lives of the inert gas
isotopes involved, so such measurements would not directly allow

the release of inert gases to be quantified.

The sampling time has to be sufficient to provide adequate
averaging over typical eddies met in the atmosphere. Other
requirements are that a sufficient active aerosol sample is
obtained to give good counting statistics, but too much activity
can cause a decrease in counting efficiency due to the dead time
of the detector. Once the sample has been gathered there are
still factors affecting the counting rate which are particular
to the counting geometry and detector type. No direct detailed
information is available to allow,in this study,for all these
factors, so the rest of this section will deal only in terms of

time integrated air concentration (disintegration per m3).

Current CEGB beta/gamma action levels (BGAL), primarily for
fission products, are gquoted (36) in units of disintegrations
per minute per cubic metre, where if this level is maintained for
a period of four hours an ERL will be exceeded. Hence the timé
integrated air concentration levels producing the relevant ERL
from these mixed beta/gamma disintegrations can be derived
assuming this constant level by applying a factor of 240 minutes,

SO D(dis.ﬁS.ERL_1)=BGAL(ERL_1(in 4 hr). dis.m_S)*24O mins.

Table 5.20 gives these time integrated air disintegration values

for four accident sequences, with the appropriate critical organ.



Table 5.20 Time integrated disintegration count to give -loses

equal to organ ERL's for radiologically, and related,
significant isotopes (Macdonald et al (CEGB))

Type of release Critical Organ ERL(rem) Total beta/gamma
level to give3 *
1 FRL (dis./m")
Minor depressurisation Thyroid 30 1.8(10)
with pin failure
Major depressurisation LUNG 30 5.5(9)/1.8(10) "
with pin failure
Major depressurisation Lung 30 3.1(9)/6.5(9)4r
with pin failure, but
zero plate-out
Single stringer fuel Thyroid 30 4 .3(10)

melt-out

¥1.2(3) = 1200 etc.

+ 10% reduction in the release of ruthenium

112
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The details of these accidents were not given explicitly (36)
while the disintegrations considered only apply to "mixtures

of isotopes of a single element plus associated precursors and
daughter products'. Direct comparisons between the results in
table 5.20 and those from this study cannot be made, but could
give qualitative agreement. Most of the AGR cases quoted by
the CEGB apply plate-out factors to all isotopes, whereas this
study only applies this effect to iodine isotopes so relatively

enhancing the importance of other elements.

Here the time integrated activities (dis/ms) are taken for
each non-gaseous fission product within the radiologically signi-
ficant decay chains of the elements: strontium, ruthenium,
iodine and caesium. All decays due to inert gases within these
chains are neglected as are decays of elements in other chains.
This assumption will artificially enhance the effectiveness of
the "measured" total decays which are assumed to contribute to
organ doses, especially for the releases containing proportionate~
ly large releases of inert gases, such as the contained single

channel melt-out incident.

The time integrated disintegrations per ERL to the critical
organ derived from these calculations, for each of the four
notional AGR releases, are given in table 5.21, where variations
due to different travel times and associated plume depletion are
also shown. This table shows how the type of sequence affects
this diagnostic quantity, although not all incidents considered
have a severity in which the relevant ERLs for inhalation doses
to organs are exceeded beyond 1 km downwind of the source. The
lung action level varies from 2.1.1010 to 1.3.1011, rather than
from 3.1.10% to 1.8.10'C in the CEGB calculations. The differ-
ence between the two sets will depend on the descriptions of
particular accidents as well as assumptions about which radio-
nuclides contribute to the total "measured" count, so may not
be contradictory. A factor of 5 can be produced between the
different accident sequences, where the effect of different wind-
speeds can also affect the result for the lung value. Lower
windspeeds allow more of the shorter lived, generally less radio-
logically significant, isotopes to decay, so relatively enhancing

the doses from the plume for a given disintegration rate.
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Beta/gamma action levels derived from the four notional

AGR accidents.

T

) Organ On-axis time integrated concentrations 3
Accident (dis./m )
— e 1km(D,U=5m/s) 1km(F,U=2m/s) 3km(F ,U=2m/s
1 Thyroid 8.4(10) + - -
c Thyroid 7.7(1Q) 1.2(11) 1.7(11)
Lung 1.3(11) 1.3(11)
3.1: |
hrs:0-1 Lung 3.4(10) 2.8(10) 2.8(10)
Thyroid 1.2(11) 1.6(11) 2.4(11)
1-4 ‘Lung 3.6(10) 2.5(10) 2.4(10)
Thyroid 3.2(10) 3.3(10) 4.7(10)
0-4 Lung 3.5(10) 2.7(10) 2.7(10)
Thyroid 6.3(10) 8.4(10) 1.2(11)
3.2
Thyroid - 1.6(11) 2.4(11)
1-4 Lung - 2.1(10) 2.2(10)
Thyroid - 4.,4(11) 5.2(11)
0-4 Lung - 2.2(10) 2.3(10)
Thyroid - 3.4(11) 4,.3(11)
4 Lung 4.2(10)V 3.6(10) -
Thyroid 7.2(10)V 1.2(11) -
* for radiologically significant, and related, isotopes’

+ 1.2(3) =
V slightly unstable,
(Pasquill-Smith),

1200 etc.

dispersion conditions

category C

for column 1 entrles for the major depressurlsatlon

81ng1e

channel melt-out
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The thyroid action level is found to have a broader range
of values, than for the lungs, under the circumstances studied
here, while the CEGB published results show a narrower range.
This could be due to the effects of the three group deposition
model reducing thyroid doses relatively more than lung doses
under stable conditions, so that the constitution of the airborne
activity varies with travel by an additional factor to radio-
active decay. In the pin failure type of releases the lung can
become the critical organ under stable conditions where iodine
isotopes are depleted preferentially from the plume where this
depends on the physical form of the released iodine. Filtration
affects the total number of disintegrations, arising from the
contained single channel melt-out case, when inert gases are
ignored but are a large portion of the redeases; the model only
subiected iodine to plate-out, and the thyroid dose did not
vary greatly between the different sequences. In cocnsequence
the thyroid disintegration action level in the second to fourth
hours of each filtration sequence show an order of magnitude
difference, being lower when higher efficiency filters are applied

to the escaping activity.

This brief discussion highlights some of the problems which
have to be dealt with when trying to predict gross disintegration
levels related to single organ inhalation ERLs. These difficul-
ties have to be regarded in the perspective of actually obtaining
field measurements. The position of the sample relative to the
axis of the plume may be poorly known: in fact if manually
operated samples are used it may be considered that toco high a
level of risk is attached to any attempts to make measurements
close to the axis of some types of release, If a ten minute
sample is used and only a limited time scale is available after
the sampler has been correctly placed and started, the turbulent
diffusion in the atmosphere may still produce random fluctuations
in the measurement which could be misleading. The probability
of this occurring would depend on a combination of the sampling
time, the meteorological conditions and the travel time in the
plume from the source to the detector. Elevated releases may
delay this initial assessment if the plume can only be sampled
within, say, about ten metres of the ground. Automatic monitors

at the site boundary may be circumvented by the release in this



case and possibly also if there was a narrow jet-like high
momentum release. Measurements close to the site may be unduly
pessimistic due to the presence of relatively high levels of
short lived nuclides and inert gas isotopes which do not con-
tribute significantly to inhalation doses further downwind.
Releases with high sensible heat content may produce plume rise
effects which also cause problems in sampling the plume and pre-

dicting potential downwind consequences.

A simple gross measurement of airborne activity may be
useful in assessing the general magnitude of a release, but has
many limitations which have to be recognised in the particular
circumstances surrounding the escape of activity. Other assess-

ment methods have to be used in parallel.

Section 5.4.2 Application of gamma exposure rate measurements

Exposure rates, due to gamma rays from the plume and the
deposit, are supposed to be measured under accident situations
(36). Detailed isotopic identification takes several hours of
analysis, so cannot be used immediately in the assessment of
any release. Some details of calculated gross and simple energy

grouped exposure spectra are discussed below.

The information in WEERIE only permits gamma exposure
calculations by means of energy deposition build up factors.
Hence any photon flux predicted at a given exposure point is in
terms of the source energy photons, so does not relate directly
to the flux of photons which would be measured, as the scattered
component would be degraded in energy. The cloud gamma flux
predicted in WEERIE may be a reasonable approximation if the
unscattered component of exposure is dominant. This would occur
principally for points close to the axis of the plume at dis-
tances such that contributions from distant parts of the plume
are negligible (i.e. few high energy emitters). This produces
complications which are difficult to deal with accurately. An
assumption will be made that measurements of gamma rays are such
that exposure and its first time derivatives are the measured
variables, or those pertaining to energy deposition. The
following discussion attempts to identify fairly simple gross

characteristics of external gamma exposures during the passage
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of the plume within the limitations described above. A further
uncertainty in these calculations, relying on the stepped
nature of the modelled release, is that longitudinal disper-
sion of the plume is neglected, so that no effects of merging
of the stepped cloud results can be studied. These effects
would be dependent on the windspeed and the dispersion condi-
tions during the release as well as the time scale of the acci-
dent.

Initially results from the three notional depressurisation
incidents will be outlined, see table 5.22. The releases become
progressively worse for the cases a to c¢: a, Simple 20 pin
failure; b, More severe 20 pin failure; c, Single channel
melt-out (earlier referred to as cases 1, 2 and 4
respectively). The last has entries for slightly unstable condi-
tions and stable conditions 1 km downwind on the plume éxis
while the others refer to neutral dispersion conditions. The
grouped energy spectrum of the cloud gamma exposures do not show
any major differences between the depressurisation releases. A
slight difference between the pin failure and channel melt out
cases is that the latter has proportionately more gamma exposure
derived from isotopes emitting photons in the range 0.64 MeV
to 1.28 MeV,

As the releases have been broken into steps average expo-
sure rates due to the cloud gamma exposures can be calculated
and compared to those from deposited material. The initial
ground gamma exposure rates for each step were used but may err
by, at least, a factor of two towards pessimism, especially at
late stages in the major depressurisations. The ratios of mean
cloud to initial ground gamma exposure rates for each step has
been calculated. This shows that the more serious releases have
relatively higher ground gamma exposure rates, particularly in
the early stages of the depressurisation. These differences '
become less distinct towards the end of the releases, probably
due to plate-out reducing the iodine content of the later stages
of the releases which gijives a major portion of the initial

ground gamma exposure rates,

In the field it would be difficult to distinguish the expo-

sure rate from material deposited early in the release to that
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Details of external gamma exposures during the

notional depressurisation accidents.
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—— et ey Semea amme——

—

(start)'wOZB mins.

(mid) 8-30 mins.
(end) 30-60 mins.
'(start) O-8 mins.
(mid) 8-30 mins.
(end) 30-60 mins.

— e et e pe—

by energy group)

32-36
43-14

32-36
12-3

— —a

(a) for individual steps

(b) for accumulating initial

Ground gamma exposure rates for i

.6

e

Ratio+of mean cloud to initial ground gamma exbosure rated

12
14-11
5
ground gamma
12
7-3
0.4

P SR —— Pr— -

ndividual steps (% contr

Quantity Notional Accident
Case A Case B Case C
Dispersion category DOSP DOSP CO05 S FO2S
Downwind distance 1 km 1 km 1 km 1 km
Numerical cloud gamma
exposure by group * *
energy, E2=O.64MeV 28.0+0.5 24.5+0.1 23-31 23-31
(% contributions) ,
E4=1.28MeV 50-44 592.44 65.4+0.4 63.9+0.5
E5=l.88MeV 68-63 66.0+1.4 85-81 81.3+1.2
E6:2.35MeV 84-78 84-76 92-89 91-88

— —— o}

9
8+1
9
rates
9
5-1
0.4
QR

-

——

ibutions

E2=O.64 MeV 15.5-11 16-14 19-25 20-26
E4=1.28 MeV 67-46 69-50 72.3+0.5 72.3+0.3
E5=1.88 MeV 90-75 91-76 94-88 92-89
E6=2.35 MeV 95-84 97-84 97-94 96-94

3.5+0.3
3.5

5
2-0.5
0.16

s e
e e

* -
Where no monotonic trend exists during the release period a mean

1s quoted.

Where a monotonic trend does exist the upper and lower

limits are quoted in the correct time sequence to show increasing

or decreasing trends
.i.

-

Uncertainties, possibly of factors of at least 2 could arise from

effects of stepped releases on the ground gamma exposure rate, as
during the release only upper and lower bounds can be estimated

reasonably.
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from later contamination. Hence the ratios of cloud gamma

to accumulating ground gamma exposure rates are also given in
table 5.22, The simple pin failure case is still fairly distinct
from the other cases, due to the relatively low proportion of
depositing nuclides in the release., In case ¢ the different
dispersion conditions produce a factor of about two in this

ratio.

Finally from table 5.22 the grouped source energy contri-
butions to the ground gamma exposure rate are detailed. The
only slight difference is that the pin failure releases have
exposure rates at energies below 1.88 MeV which decrease more
rapidly during the depressurisation than for the channel melt-
out case. This is due to the proportionately high energy
contributions from inert gases and daughters, particularly
Kr88/Rb88, Not only does this reflect the smaller amount of
fuel involved in the pin failure cases but also the short time
in which the activity escapes into the coolant. Case ¢ has
large contributions from many isotopes at these energies below
1.88 MeV and, due to the longer fuel involvement period, the
proportion of low energy exposure, less than 0.64 MeV, increases
during the release, but the proportion above 1,28 MeV is appro-

Ximately constant.

From the above discussion it can be concluded that the type
of release for a depressurisation incident may not be readily
deduced with certainty from external gamma meaéurements. Gross
gamma levels combined with disintegration counts of the passing
cloud may be of more immediate use. A serious problem with
these modelled depressurisations is the short time scale for
the release, about an hour, during which it may be difficult to
obtain a reasonably wide ranging set of measurements on the
constituents of the plume,

This last point, of the speed of assessment, is also of
concern for any releases from an intact coolant circuit, but
the resultant plume can be located and studied in more detail
close to the site at later times, so reducing time spent in
transmitting necessary information to the emergency controller,
The gamma details for the filtration sequences, 1 and 2, are
given in table 5.23 for neutral and stable conditions, respec-

tively, for an on-axis sampling point 1 km downwind. One
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Details of gamma exposures for the filtered releases

from the channel melt-out in an intact coolant circuit.

See text and table 5.

in thls ratlo

Quantity Notional Accident
Sequence 1 | " Sequence 2\
Dispersion conditionsD O 5 P T O 2 S '
Time of step release [0-1 hr.| 1-2 hr.|2-4 hr.|O-1 hr. 1-2 hr, 2-4hr
Filtration 0.0 0.97 ]0.97 0.0 0.5 |0.5
— = B D e l .
Grouped energy contributions to the cloud gamma exposure, numﬁrlcal
estimate (% by energy group)
2—0 64 MeV 37.8 95.4 72.6 44 .9 77.0 83.8
4—1 28 MeV 70.3 96.9 78.6 72.4 86.9 90.5
5—1 88 MeV 84.8 97.7 81.8 84.9 91.1 92.9
6—2.35 MeV J91.6 98.5 87.2 91.1 94 .1 95.2
o (group 7 only) | 7.7 1.5 9.4 7.8 5.4 | 4.5
Ratios of mean cloud to initial ground gamma eXpOSuie rates
‘(a) 1nd1v1dua1 steps| 1.5 22 3.7 0.97 | 2.6 1.9
(b) accumulating | 1.5 6.5 0.83 0.97 1.3 0.85
— —— — — ____. ——a— e S —_— — - ——e —t —
% contributions to the oS TTe e . -
ground gamma e . ..

. steps by the group energyg jposure yate, for individual
E2=O.64 MeV 22.1 17.8 17.7 23.5 27.3 36.3
E,=1.28 MeV 72.0 75.9 77.7 72.6 75.6 81.1
E5=1.88 MeV 90.7 96.9 94.1 90.4 91.3 91.7
E6=2.35 MeV 95.5 98.0 95.5 95.1 94 .3 93.4

(group 7 only) 4.0 2.0 4.3 4.4 5.4 6.3

22 for comments on the uncertainties
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immediate effect on the cloud gamma exposure spectrum due to
the application of the filters is a large relative enhancement
of the low energy component, below 0.64 MeV, This is due to
the inert gases which escape without being reduced by filtra-
tion effects. These gas isotopes, particularly Xel33, Xe133™
Xel35 and Xe131m, produce mainly low energy photons.

Only 40% of the fuel is involved byll hour and 80% after
two; so this second hour is still affected significantly by
any surviving short lived isotopes just escaping from the fuel,
During the third and fourth hours fewer short lived isotopes
are present in the release, while iodine releases are suppressed
by plate-out but resuspension from the filters begins to have a
noticeable effect. The efficiency of the filters can produce A
different types of gamma exposure spectra. High efficiency
filters effectively retain most of the non-gaseous material,
excluding iodine in this model, After all the fuel has been
involved in the sequence 1 release, during the third and fourth
hours, there is a fall in the proportion of low (less than 0.64
MeV at source) photons delivering exposures, while about 10%
of the exposure is delivered from Kr88(t3=172 min) and its short
lived daughter Rb88(t4=18 min) in the comparatively high
energy range (2.35 to 2.7) MeV. In the sequence 3.1, with low
efficiency filtration, there is less difference between the
second and next two hours than in the other sequence 3.2,

Lower windspeed under stable conditions,assumed here,effec-
tively reduces downwind contributions from short lived isotopes,
but has little effect on the first hours' unfiltered release.
About 5% of the cloud gamma exposure after the first hour of
the second filtered release is produced by Kr88/Rbh88 at source

energies around 2.5 MeV,

The ratios of cloud gamma mean exposure rates to the indi—
vidual step and accumulating initial ground gamma eXxposure rates
are also given in table 5.23. By the end of the first hour
there is little difference in these exposure rates, although it
must be remembered that the nature of the stepped releases
enhances the initial ground gamma eXposure rate which is assumed

to start at the end of the given step release period. Stable
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dispersion conditions during the first hour enhance the impor-
tance of ground gamma contamination relative to thét resulting
from the cloud. For the higher efficiency filtered release
under neutral conditions the mean cloud gamma exposure rates
are more important, when compared to the initial exposure rates
from the deposit, than with the lower efficiéncy filters in
stable conditions. Details of these ratios are complicated but
tend, except for the second hour of sequence 1, to be lower
than those met in the early and middle stages of the majof de-
pressurisation accidents. This reflects the importance of large
release fractions for non-gaseous isotopes on a single channel

melt-out even when the escaping activity is treated by filters.

Ground gamma exposure spectra do not show any marked fea-
tures for either of the filtered channel melt-out releases.
During sequence 2 the Rb88 2.5 MeV exposure component, with
smaller contributions from Cs138(t4=33 min), is slightly larger
than in the high efficiency filtered release. The other quali-
tative difference is in the contributions in the sequence 2
release from the low energy gamma emitters, source photons
below 0.64 MeV, which deliver up to twice as much of the total

exposure rate than in sequence 1.

Details of the external gamma exposure spectra could provide
some qualitative properties of releases which could be used to
infer some of the contents of a plume. These results need much
more scrutiny to establish quantitative relationships for the
different releases and also more sensitivity tests to the
numerous parameters describing each accident. Problems may arise
in distinguishing between photons emitted from the cloud and
those from the ground deposit, especially the scattered compo-
nents. The short duration of some depressurisation events may
pose practical difficulties in taking rapid measurements of

any radioactive release to the atmosphere.

Section 5.4.2. Ratios of beta to gamma exposures and exposure

rates

One method which could be employed to locate a plume in
the atmosphere is the measurements of beta to gamma exposure

ratios in the atmosphere.
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A major difference between the properties of beta and
gamma radiation is the attenuation in the atmosphere by scat-
tering and absorption, where the charged beta radiation has a
much shorter range than‘photons. Hence away from the plume
only the penetrating photons will deliver finite exposures. Due
to the geometry of the plume and that of the deposit the direct
photons from the cloud will be more important to external expo-
sures. Only close to the plume will beta exposures be measurable
and dependent on the local cloud concentrations, as ig the
semi-infinite cloud gamma approximation. This is shown in
figure 5.41a for a notional single channel MAGNOX depressurisa-
tion accident (60), 100 m downwind under Pasquill-Smith category
C conditions with building entrainment., Due to the elemental
release fractions from the fuel these results will be qualita-
tively correct for most types of unplanned rapid fission product
releases. The semi-infiniteféloud gamma approximation follows
the local cloud concentrations as would the cloud beta expo-
sures. Also shown 4ig the crosswind dependence when the iodine
release is reduced from 10% to 1%, causing a 40% overall reduc-
tion in the cloud gamma exXposure. Similar curves can be drawn
for the gamma exposure rate 1 metre above the ground contamina-
tion, but due to the more limited geometry the ground gamma
exposure rate follows the local concentration more closely than
that from the cloud within the 10% plume boundaries, see
figure 5.41 b, This ground gamma exposure decreases more rapidly
with crosswind distance than does that of the cloud gamma numeri-

cal estimate.

The ratios of gross cloud beta to the numerical estimate
of the cloud gamma may be of some use when identifying releases.
In both the pin failure cases there is a steady decrease in
this ratio as the depressurisation continues. This ratio varies
during the release period, as shown in table 5.24, This shows
the relative effects of proportionally less inert gases in
the larger, Case 2, release. For dispersion under stable condi-

tions this is larger for case 2,

For these two pin failure releases the ratios of ground
beta to ground gamma initial exposure rates for the individual

steps progressively increase as shown in table 5,24, These



Figure 5.41b Crosswind dependence of predicted
initial numerical and local ground gamma exposure
rates in air, 100 metres downwind, for a notional
MAGNOX single channel melt-out under slightly
unstable conditions with modelled building
entrainment (iodine release 10%
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Figure 5.41a. Crosswind dependence of
predicted numerical and local cloud gamma
exposures, 100 metres downwind of a
notional MAGNOX single channel melt-out
released under slightly unstable conditions,
with modelled building entrainment, showing
the effects of reducing iodine escape
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last two sets of ratios are very close as they are practically
independent of the gas reiease fractions when the grouped

element dependent deposition model is used, This shows a larger
variation than for the cloud beta/gamma ratios which may reflect
the plate-out of the iodine isotopes with high gamma production
efficiencies. This trend is followed for the case 4 release gand
the ratio of initial on-axis ground beta and gamma exposure
rates 1 km downwind varies over a similar range. For this

more severe depressurisation incident the ratio of cloud beta to
cloud gamma exposures lies very close to 2.7 throughout the
release and does not vary monotonically during this period. This
last ratio is lower than the previous values, reflecting the
release of many more isotopes which have low ratios of (beta
decay energy)/(gamma decay energy) compared to those of the pin
failure cases. Also the attenuation of low energy beta particles
by one metre of air has to be allowed for when comparing beta/

gamma ratios from ground deposits.

A more complicated situation arises for the individual
steps of the single channel release of fission products from
an intact pressure circuit,sequences 3.1 and 3.2, Each first
step shows the effect of different meteorology on the unfiltered
slow release. The effects of filtration are of a similar magni-

tude to the meteorological influences.

Again differentiating between cloud and ground exposures
may cause problems when conducting emergency beta/gamma measure-
ments about a nuclear power installation after or during a
release to the atmosphere. After further detailed study, with
particular attention being paid to the definition of a wide
range of accidents, these gross beta/gamma ratios may eventually
be of direct use in rapidly identifying the type of release in

an emergency when combined with other measurements.

Section 5.5 Summary and Conclusions

A range of notional AGR releases has been described. These
have demonstrated successfully the methods discussed in chapters
2 and 3 for improving depletion and external exposure calcula-
tions. Some potential diagnostic parameters have been identi-

fied.
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The dose patterns resulting from these notional releases
will be applied in the next chapter to the study of collective

quantities and site assessment,

Table 5.24 Beta to gamma ratios 1 km downwind of source
Cloud g/vy Ground g /vy ]

Releasel Met initial Final Initial Final
tions value value value value

1 D 5.7 5.1 6.6 9.4

2 D 5.1 4.7 6.5 9.2

2 F 11.5 10.8 - -

4 F 2.7 2.7 6.3 7.9

4 F 2.7 2.7

3.1 D - - . .

3.2 F - - 8.2 8.2




CHAPTTLER S IX

Collective dose commitments and site assessment

Section 6.1 Introduction

There are many problems associated with the calculation and
interpretation of collective dose commitments to a population
group, particularly when a broad spectrum of the public surroun-
ding any site is involved. The application of population census
data to these calculations is demonstrated, where some limita-
tions have been discussed in general terms in Chapter 4. Any
collective doses from artificial sources of radiation in the
environment have to be compared with those resulting from the
normal background irradiation. The relative detriments of prac-
tices can be made by comparison of particular collective dose
commitments (UNSCEAR, 1977),

In this chapter some practical examples of collective doses
resulting from the series of notional AGR releases are analysed.
These results are calculated by routines within one program,
EXTRA, which deals with several aspects of collective dose evalua-
tion. This is followed by a comparison of sites for the most
serious notional AGR accident: that of a single channel melt-
out associated with a major depressurisation, using slightly
unstable dispersion conditions with an approximation of the

effects of building entrainment.

The discussion then proceeds to the application of weighting
functions on real population disfributions for assessing the
suitability of any given site as a location for a nuclear power
station, as regards risks to the public. Different types of site
and sector weighting functions applied to different ranges will
be considered. The sensitivity of the results to the different
factors will be analysed, where the angular width of the sector
is an additional parameter for the latter weighting function.
These results should provide useful information to guide the
development of any assessment schemes for sites on a probabilistic
basis. In an attempt to formalise the characteristics of the
radial distribution of weighted population totals about a site
a ''quality" factor is defined and discussed as a site dependent

quantity for comparative purposes.
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It has been noted (Charlesworth and Gronow, 1967 (87))
that, "account can be taken of the relative prevalence of
" different wind directions and the frequency of different weather
categories in those directions where these may have significance".
This is a site dependent factor which has to be considered in
any study concerned with the probability of any given level of
risk. The effects on site and sector risk values are shown for
an assumed windrose of one dispersion category. Future develop-
ments of weighting factors may take the effects of emergency
measures into account, so finally an example of a hypothetical

evacuation is modelled, using the computer program EXTRA.

Section 6.2 The potential effects on population groups of the

notional AGR releases

The populations about a selection of nuclear power instal-
lations are used to display potential, but improbable, collective
consequences resulting from the notional AGR releases described
in the previous chapter. These collective doses are calculated

within the program EXTRA, which is described briefly below:

The program EXTRA consists of modified and extended site
assessment routines originally intended to follow the methods of
the NII (41). The additional features of the new program

include:
i, Census data editing facility, to relocate and
add population about the site.
ii. The next sector to be assessed can be chosen by

a) automatic step by a preselected angle in a
clockwise direction;
or b) a switch to any sector
iii. The downwind dose relationship can be altered by
a) A uniform factor, without destroying original values

or b) Read in a new set of values.

iv. Windrose weighting facility for each 10° sector,
starting from O N.

V. Calculation of site and '"worst" sector 'quality"
factors.

The first point allows not only the local population distribution

to be represented more accurately (if this information is
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available and is compatible with the census data base), but also
allows the collective doses designed after evacuations to be
modelled when used in conjunction with point three above., The
second new option allows the detailed consequences for any or
all sectors about a site to be studied more efficiently. The
last two features will be dealt with in later sections. A 'free
format' routine has also been incorporated to simplify the input

data, particularly for the population editing facility.

The following subsections will deal with the results within
30 sectors out to 30 km for all the AGR accidents at one site,
[+]
and collective whole body dose commitments within 22% sectors

out to 100 km for nine sites.

Section 6.2.1 Comparison of collective doses for notional AGR

releases at one site

Dispersion in the atmosphere can at best be predicted to
within about a factor of three, which means that the shape of
the plume in a gaussian model may not be a good approximation for
a single release. Surface irregularities can produce large local
influences on atmospheric dispersion, To reflect this uncertain-
ty, and also the uncertainties in using residential population
census data, the lateral spread of the plume is represented by

a uniform box when calculating collective doses.

The uniform lateral box concentrations for the ground level
releases studied are set to the average value within the 10%
limits of the plume, where this can be calculated to be 56.5% of
the peak on-axis plume concentration at a given downwind distance.
This factor can be directly applied to inhalation dose commitments,
but when long term ground contamination effects are considered
this neglects the penetrating nature of the gamma rays producing
exposures beyond the plume limits. For ease of calculating and
interpreting collective dose commitments a sector subtending
a fixed angle (x) from the source at all downwind distances is
preferred. This enables the population groups to be rapidly
identified, but will also mask the effects of the duration of the
release on lateral dispersion. The typical lateral width of a
plume means that the angle (B) subtended by the 10% limits of the
plume tends to decrease at long distances. To allow for this
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effect the mean box dose level has to be modified so that the

value applied to population distributions is given by,

=0.565*D

(6.1) D *g /o, where o is chosen to

box,a sector plume peak
be 30 in this first set of examples. This formulation means
that this final dose level depends primarily on the vertical

dispersion of different meteorological conditions on a release.

The collective doses to the population within 30km of site
1 are calculated, where the population data are in the form of
gross numbers for individual enumeration districts where the
population centroid is located to within a 100 metre square in
the national grid coordinate system. If this centroid lies within
the 30 sector of interest the population it represents is weigh-
ted by the dose associated with its distance from the site. The
dose at a given downwind distance, which, as explained above, has
a uniform crosswind distribution within the 3¢ sector, is
calculated by interpolation between a set of previously determined
values. These contributions from each enumeration district are
accumulated with distance from the site and printed, with the
accumulated population within each sector, at distances of
2,3,5,8,12,16 and 30 km,

When the detailed distribution of population about site 1 is
considered one enumeration district is found to cover most of
the area close to the semi-urban site, see figure 6.1. Due to
the very irregular shape of this enumeration district its popula-
tion centroid (A) is almost 3 km from the site, at the edge of
the urban area. Within this particular area there is a small
village of approximately 200 people only about 1.5 km from the
centre of the site. The editing facility has beén used to relo-
cate these villagers from the ED population centroid to the posi-

tion of the village.

The worst 30 sector, with the largest collective dose by
30 km, was chosen to compare the consequences of the four notional
AGR releases. Each release was swept around the site population
distribution in steps of 6 . It was found that the same sector,
céntred on 324 from d’N,'was the worst by 30 km for all releases.
This is due to the downwind distance dependence of the inhalation
doses resulting from these releases not beiﬁg greatly dissimilar
when averaged over a 30 sector, but this also depends on the

particular population distribution.



Figure 6.1

Example of a very irregularly shaped Enumeration District
including site one.
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The full angular distribution of the collective weighted
whole body doses within each 30 sector from the notional
single channel melt-out major depressurisation accident dispersing
under slightly unstable conditions is plotted in figure 6.2,
The worst sector receives most of the total collective dose
within 8 km of the site. The correction for the small village
in fact removes people from the worst 30° sector even though
this results in more peownle closer to the site. There is a broad
sector from 180 to 256’, clockwise from north, where the collec-
tive dose in a 30 sector is comparable to the consequences of
the worst sector at 30 km, but is delivered mainly between 8 and
16 km. If the probability of the wind blowing in a given direc~
tion was taken into account the sector with the greatest risk
by 30 km may be different from that derived by this simple assess-

ment.

The collective doses delivered to the population in the
"worst" sector at this site are given in table 6.1 for a selec-
tion of doses and exposures resulting from the range of AGR
releases., The collective dose is shown as it accumulates downwind
along the sector, where none occurs within 2 km of the site for
this "worst" sector. The accumulating sector population total
within each of the downwind distance boundaries is given in this
table. About three quarters of the total collective dose within
the 30 sector out to 30 km from any release is delivered within
the first 8 km which only contains about one quarter of the total

sector population.

These collective dose commitments can be.interpreted in
terms of the numbers of fatal cancers which could develop in the
exposed population within, say, 20 years for leukaemia and a
longer period for most other forms of cancer. When groups of
people are exposed to low radiation doses, in the stochastic range,
the number of fatal cancers which could be expected per 1O6 man-
rad (low LET irradiation) are about 100, with about twenty cases
of lung cancer and five fatal thyroid malignancies (38). These
values interpreted for an individual are comparable to the ICRP-

26 stochastic specific risk factors of 10-4rem_1, 2.10 " rem™}

and 5.10_61'em"1 for the whole body, lung and thyroid respectively.
Non-stochastic effects may occur close to the source only for
persons exposed to the release from the single channel melt-out

associated with a major depressurisation. Any non-stochastic
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Figure 6.2 Angular dependence about site one, centred on a
30~ sector extending 30 km from the site, of the
potential collective weighted whole body dose
commitment from the ¢loud of a notional AGR acci-
dent 4 dispersing under slightly unstable conditions,
with the intermediate distance dependence shown.
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Table 6.1 Collective doses in the worst Sd’ sector at site 1
Source Dose Units 'Met 1Collective dose by the given distance
release con. 3 km 5 km 8 km 12 km 15 km 30km
4 Weighted | = . em Cc'58" 1.24(4) 4.30(4) 9.45(4) | 1.02(5) | 1.04(5)|1.35(5)
whole body
4 lungs man-rem " 6.46(4) 2.28(5) 5.03(5) 5.40(5) | 5.58(5)| 7.11(5)
R lungs man-rem D5P 1.70(2) 5.98(2) 1.,31(3) 1.40(3) | 1.44(3)| 1.74(3)
lungs man-rem F2S 2.3(2) 7.91(2) 1.72(3) 1.83(3) | 1.89(3) 2.31(3)
thyroid man-rem D5P 8.34(1) 2.85(2) 6.14(2) 6.55(2) 1 6.72(2)| 8.08(2)
" man-—-rem D&FR 2.87(1) 1.0 (2) 2.18(2) 2.32{2) | 2.38(2) 2.79(2)
External ground gamma
in first year. Whole body
man-roentgen
4 " " D5P 5.42(4) 1.94(5) 4.33(5) 4.,64(5)1{ 4.78(5) 5.93(5)
= " " " 1.13(2) 4.,03(2) 8.94(2) 9.54(2)| 9.81(2) 1.19(3)
1 " " " 3.33(1) 1.18(2) 2.62(2) 2.79(2)| 2.87(2)] 3.48(2)
Accumulating sector population 2341 16288 56141 65599 73939 207260

€ee



234

detriment, such as lung morbidity, is not considered in this

study due to all the uncertainties involved.

Potential risk (Gi) can be defined as the probability of
death for an individual from a given sequence of events (eg(35)).
The potential risk of developing a fatal cancer within a lifetime
from a given dose commitment (D) arising from a given year's
bractice, where the probability of receiving this dose level
is P(D), can be given as G%=D.fI.P(D) , where f; is the mean
frequency of developing a fatal cancer per unit dose commitment
(or the specific risk factor). An individual's mean potential

1 , where T(years) is an

risk rate can be defined as éF=G%/T yr-
appropriate period such as the latent period for the development
of a cancer or leukaemia. Once the dose commitment has been
delivered then P(D)=1 . A collective dose commitment (Q) to

a population group (C) can be associated with a given level of
potential risk Gg=Q.fC.P(Q), where fC is the number of fatal
cancers developing per unit collective dose, and P(Q) is unity
once an event giving a collective dose Q occurs. This risk
now relates to a detriment to the health of the population group
C. This value Gg can be interpreted as the potential number of
fatalities in the population group C , so that a mean casualty
rate for this can be defined as é%=Gg/T yr_l. If the population
. group C contains N people then the mean potential individual risk
%'=éF/N yr'1 , and a similar definition can be used

for an individual's mean lifetime risk if in the exposed group C.
There are many problems in estimating the values, and the meaning
in relation to other human activities, of the terms used in the
above definitions ( 38, ICRP 26, ICRP 27, (35)). The relative
detriment for certain practices can be given by ratios of an
organ's collective dose commitment for a given population group

which has a specific response to this stimulation.

rate is G

For the worst release, under slightly unstable conditions,
about 14 latent fatalities may occur within 30 km of the site
in this sector as estimated from the weighted whole body dose
commitment. The collective lung dose commitment to the exposed
population is the dominant contribution to this estimate, so
a predominance of fatal lung cancers might be expected from this
release as the frequency of fatalities from the same LET external
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and internal doses 1is expected to be similar. Other inhala-
tion dose commitments from the three lesser releases suggest

the occurrence of less than one latent fatality, where mostly
neutral dispersion conditions are used. Under stable conditions
the prolonged filtered single channel melt-out release sequences
may produce single figure latent fatalities, in the unlikely
event of the whole release occurring in this one "worst"

sector or the other highly populated sectors about this site.
There is about a factor of 20 to 30 reduction in the collective
inhalation doses between dispersion in neutral and stable condi-
tions for a given release.

In the two pin failure cases, for dispersion under neutral
conditions, the external gamma exposure after one year from the
deposit could produce a similar number of fatalities as those
resulting from inhalation doses delivered in stable atmospheric
conditions, assuming the specific risk factors quoted earlier to
apply. This suggests that several hundred fatalities may result
over an exXxtended period of many decades due to external irradia-
tion from contamination in the most serious AGR release considered
in chapter 5 1if no ameliorating action was taken. The ground
gamma exposure in the first year from this severest AGR depres-
surisation accident, under slightly unstable weather conditions,
may result in long term casualties of order fifty, where any
decontamination has been ignored. The plume under these Pasquill-
Smith category C conditions is found to be narrower at large
distances than the prolonged plume under neutral conditions,
so is diluted relatively more when uniformly spread over a 36
sector. This effect, combined with the spatial population distri-
bution about site 1 and the nature of the unfiltered melt-out
release, results in the latent fatalities from the firet year of
ground gamma exposure in the severest case only being a factor of
four above those due to inhalation doses, where this differen-
tial is much less than that found for the pin failure cases

after dispersion in neutral conditions.

These potential, but improbable, collective doses to members
of the public can be compared to the annual collective doses to
workers, and personnel of external contractors, at a nuclear
power station. The collective occupational dose is delivered
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during such procedures as normal operation, inspection,
maintenance, refuelling and any special operations, and is
mainly in the form of exXxternal irradiation. Table 6.2 gives
some annual collective doses for a variety of reactors where
both the age and power of the reactor are important factors.
The experience of most reactors is that the annual station
collective dose is about several hundred man-rems, eXcept where
special operations are performed. These values are comparable
to the whole body exposures after one year from the deposits
resulting from the pin failure releases, but the mean indivi-
dual exposure should be much less for members of the public.
The severest depressurisation accident woﬁld result in a much
larger collective dose, probably with the mean individual dose
for the worst population group being comparable to the annual

value for the workforce.

All stages of the nuclear fuel cycle result in doses being
received by workers and members of the general public. Fabri-
cation and reprocessing spent fuel are of greater detriment than
transport of radioactive materials (Macdonald (97)). Storage
of waste products, not only after treating spent fuel but also
from mining and processing of uranium ores, can be potential
sources of hazards. Generally it is required that doses to the
public are at least an order of magnitude less than those
received due to an occupation, where this should be reflected in
the safety measures to prevent excessive releases of radio-

activity to the environment.

The probabilities of these types of AGR accidents occurring
in particular dispersion conditions are not known and can only
be estimated by detailed analysis of the characteristics of
the reactor and the site. An approximate upper limit can be
obtained if the reactor is assumed to conform to an interpre-
tation of a Farmer curve (35). This sets a target of a maximum
allowable probability for the occurrence of any accident which
should be met by the design and operation of a given reactor
type. The target probability (Fp) is inversely proportional to
the curies of 1131 released (CiIISl)

1131 yr_l, but has a maximum probability for any

small releases, less than 100 Ci, of about lo—zyr_l. These

(6.2) Fp=1/Ci
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Table 6.2 Typical annual collective dose commitments to

nuclear workers (BNES, 1978 (98))

Description of annual staff Number Collective dose (man-rem)

collective dose exposed Mean particular years

Typical PWR's (Germany)

Demonstration - 860 600-1300
First Generation - 440 300-550
Second Generation - 320 175-450

Particular reactors ,
KWW(670 MW(e)) (1976) (commissioned

1972) - - 310
(1977) - - 320

KRB I (250 MW(e))(1976) (commissioned ’
1966) 670 - 550

Millstone-2 (USA)(2600 MW(t))

First full fuel cycle, includes 1400 man-rems
|
from once in a lifetime operations - - 1800

Gas cooled Graphite moderated reactors (UK)
Dungeness-A (commissioned 1966) - 150 128-323
1976 history (5% of station dose
from contracted workers) I 560 - 154
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values are intended only as an order of magnitude guide and
real reactors are expected to have characteristics which are
better than the Farmer curve. This should be the case for the
AGR with its many design characteristics which would limit

accidental releases.

From this Farmer curve and descriptions of the four
notional AGR accidents in chapter five upper limits to the

probability of occurrence are about 10—2yr_1, for pin failures

5yr_1 for

and filtered channel melt-out sequences, and 3.10
the channel melt-out associated with a major depressurisation.
A complete analysis of the three smallest releases would

probably separate the estimates of the frequency of occurrence

of the relevant accidents.

A crude frequency to latent casualty plot can be obtained
based on the preceding discussion for the "worst'" sector at
site 1 out to 30 km. Results are plotted in figure 6.3 where
only the expected upper limit to the mean number of latent
fatalities has been calcﬁlated with no indication of the
variance about the mean. Differences of more than an order of
magnitude could exist between the two sets of collective doses
and any expected latent fatalities for the filtered release
sequences. The probability of a given level of performance
by filters, and more generally the effects of plate-out, would
be a major factor in determining the consequences of this
type of release from an intact coolant circuit.

Section 6.2.2 Survey of collective doses resulting from a

notional major AGR depressurisation and single

channel melt-out at sites in the UK.

Of the notional AGR releases the major depressurisation
with a single channel melt-out is used here to assess potential
collective sector doses about some sites for nuclear power
stations in the UK. It should be emphasized that this accident
has been selected principally for its mixed fission product
characteristics and that 1its. remote probability should be
born in mind. This release is used as a vehicle to describe
the effects of population distributed about sites with par-
ticular reference to the concept of a worst sector for collective
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values are intended only as an order of magnitude guide and
real reactors are expected to have characteristics which are

better than the Farmer curve.

From this Farmer curve and the descriptions of the four
notional AGR accidents in chapter five the upper limits to

2yr—1, for the pin

the probability of occurrence are about 10~

failures and the filtered channel melt-out sequences, and
-5__-1

3.10 “yr

depressurisation. A complete analysis of the three smallest

for the channel melt-out associated with a major

releases would probably separate the estimates of the frequency

of occurrence of the relevant accidents.

A crude frequency to latent casualty plot can be obtained
with the information derived in the preceding discussion for
the "worst' sector at site 1 out to 30 km. The results are
plotted in figure 6.3 where only the expected upper limit to
the probability of an accident is shown. Only an estimate of
the mean number of latent fatalities has been calculated with
no indication of the variance about the mean. Differences of
more than an order of magnitude could exist between the two
sets of collective doses and any expected latent fatalities for
the filtered release sequences. The probability of a given
level of performance by the filters, and more generally the
effects of plate-out, would be a major factor in determining
the consequences of this type of release from an intact coolant
circuit.

A major engineering and calculational effort would be
required to further quantify these and other consequences for
all the AGR's in the UK.

Section 6.2.2 Survey of collective doses resulting from a

notional major AGR depressurisation and single

channel melt-out at sites in the UK.

Of the notional AGR releases the major depressurisation with
a single channel melt-out is used here to assess potential
collective sector doses about some sites for nuclear power
stations in the UK. This release is used as a vehicle to des-
cribe the effects of population distributed about sites with par-

ticular reference to the concept of a worst sector for collective



Figure 6.3

Simplified example of probability-latent fatality distri-

bution for site one for the range of notional AGR accidents
considered in chapter five.
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doses at a given site. The weighted whole body dose is applied
in the calculations for the case where dispersion occurs under
slightly unstable conditions in the atmosphere. This notional
short time-scale release has not been limited by the WEERIE
modelling procedure unlike the prolonged filtered releases

and contains a broad range of fission products compared to the

other notional releases.

Initially the sites are surveyed for 30° sectors out to
30 km using the enumeration district 1971 100% census data.
Secondly the collective doses within a 22{ sector out to 100 km,
representing a tfavel time of 5.6 hours under the assumed meteo-
rological conditions, are considered using the ward and civil
parish data from the 1971 census. In both cases the lateral
spread of the plume is represented by a uniform dose level over
the whole sector at any given distance, as described in the
previous section. Many influences could affect the trajectory
and the concentration profile of the plume while it travels
100 km, so these results can only be used as a general indica-

tion for individual sites.

Section 6.2.2.1 Collective 36~4sector doses out to 30 km for

eight sites

These collective weighted whole body dose commitments for
30’ sectors are plotted in figures 6.2 and 6.4 to 6.10 for sites
1 to 8 respectively. Site dependent meteorology has not been
accounted for in these results. The sector was stepped round
by 6° which produces a reasonably continuous plot for a site.
The editing facility was only used on site 1 as details of all
sites were not readily available. This would only affect the
results for sparsely populated rural areas within a few kilo-
metres of a site, but villages of several hundred people, and

larger communities, should be represented guite accurately.

To summarize for site 1 a "worst" 30 sector, especially
close to the site, could be different if site dependent meteo-
rology was used. Site 2, see figure 6.4, is in another semi-
urban position but has a much more clearly defined worst sector
at all distances out to 30 km. The '"worst" sector for this
second site has a collective dose which is slightly greater, by
a few percent, than site 1 although the general level about site

1 is higher.
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Angular dependence about site two, centred on

a 300 sector extending 30 km from the site, of
the potential collective weighted whole body

dose commitment from the cloud of a notional

AGR accident 4 dispersing under slightly unstable
conditions, with the intermediate distance
dependence shown,
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Sites 3 and 4, in figures 6.5 and 6.6 respectively,
could be described as rural but are further removed from the
open sea than the previous two sites. For site 3 the worst
sector by 30 km is determined by the population distribution
beyond 16 km which contributes over 80% of the collective sector
dose. By coincidence this sector is roughly aligned with the
worst sectors at shorter distances from the site. Although the
collective dose in this worst sector of the third site is very
close to those of the earlier two sites by 30 km it has propor-
tionately smaller contributions from short distances. There is
a general background about site 3 with only one other range of
sectors which is comparable to the worst sector within 8 km of
the site. Site 4 has a similar angular pattern but the worst
sector at 30 km does not coincide with the worst sector at
shorter distances. As sites 3 and 4 are quite closely related
geographically, the longer range characteristics have similari-
ties. There are two comparable sectors of concern within 16 km
of the fourth site where one has a significant contribution
within 3 km of the site.

Site 5, a rural coastal site, has a worst sector by 30 km
which is dominated by the population beyond 16 km, but there is
another unrelated sector of almost equal collective dose which
has much greater short range contributions. Neither of these
sectors contain the population within 3 km of the site. TFor site
6, about 60 km removed from site 4, the collective 30 sector
dose to 30 km has several peaks, of about 2.104 man-rems, for
this dose pattern. This situation means that the method of
choosing the worst sector could quite easily alter the worst
sector radically, especially if site dependent meteorology was
applied. The "worst'" sector at 30 km also coincides with the
worst sector to 16 km, but the worst sector within both 8 km and
3 km of the site is in another direction. One of the major peaks
in the 30 sector collective dose at 30 km does not have any
contributiohs from within 16 km of the site, and most of that

population actually lies in the range 22 km to 30 km.

The final two sites, 7 and 8, to be considered in this
section are coastal with mainly sparsely populated countryside
within 30 km of each site. For site 7 there is one community

just within 3 km of the site which clearly determines the worst
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Angular dependence about site three,

centred

on a 30° sector extending 30 km from the. site,
body dose commitment from the cloud of a notio-

of the potential collective weighted whole

Figure 6.5

nal AGR accident 4 dispersing under slightly
unstable conditions, with the intermediate

distance dependence shown.
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Figure 6.6 Angular dependence about site four, centred on

: a 300 sector extending 30 km from the site, of
the potential collective weighted whole body
dose commitment from the cloud of a notional
AGR accident 4 dispersing under slightly
unstable conditions, with the intermediate
distance dependence shown.




Figure 6.7 Angular dependence about site five, centred
on a 300 sector extending 30 km from the site,
of the potential collective weighted whole body
dose commitment from the cloud of a notional
AGR accident 4 dispersing under slightly unstable
conditions, with the intermediate distance
dependence shown.
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Figure 6.8 Angular dependence about site six, centred on
a 30° sector extending 30 km from the site, of
the potential collective weighted whole body
dose commitment from the cloud of a notional
AGR accident 4 dispersing under slightly
unstable conditions, with the intermediate
distance dependence shown.
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30 sector at all distances out to 30 km. Within 8 km of the
eighth site there are few people so the worst sector is deter-
mined by the more distant centres of population. 1In this case
site dependent meteorology may be an important factor in

redefining a '"worst'" sector.

The expected number of latent fatal cancers from this
notional release in the worst 30 sectors by 3, 8, 16 and 30 km
for each site are displayed in table 6.3 where the orientation of
the central line of the sector 1is also given, in degrees clock-
wise from O north. The total number of fatalities per 106man—
rad, due to external exposure by low LET radiation of a standard
population, is about 100 (38). It should be noted that the
doses used in this section for the study of collective dose are
weighted (ICRP-26) whole body values, derived by weighting appro-
priate single organ doses, so the result should be roughly
equivalent to that from a uniform whole body irradiation, but
possibly with a different frequency for each type of fatal
cancer developing in the population. In the particular case of
this dose pattern the lung dose commitment is the determining
factor. These fatalities would probably occur over a period of
several decades and have to be considered in the perspective of

the size of exposed population group.

The "worst'" potential casualty rates for the total popula-
tion groups within the 30 sectors, at distances defined in
table 6.3, about each site are given in table 6.4. The cases
which involve population totals of only a few hundred close to
the site, especially at sites 6,8,5 and 3, may not reflect the
actual residential distribution due to the structure of the local
enumeration districts. Also these small groups may not be repre-
sentative of a "normal" population, so they could have a sub-
stantially different response to the collective doses than the
assumed standard population. These casualty rates reéate to
-1
yr

be applied to the figures in table 6.4 to give a pessimistic

a period of about 30 years so a factor of aboﬁt 3.107 could

estimate of the individual annual risk of death in the exposed
population group due to this release occurring. Close to a site

this could reach 3.107Y r -1 put is typically nearer 3.107°

yr -1  and decreases to about 2.10-6yr—l for the worst sector

’

population within 30 km of the site. The overall risk is
many orders of magnitude less than these last results, as the

probability of the accident occurring,
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Figure 6.9 Angular dependence about site seven, centred
on a 30° sector extending 30 km from the site,
of the potential collective weighted whole
body dose commitment from the cloud of a
notional AGR accident 4 dispersing under
slightly unstable conditions, with the inter-
mediate distance dependence shown.
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Angular dependence about site eight, centred
on a 300 sector extending 30 km from the site
of the potential collective weighted whole
body dose commitment from the cloud of a
notional AGR accident 4 dispersing under
slightly unstable conditions, with the inter-
mediate distance dependence shown.
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Table 6.3 Distribution of possible latent fatalities in the worst 30 sector out to
30 km for eight sites due to the channel, notional, melt-out on a major
depressurisation, under slightly unstable dispersion conditions.

Site Distance ranges (*where a number is bracketed the number of fatalities is below 1)
0-3 km 0-8 km ' 0-16 km 0-30 km
Axis No. of [Total [Axis No. of Total |Axis No. of TOTAL |Axis|{No. of Total
fatal Pop. fatal Pop. fatal Pop. fatal Pop.
cancers cancers cancers cancers
1 336 2 4426 | 324 10 56141 324 10 73939 324 13 207260
2 36 9 6668 36 14 39884 36 15 52982 36 15 55137
3 174 (0.3)* 338 144 2 12089 | 150 2 33402 180 13 502501
4 90 1 1618 330 1 7042 | 330 2 19709 192 10 457693
5 168 (0.3)* 249 354 ' 1 3845 | 354 3 47445 216 5 229125
6 102 (0.7)" 94| 102 (O.7f¥ 94| 138 2 36362 138 2 46832
7 246 1 2709 | 246 2 2913| 246 2 7369 246 2 28959
8 240 (0.2)* 148] O(N) (0.5)#c 35601 O(N) 1 9939 354 2 57851
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Table 6.4 Individual expectation of a fatal cancer,
once the notional release occurs, at various
sites for the worst 30 sectors to given
distances. '

Site. | Individual expectation of developing a fatal cancer

(Tbracketed entries are where probably less than one

fatality develops in the exposed group)

by 3 km by 8 km by 16 km by 30 km
1 4.5(-4)" 1.8(-4) 1.4(-4) 6.3(-5)
2 1.3(-3) 3.5(-4) 2.8(-4) 2.7(-4)
3 (8.9(-4))T | 1.7(-4) 6.0(-5) 2.6(-5)
4 6.2(-4) 1.4(-4) 1.0(-4) 2.2(-5)
5 (1.2(=-3))7 | 1.0(-3) 6.3(-5) 2.2(-5)
6 (7.3(=3))" | (7.3(=3))7" 5.5(=5) 4.3(-5)
7 3.7(-4) 4.1(-4) 2.7(-4) 6.9(-5)
8 (1.4(=30" | (1.4(-4))" 1.09(-4) 3.5(=5)

*4.5(-4)=0.00045
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estimated to be of order 3.10 “yr ~, has to be incorporated.
The final risk values compare very favourably to the total and
accidental death rates in the UK population which are both of

order 10'—3yr"1 (ICRP-27, 35).

Another useful comparison which can be made is that between
the accidental collective doses and those due to natural back-
ground radiation. Environmental background radiation, combined
with an almost equal contribution from medical and other practices
in the USA, result in a whole body dose of order 200 mrem/yr and
about 100 mrem/yr in parts of the UK. The latter value gives
collective doses to the 'worst" sector (30 ) populations out to
30 km of 3.10°

tions given in table 6.3. This range overlaps with the typical

to 5.104 man-rems, depending on the gross popula-

range of worst collective sector weighted whole body doses
resulting from the passage of the cloud, under category. C condi-
tions, due t6 the highly improbable AGR single channel melt-out
and major depressurisation accident. The collective exposure
which might be, pessimistically, delivered in the first year by
the ground contamination resulting from this release tends to be
about one order of maghitude greater than the collective dose

attributed to the natural background irradiation.

The next section is intended to give estimates of the
consequences and risks to populations in sectors about nuclear
power installations out to larger distances than in this section.
Particular attention will be paid to information which may be

of use in site assessment.

Section 6.2.2.2 Collective 22§ sector doses out to 100 km for

nine sites in the UK

The detail contained in the enumeration district (ED) census
data is not essential when estimating collective doses to 100 km.
Ward and Civil Parish (W/CP), each of which combine the total
population of a group of ED's, should give an adequate repre-
sentation of the collective dose (see discussion in chapter 4).

Rural areas have the poorest resolution when W/CP data are
used, where this will be worse than that for single rural ED's.
In Scotland the situation for rural parts is worse than that for
England and Wales due to the lower population density and the
compensating increase in the areas covered by each ED. Any
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rural population within 8 km of a site will only be poorly repre-
sented in this assessment of collective doses out to 100 km in
this section. This should not affect total collective doses
which tend to be dominated by dense population areas which are
well resolved by the W/CP data.

Only the 225 sector with the largest collective dose by
100 km is considered for each site. ‘The welighting function is,
again, the weighted whole body dose from the notional single
channel AGR melt-out on a major depressurisation, released under
Pasquill-Smith category C conditions, and has been appropriately
modified for use in a 22£ sector as is shown in figufe 6.11.
Two methods of assessing the collective dose are used: discrete
and interpolated. Discrete weilghting is where the whole sector
population within radial delimeters ri_1 and r. is multiplied by

1

the weighting function at ri=(ri +ri)/2. Interpolated sector

collective doses weight the individual W/CP's by the factor
appropriate to that population's diétance from the site. The
collective 22§ sector doses are defined by those doses occurring
in fourty-five consecutive %o sectors. This means that the
"worst'" sector is chosen to the nearest { by the discrete

weighting system.

Table 6.5 gives the radial distribution of collective doses
in the "worst" 2z§ sector out to 100 km, where the final total
is compared to that estimated by using an interpolated weighting
function. These two values of the total sector collective dose
are found to agree to within about 8%. This means that the
simpler discrete weighting system is of adequate accuracy provi-
ded the pOpulation is spatially well dispersed within each
weighting zone. The angle, clockwise from 0 north, at which

the worst 22§ sector starts is also given.

Several of these "worst' sectors are the same as are found
in the previous section, for 3¢ sectors out to 30 km. This
occurs for sites 1,3,4 and 7, where the contributions by 30 km,
as a fraction of the total risk by 100 km, are 0.54, 0.89, 0.79
and 0.56 respectively. Site 7 contains a small town of about
3000 people just within 3 km of the site. This dominates the
worst sector for both ED and W/CP data when used, to 30 km and
100 km, in estimating this type of collective dose. 1In fact the
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Figure 6.11 Weighting function for a 2231 %sector out to

' a distance of 100km, derived from individual

weighted whole body dose commitment from the

- cloud after a release from a notional AGR
accident 4 dispersing under slightly unstable
conditions.
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Table 6.5 Potential collective doses to the worst 22§ sector at each of nine sites

from the notional AGR single channel melt-out and major depressurisation.

gﬁte Starting|Collective dose (man-rems) in the given sector by the distances:
Angle (Discrete weighting: bracketted values at 100km are from interpolated weight)

(to %o) 0-5 km 0-8 km | 0-12 km| 0-16 km| 0-30 km | 0-50 km| 0-75 km| 0-100 km

1 3173 7.96(4) | 1.45(5)11.56(5)| 1.59(5) | 1.90(5) | 3.24(5)| 3.48(5) | 3.49(5)
(3.43(5))

2 136 - - - 9.53(2) | 7.42(3) |5.12(4) | 1.48(5) | 2.30(5)
(2.35(5))

3 1651 4.37(3) | 7.74(3)11.13(4){ 2.51(4) | 1.33(5) |{1.41(5)} 1.44(5) | 1.49(5)
(1.59(5))

4 1773 3.62(2) {5.91(2)11.08(4)| 1.08(4) {1.13(5) [1.34(5) | 1.39(5) | 1.45(5)
(1.43(5))

- 15 2363 - - - 6.77(2) | 3.06(3) [3.36(4) | 2.75(5) | 5.41(5)
(5.40(5))

6 39 - - 8.52(2)] 1.31(3) | 1.68(4) |7.32(4) | 9.42(4) | 1.08(5)
(1.05(3))

7 234 3.94(4) {4.03(4)[4.09(4) | 4.15(4) | 4.64(4) |6.83(4) | 7.37(4) | 8.33(4)
' ' (7.62(4))

8 301 - 6.60(3)|6.60(3) ] 6.88(3) 19.08(3) |2.04(4) | 4.42(4) | 2.61(5)
_ (2.54(5))

9 603 - - - 4.34(3) | 2.15(4) [1.83(5) | 2.12(5) | 2.30(5)
(2.26(5))
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situation appears to be worse in the case of an assessment using
W/CP data as this community draws in the population of the surrou-
nding rural ED's to artificially increase the total sector
population at this point. Even so site 7 has the lowest "worst"
collective dose in a 22§ sector out to 100 km when this pessi-

mistic effect at a short distance is included.

At the other extreme the collective dose out to 100 km for
some sites is dominated by the contributions beyond 75 km. Both
sites 5 and 8 fall into this category with fractions of 0.50
and 0.83 in the last zone respectively. These worst sectors are
in different directions to any sectors of concern out to 30 km
identified in figures 6.7 and 6.10. The reason for this charac-
teristic is that a metropolitan area lies just within 100 km
of these two sites. A similar situation arises for both sites
2 and 9, which are closer to other areas of very high population
density. At these two sites the particular conurbations are
located about 50 km from the sites, where the last 50 km of the
worst sector contributes 78% of the total risk in this direction
at site 2 and in the case of site 9 the zone from 30 km to 50 km
contributes 69% of the appropriate total sector risk. Finally
site 6 also has a large contribution in the zone from 30 km to
50 km, about 50% of the total to 100 km, but this is derived
more from a collection of separate towns and cities rather than
one major population centre. The evolution of these population
centres may have to be considered when choosing sites in the UK

for long term developments in the nuclear power industry.

When considering these results it should be noted that the
area of each sector beyond 50 km is 75% of the total sector area.
The fact that the population at short distances from the site
can still dominate the total collective dose reflects the non-
uniform spatial distributions about sites in the UK and the form
of the dose weighting function for sectors. Another factor which
has to be considered is that major urban areas can have such
large populations that they dominate a collective dose assessment
evén though individuals from smaller communities close to the
site may be weighted by a dose term which is over two orders of
magnitude greater than that at the other extreme of distance

from the site.
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Using the same value of expected latent fatalities per
106man—rads of LET external radiation, as in the previous
section, an estimate of the number of casualities can be made
from the values given in table 6.5. These are displayed in
table 6.6 along with the distances by which most of these fatali-
ties might occur. Also given in this table are the total sector
pobulations out to this distance together with the mean proba-
bility of a fatality per member of this most exposed population
group derived from these results, once this notional accident

has been assumed to occur.

Those sites where the majority of the potential latent
fatalities would occur beyond at least 50 km downwind in the
worst sector have the lowest risk of individual members of the
exposed population group to develop fatal cancers due to this
release. In these cases the expected probability of individuals
developing fatal diseases, once the accident has occurred and
dispersed in the worst sector of the given site, ranges from 3 to
9 in 106, with a mean of 5 in 106. For those sites where the
majority of latent fatalities occur within 30 km this rate for
individuals has increased to the range 12 to 19 in 106, with a
mean of 15 in 106. The exception is site 7 where the critical
community is very close to the reactor. For this worst sector
the individual potential probability of developing a fatal cancer
could be as high as 700 in 106, for that portion of the worst
sector population which could have half the total casualty
incidence. This is similar to those values derived in the pre-
vious section for populations close to site. The low background
of population in the rural areas about site 7 means that the
next major collective dose contribution does not occur until the
30 to 50 km zone. At this larger distance the individual fata-
lity probability, once the release has occurred in this worst
sector, has decreased to 33 in 106 which is much closer to the

values of other sites.

The annual collective doses to the population groups given
in table 6.6 due to natural background radiation range from
about 2.104 to 7.105 man-rem for these nine‘sites. This range
includes all the collective worst sector doses shown in table 6.5.
Hence the consequences, in terms of fatal cancers, from inhala-

tion doses resulting from the passing cloud of radionuclides



Table 6.6 Major contributions to the potential fatal cancers
in the worst 22} sectors within 100 km for the

notional weighted whole body dose function.

Site Distance(rM) by | No. of fatal Exposed Individual expec-
which most cancers ga, by population tation of devel-
cancers occur rM.b., by 100km| by Ty in oping a fatal
(kilometres) a b millions cancer (*10_6)

1 30 19 35 1.0 19

2 75 15 24 5.0 3

3 30 13 16 0.9 14

4 30 11 15 0.9 12

5] 75 28 54 6.4 4

6 50 11 2.2 3

7 i;5 4 8 0.006 700

1i;50 8 0.18 33
100 26 26 7.1
50 18 23 2.0

862



under these conditions could be difficult to distinguish from
those of the natural background radiation. The risks from
external gamma exXxposure fromdeposited material may be more signi-
ficant than those from inhalation Hoses, as discussed earlier,
but ameliorating action can be taken against the effects of

ground contamination.

Many factors have been omitted from this brief study, where
releases from a stack, changes of metebrological conditions during
travel downwind (not necessarily centred on a straight line from
the release point) and topographical effects could greatly
influence the results. The variation in the final results pro-
duced by a full assessment of the major effects would piovide a
greater understanding of the characteristics of collective doses
to population groups about nuclear power reactbrs, and other
installations. There are more difficulties in attempting to
assess collective doses resulting from contamination (see chapters
1, 3 and 4). ‘

Section 6.3 Site Assessment

This section will compare the results of site and sector
weighting functions derived by the NII to those from applying
different weighting functions derived from the previous section.
Due to the different releases and organ doses assumed in the two
methods only relative site properties can be studied. The NII
functions result from dose commitments to the thyroid of an
average member of the public for a nominal release of iodine-131
which disperses under stablé atmospheric conditions and is
characterised by prolonged lateral dispersion parameters. These

weighting functions are in terms of varem/Ci(I131).

The weighting functions of the NII were originally used out
to 20 miles but can be interpreted for new metric distances out
to 30 km (18.6 miles). The age distribution of the UK popula-
tion is taken into account (see review (32)) in the thyroid
sensitivity to I131. The sector weighting function is derived
by the method explained earlier in section 6.2.1, so the effects

of changing the angular width of a sector can be investigated.

Using the Pasquill gaussian plume parameters for stable

category F conditions a curve of l/(2n-oyoz) can be drawn which



should be similar in form to the NII site weighting function
when using the recommended values of Oy for lateral dispersion
(see figure 6.12). The nominal I131 release is assumed to be

at ground level and deposition is negligible. This curve can
be used to extend the thyroid weighting functions to 100 km,

as has been done in figures 6.13 and 6.14, for the site and a
22£ sector respectively. Stable conditions normally do not
last long enough for material to travel this distance at a
typically low wind speed of 2 m/sec, so this extension is pessi-
mistic as the later sections of the curves would usually show
the effects of more dispersive conditions. There are differences
between the references (2) and (32) as to the values of the
weighting functions within 1 mile of the site so an intermediate
line has been taken and the subseuuent consequences for site
assessment discussed later. The site weighting function is just
the peak on-axis dose multiplied by 0.565 to give the meéan dose
level within the 10% plume boundaries at ground level. This
function is applied to the surrounding population equally in

all directions to obtain a total site weighted population value,
which has a dependence on distance from the site. Limiting

site and sector curves have been derived (2) which individual
site characteristics must not exceed during the expected commer-

cial lifetime of that site and reactor.

The weighted whole body dose from the notional single channel
AGR melt-out on a major depressurisation can provide a sector
weighting function, see figure 6.11. An appropriate site weigh-
ting function, figure 6.15, can also be derived for this release
of mixed fission products under slightly unstable conditions and
assuming a three group element dependent deposition model.

There are several reasons for choosing the severest notional
AGR release to derive site and sector weighting functions, for
a comparison to results obtained by the methods of the NII,
This notional AGR release contains a wide range of isotopes of
all physical and radiological properties rather than just vola-
tiles, as in the lesser releases modelled in chapter five. Also
this mixture of many isotopes is at the other extreme to the
nominal release of a single isotope with a particular affinity
to only one organ, as done by the NII choosing iodine-131. The

organ doses which are used as the basis of the weigh-
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Figure 6,12 Dilution factor, extrapolated to 100 km,
for non-depositing nuclides dispersing
under stable, low windspeed conditions.

Dilution (s.m_B)

10‘4

r- L,
lo"5 L L
10‘6 -
2107 " 1 L . .

1 10 1C0

Distance (kn)



Figure 6.14 NII 22§ sector weighting
function, extrapolated to 100 km,
derived from nominal inhalation dose
commi tments to the thyroid from non-
depositing I-131 dispersing under
stable conditions.

Figure 6.13 NII site weighting function, extra-
polated to 100 km, derived from nominal
inhalation dose commitments to the thyroid
from non-depositing I-131 dispersing under
stable conditions.
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ting functions derived from this notional AGR accident is the
whole body, rather than the thyroid for the nominal jiodine-131
release. A given dose 1in either organ is considered to be
radiologically less significant to the thyroid for the general
health of a typical population (ICRP 286).

Added realism is given to these AGR based functions as the
release is depleted by element dependent dry deposition, rather
than the non-depositing behaviour assumed for iodine-131 in the
NII weighting functions. High windspeed weather conditions,

. with an inversion, have been chosen so as to give a more typical
method of modelling the transport of material in the atmosphere
to 100 km from the ground level source than stable low windspeed

conditions.

Due to the interpretations of the weighting functions at
short distances, less than 1 mile (1.6 km) from the site, the
NII based functions used here show a marked reduction closer to
the site when compared to the forms of the axial dispersion
curve, figure 6.12, and the whole body weighting functions in
figures 6.11 and 6.15. Even without this interpretation the AGR
derived functions may result in pessimistic site conditions.
There is an exclusion area, extending to 1 km from an AGR with
a prestressed concrete pressure vessel for residential popula-
tion implicit in the limiting siting criteria (Gronow and
Gausden, 1973). The discussion of these weighting functions by
Shaw and Palabrica also questions the averaging process within
the 10% plume limits as well as the sensitivity of the thyroid
to mixed releases of radioisotopes of iodine and associated

nuclides,

The results of applying these weighting functions to the
residential population distributions about the real sites (1 to
9) will be discussed in the following sections. Comparisons will
be made between the use of W/CP and ED census data as well as
discrete and interpolation methods of applying the weighting
functions within 30 km. The effects of different angular widths
of sectors will be discussed along with extensions of the weigh-

ting functions to 100 km.
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Figure 6.15 Weighting function for the whole site out to
a distance of 100 km, derived from indivi-
dual weighted whole body dose commitment from
the cloud after a release from a notional AGR
accident 4 dispersing under slightly unstable

conditions.
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Section 6.3.1 Comparison of site and sector weighted populations

in the locality of eight sites.

The use of NII weighting functions out to 30 km for 22£
sectors will be discussed initially followed by those results
for 30 sectors out to 20 miles. The effects of using W/CP or
ED population census data and the associated accuracy for the
location of "worst'" sectors will be discussed. Differences in
the site and sector weighted population totals for combinations
of pophlation data and discrete or interpolated weighting func-
tions are considered. Discrete and interpolated weighting can

be formulated as below:

Discrete weight for populatinn K (P(rk)),

where ry_qSTpsTy is W(rk)=W((ri+ri_1)/2)=W(ri)

Interpolated weight for population K (P(rk)), ]
where ry_q<T<ry is W(rk) estimated by an interpolation
scheme between the set of values of W(ri) in logarithmic

coordinates.

The site weighting function, from figure 6.13, has been
applied to the populations within 30 km of each of the sites 1
to 8. Table 6.7 gives the results for the two population sets,
W/CP and ED, with the discrete and interpolated weighting systems.

Site 1 is clearly the poorest of the eight sites out to
30 km. Sites 2 and 3 have similar site weighted population
totals by 30 km but some of this is produced at short distances
about site 2, which could be a less desirable characteristic.
Site 4 may have a smaller total site risk than sites 1 to 3 but
it has a greater contribution at short distances than site 3, but
this could be due to the details of the local ED structure rather
than a true residential population. The site weighted population
totals decrease to the values for sites 7 and 8, but, as noted
earlier, site 7 has relatively large contributions at short
distances. TFor these eight sites there is only an order of
magnitude difference between the extreme sites by 30 km, where
this relative difference increases as smaller radial distances
are considered. A wider selection of sites, to include the
remoter locations in the UK, can extend the lower limit of this
range by a further order of magnitude. The upper limit of

these sites is very close to the site limiting criterion so no



Table 6.7 Site weighted population totals with distance

from site

Distance (km)

n.5-1 | 2 3 5 8 12 16 30

*WCP /I 9.56(4) | 2:64(5) | 9.53(5) | 1.60(8) | 1.84(6) | 2.18(6)
1 ED/D 7.21(4) | 3.19(5) | 1.03(6) | 1.68(6) 1.:222; z.z;iz)

i 1.66(6) . .
-%;ﬁ 1.66(5) ii?@ié% ii?gﬁgg 223§§§§ 6.65(5) | 7.33(5) | 1.05(6)
9 E/D |2.68(4)}1.46(5) | 1.95(5) | 3.25(5) | 5.81(5) | 6.59(5) | 7.28(5) | 1.04(6)
BT (e S S SRS T
3 E/D 5.51(3) | 1.04(4) | 1.52(5) | 2.15(5) | 3.71(5) | 1.0676)
E/D 7.35(3) | 1.24(4) | 1.52(5) | 2.17(5) | 3.67(5) | 1.10(8)
W/l 3.94(4) | 9.99(4) |1.32(5) | 2.54(5) | 3.40(5) | 9.35(5)
4 E/D 5.89(3) | 3.91(4) | 1.04(5) | 1.44(5) | 2.45(5) | 3.43(5) | 9.78(5)
E/I 4.62(3) | 3.55(4) | 9.79(4) 11.36(5) | 2.43(5) | 3.41(5) | 9.44(5)
W/I 1.80(4) | 1.80(4) | 5.77(4) |7.03(4) | 1.04(5) | 2.40(5) | 6.45(5)
5 E/D 7.97(3) | 7.97(3) | 5.56(4) |7.02(4) | 1.09(5) | 2.40(5) | 6.62(5)
E/I 7.76(3) | 7.76(3) | 5.25(4) [6.75(4) | 1.04(5) | 2.31(5) | 6.45(5)
W/ T 3.66(4) | 3.66(4) | 3.74(4) ]5.83(4) [ 1.08(5) | 1.90(5) | 4.60(5)
6 w/p 4.89(3)1.43(4) | 1.43(4) | 2.44(4) |4.11(4) | 1.06(5) | 1.77(5) | 4.41(5)
L/I ]5.20(3)1.26(3) | 1.26(4) | 2.57(4) |4.23(4) | 1.03(5) | 1.77(5) | 4.42(5)
, B/1 6.56(4) | 7.65(4) [9.63(4) | 1.13(5) | 1.34(5) | 2.06(5)
7 /D 1.07(4) | 5.49(4) | 8.74(4) {1.06(5) | 1.21(5) | 1.42(5) | 2.22(5)
E/I 9.09(3) 4.90(4) 8.60(4) 1.05(5) 1.21(5) 1.42(5) 2.14(5)
W/I 3.75(4) | 4.35(4) | 5.22(4) | 2.22(5)
8 /D 4.74(3) | 4.74(3) | 9.84(3) |3.83(4) |4.77(4) | 5.61(4) | 2.42(5)
A 4 13(3) | 4.13(3) | 9.61(3) [3.93(4) |4.96(4) | 5.84(4) | 2.27(5)

* W W/CP population data

'E ED

1 1"

dis&rete /
interpolated
weight

99¢
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other with a higher site risk factor could be considered for

the AGR's with a prestressed concrete pressure vessel.

By 30 km the differences between the three combinations of
methods is less than 10%, and in many cases only about 1%
(see chapter 4). In rural areas the differences in the resolu-
tion of the W/CP and ED population data is most apparent,
especially at short distances for the most isolated site 8. With
the structure of the intervals over 70% of the relevant area
about each site is contained in the annulus from 16 km to 30 km,
where W/CP data is of adequate resolution. This last zone can
dominate the characteristics of some sites so producing apparent
agreement between the different methods of calculation for the
whole site. 1In fact there is good agreement, at most 10%
deviation, for all sites to within 8 km (5 miles), and even
closer for the semi-urban sites 1 and 2. This common agreement
is dependent on the population distributions about some very
different types of site, so is an important factor when assessing

the mode of weighted population calculation.

A more severe test is a comparison of the "worst" 22%°
sectors about these eight sites. A sector has proportionately
more perimeter for a given area than the concentric circles
evaluated in the last paragraph, so greater fluctuations can be
expected in the population centroids which are contained by
particular sector and zone boundaries. Also the sensitivity of
the direction of the "worst'" sector to the type of population

statistics can be investigated.

Discrete weighting functions were used, as is done by the
NII, to choose the "worst" 224° sector, where the radial distance
dependence of the resulting sector weighted populations are
given in table 6.8 for each site. For comparison the total
sector weighted population using interpolation methods for the
chosen worst sector are also given for each population set (W/CP
or ED). The initial angle clockwise from ¢’ north by which the
worst 22%;o sectors can be identified are entered in table 6.8,
where these were calculated to the nearest 3° . The difference
between the worst 225 sectors chosen using discrete weighting
for W/CP and ED population sets was about 3 at most. This
is good agreement as one W/CP centroid may contain the population
for more than a dozen ED's, so can represent an area with dimen-
sions several times those of the small census units.
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Téble 6-8 Comparison of W/CP and ED worst sector
weighted porulations.
r 1 2 3 4
lzm, WCP ED WCP ED WCP ED WCP ED
3173 3143 24 221 1651 1681 177% 179
Discret2
T 1 | 2.99(4)
-2 . 1.75(5)(.1.24(5)
311.21(5)13.86(4)] 1.75(5)} 1.73(5)| 8.94(3)|5.58(3)
5/11,70(5)(1.38(5)] 2.85(5){ 2.82(5)18.94(3)(7.27(3) 8.65(2) 8.65(2)
8i3.54(5)|2.70(5)| 3.68(5)} 3.35(5)11.84(4)11.48(4)] 1.51(3) 1.49(3)
12/3.85(5) |2.87(5)| 3.77(5)] 3.41(5)[2.86(4)(2.18(4)] 3.07(4) 2.93(4)
16|3.94(5)(2.98(5)! 3.86(5)[3.50(5)|6.84(4)|5.48(4)| 3.07(4)| 3.44(4)
»304.73(5) 3.83(5)] 3.91(5)] 3.51(5)|3.48(5)3.38(5)| 2.96(5) 3.04(5)
Iiterpolated
3014 .70(5) [3.90(5)]| 4.20(5){3.52(5)|3.76(5) {3.70(5)| 2.71(5) 2.77(5)
r 5' 6 7 &
km[Fep ED wCP 5P WwCPp ED wCp ED
207% 206 % 1263 127 234 237% 3403% 3373
Discrete
2 4.96(4)|1.00(4)
o 4.96(4){1.00(4) 8.05(4){4.47(4)
5 2.81(3) 5.04(4)11.08(4) 8.05(4)|5.17(4) 4.93(3J
8 4,78(3)1 6.20(4)(1.53(4)]| 8.32(4)(5.46(4){1.48(4),1.77(4)
0| 8.69(3) | 1.30(4)/6.66(4)[3.17(4)] 8.48(4)[5.66(4)11.97(4)|2.15(4)
16 1.63(4) 1.94(4) 1.11(5){6.83(4)| 8.65(4)(5.82(4) {2.04(4)(2.22(4)
30} 1.51(5) |1.50(5)|1.17(5)|7.42(4)|9.92(4)|6.57(4) |5.24(4){5.56(4)
Interpolated 7.27(4)] 8.31(4)16.35(4) |4.33(4)|5.(0(4)
30 1.25(5) [1.26(5)[1.07(5)
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The worst sector weighted population totals about these
eight sites range, again, within one order of magnitude. The

ED populations with interpolated weighting functions can be
regarded as the most probable values and are usually within

10% of the discretely weighted ED data by the final distance

of 30 km. Greater differences, of up to about 20%, can exist
between the two weighting methods applied to W/CP population
distributions in the worst sector. There is a slight trend for
the interpolated results to be pessimistic for the larger total
sector values and optimistic for the less critical worst sectors
when compared to the discretely weighted values, but this is
probably not significant as only eight sites are sampled.

Weighted W/CP population sets for the more populated worst
sectors are within about 25% of the estimates using ED data..
This uncertainty in sector risk can extent to about 40% for the
more sparsely populated sites, particularly site 7. As expected
larger differences occur between the results using both popula-
tion data sets at short distances from a site. Where the
critical group contributing to the worst sector weighted popula-
tion total is close to the site, this effect can dominate the
final difference at 30 km, such as sites 6 and 7 (table 6.8),
There are several situations in which these differences can
arise. In some cases, such as sites 5 and 8, the ED population
can lie much closer to the site than the appropriate W/CP, so
can contribute more to the total sector weighted population.
W/CP's close to a site can draw people into the worst sector
from ED's which are actually outside the worst sector. This
effect at short distances can still be important out to 30 km,
as in the rural sites 6 and 7 and the semi-urban sites 1 and 2,
although there are other complexities within 12 km of the sites
1l and 2. Differences produced at short ranges are normally
relatively unimportant where the population in the last zone,
beyond 16 km, dominates, as for sites 3, 4 and 5.

The worst 22; sectors using the NII discrete weighting
function overlap significantly with the worst 30" sectors in
figures 6.2 and 6.4 to 6.10 derived by interpolation of a
weighted whole body dose from a mixed fission product release.
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These narrow NII derived worst sectors to 3Ckm can also be
compared to those sectors for these sites derived by using

the same basic weighting function but for 35 sectors out to
20 miles (32 km). The gross weighted population (ED data) in
each worst sector can be compared as the weighting functions
take into account the angular width of the sector (see section
6.2.1), as is done in table 6.9 along with the centre lines of

the worst sectors.

Given a uniform population distribution about a site there
should be no difference between the weighted population totals
associated with 22§ and 30 sectors when the sector weighting
function is defined as in section 6.2.1. For non-uniform popu-
lation distributions the narrower worst sectors will tend to
be more sensitive to the most densely populated areas close to
each site. The total worst 22§ sector value can be expected
to be greater than that for the 30 worst sectors, as only the
most populated portions of the 36 sectors will contribute to
the narrow sector. The greater range, to 20 miles, for these
30 sectors may add a small contribution to counteract the
effects of the narrower sectors. If a large population centre
lies between 30 km and 32 km there may be a major change in
the total worst sector weighted population and, possibly, in

the direction of this sector.

The results in table 6.9 show that the narrower séctors
generally have a larger total risk than those for the 36 sectors,
as was suggested in the previous paragréph. Even so most sites
have very similar directions for the worst sectors, where the
centre lines only deviate by a few degrees. There are two

exceptions in sites 6 and 8.

Site 6 has the most extreme difference where totally sepa-
rate sectors have been chosen by these two methods. The worst
30° sector out to 20 miles (32 km) only has contributions from
population groups beyond 16 km, where this is a series of towns
and cities. These long range groups just dominate the short
range contributions in other sectors. The use of discrete
weilghting in producing this risk value and choosing the worst
sector may not be the best representation, as the corresponding
interpolated sector total is over 20% lower, but at 7.65.10%
is still larger than the 22§ sector risk to 30 km (discrete

weighting). When the site 6 characteristic from figure 6.8 is



TABLE 6.9

Comparison of sites' worst sector risk factors when considered to 30 km and 20 miles for
22% and 30 sectors respectively (AGR weighting function)

22§ sector

30° sector

Site Sector risk Sector risk
to 30 km axis of (discrete to 20 miles axis (discrete
worst sector ED data) of worst sector ED data)
1 326 3.82(5) 328 3.55(5)
2 34 3.51(5) 36 3.10 (5)
3 180 3.38(5) 177 2.91(5)
4 190 3.04(5) 192 2.62(5)
S 218 1.50(5) 217 1.28(5)
6 138 7.42(4) 347 9.73(4)
7 249 6.57(4) 247 5.81(4)
8 349 5.56 (4) 355 4.18(4)

143



272

o
studied there are several almost equally important 30 sectors
when an interpolated whole body weighting function is used to
30 km, so the "worst'" sector at this site is particularly sensi-

tive to the calculational methods.

The other exception occurs for the relatively isolated
site 8, where the sparsely populated rural areas have large
ED's which do not give as good resolution, on average, as in
other sites. The difference of the weighting function at the
extreme edges of the ED's to the value at the population centroid
may be a significant effect at short distances even in the
interpolation method of risk estimate. These effects could mean
that differential effects due to the size of the worst sector
could be more important for this site than for more populated

sites.

The results of this section show that discrete weighting
functions out to about 30 km may be adequate for whole site
assessment purposes but have to be considered carefully when
applied to assessing "worst'" sector. The population about a
site may mean that a worst sector is critically dependent on
the selection process, as for site 6. Detailed close-in (less
than 5 km) distributions should be used for the most accurate
results. Also the radial distribution of weighted population
along the worst sector, or generally for the whole site, may be
important in assessing potential early fatalities from a major

accident.

Section 6.3.2 Site and Sector assessment extended to 100 km

from a site

In this section a comparison will be made between the exten-
ded thyroid weighting function and the whole body weighted dose
commitment derived for the severest notional AGR accident. Ward
and Civil Parish population census data are used for these
results out to 100 km and should be of adequate resolution due
to the domiﬁance of the more distant populations about the

majority of sites.

Both discrete and interpolated results for site weighted
population totals are given in table 6.10. Due to the applica-
tion and definition of the site weighting function this can be
used as a method of relative comparison of the spatial popula-
tion distributions about sites. As noted earlier beyond 8 km



Table 6,10 NII site weighted population values

Site

273

Distance

(km)

8

12

16

30

50

75

100

1 D|{3.06(5)
.64(5)

-
Do

.05(6)11
.53(5)

-

.64(6)
.60(6)

1.85(6)
1.84(6)

2.20(8)
2.18(8)

2,.75(6)
2,72(6)

2.89(6).
2,87(6)

3.04(86)
3.01(6)

2.97(5)
3.16(5)

[\
= O

1920 © =

.89(5)
-90(5)

[$2 o))

.96(5)
.65(5)

7.24(5) (1

7.32(5)

.04(6)
1.05(6)

1.37(6)
1.39(6)

2.18(6)
2.14(6)

2.69(6)
2.67(6)

. 73(3)
-27(4)

w
= O
= ©

=

:96(5)

1.55(5)

N DN

,17(5)
.16(5)

.69(5)

1.05(6)
.09(6)

-

1.64(6)
1.69(6)

1.93(6)
1.99(6)

2.21(6)
2.26(6)

.06(5)
.99(4)

oS
= g

1.37(5)
1.32(5)

2.58(95)
2.54(5)

.46(5)

3
3.64(5)
3
3.40(5)

-69(5)
.35(5)

© ©

1.46(6)
1.45(6)

1.82(6)
1.84(6)

2.21(6)
2,20(6)

.20(4)
L77(4)

w
= g
au | ©

7.03(4)

.43(4)|1

.10(5)

1.04(5)

2.52(5)
2.40(5)

.66(5)
-65(5)

[e2 T o))

=

.12(6)
.10(6)

=

2.15(6)
2.07(6)

2.93(6)
2.89(6)

.75(4)
3.74(4)

o
-~ O
1SS

7.02(4)

w

.83(4)

1.23(5)
1.08(5)

2.01(5)
1.90(5)

1N

.71(5)
.60(5)

1N

.02(86)
.94(5)

© =

1.40(6)
.39(6)

=

1.56(6)
1.55(6)

8.97(4)
7.65(4)

-J
= g

.10(5)
.863(5)

,26(5) |1
.13(5)

-47(5)
1.34(5)

.26(5)
.05(5)

[\

12N

.03(5)
.92(5)

w

.40(5)
.40(5)

6.36(5)

6.44(5)

o)
)

00
I -

w w ©

.65(4)
-75(4)

.25(4)
- 35(4)

.07(4)

\]

.37(5)
.22(5)

\}

-12(5)
.90(5)

w b

.95(5)
.76(5)

[«) )] o w

1.28(6)

1.33(6)

4,95(4)
4,89(4)

©
= O

LT

.97(4)
.91(4)

1.57(5)
1.56(5)

.19(3)

5
5.22(4)
2
2,21(5)

4.88(5)
4,64(5)

b

.12(6)
1.09(6)

oo

.24(6)

.26(6) |1

.32(6)
1,30(6)

Note: D - Discrete (centre of zone) weighting

I - Interpolated weighting factor applied to

each W/CP
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the interpolated and discrete estimates of weighted population
for any site are in good agreement. Several sites, 2 to 5
inclusive and site 8, have larger contributions from the 75 km
to 100 km annulus than has site 1. Only a factor of five spans
the range of all these site weighted population totals, reflec-
ting the fairly high population densities found over a large
portion of Britain, particularly in England. It is also more
difficult to distinguish between these relative levels associa-
ted with each site than is the case for results out to 30 km
(see table 6.7).

The discretely weighted site populations, derived from the
weighted (ICRP-26) whole body dose due to the worst AGR accident
released under slightly unstable conditions, are given, accumu-
lating out to 100 km, for each of these nine sites in table 6.11.
It should be stressed that these values cannot be directly
compared to those based on thyroid dose commitments, only the
relative results within each set can be usefully compared. The
discrete whole body site weighting function in the last two
zones are in the ratio 1:0.78, while the respective extended
thyroid function has a ratio of 1:0.55. This reflects the
imposition of a 1 km high inversion on the dispersion under
category C conditions, while the nominal iodine release is assu-
med not to reach any explicit inversion, under category F
conditions, so continues to mix vertically but at a reduced rate
far from the source. The effect of this different distance
dependence is to make both sites 2 and 5 worse than site 1, due
to distant metropolitan areas receiving relatively greater weigh-
ting with this second site assessment function. Also site 8
now exceeds sites 6 and 9 in overall risk due to a similar
effect. A factor of five still covers the range of all site
risk totals out to 100 km, only the relative values of the sites

~have been altered by using a different site weighting function.

When the two appropriate 22£ sector weighting functions
are applied, discretely, to the population distributions about
each site the worst sector direction predicted by both functions
is found to be the same to within the § resolution available.
As discussed in section 6.2 these worst sectors by 100 km:are

not always related to the worst sectors by 30 km for a given



Table 6.11

Site weighted population values based on the

notional whole body dose function for nine sites,

Collective site weighted population totals by the distances (discrete

Site 5 km 8 km 12 km 16 km 30 km 50 km| 75 km 100 kmmethOd)
1 |2.06(5)16.32(5)]9.88(5)11,12(6)|1.36(6)]1,81(6)]1.95(6)]2.16(6)
2 12,12(5)13,80(5)} 4.20(5)|4.63(5){6.80(5){9.51(5)|1.75(6)|2.46(6)
3 16.97(3)1(9.13(4)}1.28(5)(2.21(5)|6.87(5)|1.17(6)|1.46(6)|1,.85(6)
4 17,16(4)(8.92(4)]1.62(5)[2.16(5)|6.41(5)]1.05(6)|1.40(6)}1.94(6)
5 (4,22(4) |4.92(4)| 7.07(4)11,58(5){4.41(5)!8,13(5)|1.84(6)[2.93(6)
6 | 3.64(4)[4.94(4)]8.15(4)|1.29(5)13.14(5)]7.66(5)[1.14(6)]1.37(6)
7 16.41(4)17.58(4)8.51(4)19.81(4)|1.52(5){2.98(5)|4.34(5){5.79(5)
8 - 2,10(4)|2.46(4)]12.96(4)|1.57(5)13,01(5)|5.81(5)[1.47(6)
9 13,18(4)13.19(4)|9.67(4)|1.35(5)|3.18(5);8.35(5){9.80(5)[1.06(6)

QLS
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site. The weighted whole body results have already been given
in absolute values (see table 6.5), which can be interpreted
directly as an appropriate collective dose to a population
group. Here each set of worst sector risks is normalised to

the appropriate worst sector total by 100 km for site one, where

these ratios are displayed in table 6.12.

Those sites, 1, 3 and 7, where both worst sectors to 100
km include some people within three kilometres of the site
centre have relatively larger contributions at short ranges with
the weighted whole body sector function. As has been noted
earlier the interpretation of the thyroid based function, within
the first kilometre, may account for a portion of this effect.
At the other extreme of distance the thyroid dose based sector
Weighting function is found to weight the most distant popula-
tion by a smaller extent than the AGR release based function,
where a similar effect was found for the site weighting func-
tions in the final zone. Only one site (5) has a '"worst" sector
of relatively higher weighted population than that of site 1 by
100 km. The relative differences between sites 1 and 5 are 16%
and 55% for the nominal iodine and AGR based release functions
respectively. These different excess values are due to the
distance dependences of the functions beyond 30 km. In the case
of site 7 about half the nominal collective dose to the popula-
tion in the worst sector accrues within 3 km of the site, where
the thyroid based function is relatively more optimistic than
that based on the weighted whole body dose. The relative reduc-
tion caused by this effect is retained out to distances beyond
50 km, where the thyroid based function again shows relative

optimism,

The thyroid based sector weighting function produces a
factor of about 5 which will cover the range of extreme worst
sector weighted population values for both weighting functions
out to 100 km. This similarity was also found between the site
values. A further similarity for thesé weighted population
totals out to 100 km is that the same factor covers both the
site and sector ranges of results, reflecting the interaction
of the W/CP based population data for each site and the different

weighting functions. The inherent assumptions of a straight
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Table 6.12

Normalised worst sector risks to 100 km (discretely

welghted) for NII and notional AGR based sector functions.,

.Normalised worst sector (to site 1 at 100km)
Site by é—given distance T

5 km| 8 km 12 km| 16 km|{30 km]| 50 km| 75 km| 100 km
1;JV?‘ 0.209(0.435 | 0.473 |0.484]0 581| 0.942| 0.998]1.0

X

0.228/0.415 | 0.447 |0.456|0.544|0.928/ 0.997|1.0
2T - - - 0.003[0.024 | 0,141} 0.367|0.526
W - - - |0.003|0.021|0.147] 0.424|0.659
3r [0.011{0.023 | 0.035 |0.084|0.428|0.450|0.451|0.466
W |0.013|0.022 | 0,032 |0.072|0.381]0.404}0.4130.427
4T  0.001]0,002 | 0.038 [0.038|0.364]0.418|0.431]0.442
W 10.001]0.002 | 0.031 |0.031|0.324|0.384]0.398|0.415
5T - - - 0.002(0.010|0.092|0.658 |1.16
W - - - 0.002|0.009 | 0.096|0.788 |1.55
6T - - 10.003 |0.005(0,054 {0.205|0.254 {0.280
W - - 0.002 [0.004 |0.048 |0.210(0.270 |0.309
7T 0.099 |0.102 |0.104 ]0.106|0.122 0.181]0.194 {0.211
W 0.112/0.115 {0,117 |0.119 {0,133 |0.196|0.211 {0. 239
8T | ~ [0.023 |0.023 [0.024|0.031|0.061{0.117 [0.523
W - [0.019 [0.019 [0.020|0.026 |0.058]0.127 |0.748
9T - - - 0.015 {0.070 |0.504 |0.574 |0.607
W - - - 0.012 ]0.062 |0.524 |0.607 |0.659

T S

*T=Thyroid based NII function, W=Whole body dose based
AGR function.,



trajectory for the release is used to derive these functions
may not be valid in all conditions out to 100 km, particularly

for stable dispersion in the atmosphere.

This and previous sections have shown that the relative
quality of sites and the associated worst sectors depends on
the detailed calculational methods applied. Some quite extreme
differences have been produced when considering the definition
of a "worst'" sector solely by a total nominal collective dose to
the population within a certain distance of a site. The next
section will give a method which attempts to further quantify
the effects of the radial distribution of a population group

about a site.

Section 6.4 Site and sector assessment to produce a ''quality"

factor

Limiting site and sector curves have been published which
are intended to apply to the siting of AGR's with concrete
pressure vessels. These criteria appear to require an exclusion
area extending to about 1 km from the site. The methods of
applying the weighting functions and producing the site depen-
dent characteristic "risk" curves are also given, where the
derivation includes many factors from earlier work (Charlesworth
and Gronow 1967 (87)). These limiting criteria (Rl) are defined

within zones as below,
(6.4) R?(ri)=z iPk *Wk , where k is either for the whole site

=ty

(si) or the most densely populated sector (se), Ty is the outer
radius of zone 1 where a uniform weighting function W? is
applied to any population P? within the zone boundaries from
r;_p tor; and P% is the limiting population for a given area at
any site. This extends to the Nth zone where rN=20 miles (or

a metric equivalent), and T is the centre of the site. The
weighting functions, as explained earlier, are based on inhala-
tion dose commitments to the thyroid and their use has been

demonstrated in an earlier section.

The sector cumulative characteristic curve 1is intended to
indicate the "risk" to the most populated sector at any site
while the cumulative site characteristic curve displays a
"risk'" to the whole site. As noted earlier the relative preva-

lence of different wind directions and the frequency of different
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weather categories in those directions could be taken into
account, if of significance. In most cases a uniform windrose
will be applied in each site assessment, as in previous sections,
and only two notional examples of non-uniform windroses given.
The weighting functions have been derived for only one weather
category, so the full variations in the extent of dispersion

at any one site are not considered here, although some indica-
tions of possible consequences have been given in earlier

sections of this chapter.

For existing sites these limiting curves should not be
exceeded at any distance from the site within the outer boun-
dary ry. This condition is given below for both the whole
site and most populated sector,

(6.5) RE

(r.)<R§(r.) for all r.<r
site s 1 1 1

N: The weighted popula-
tion defined in terms of these weighting functions, at each
site can be estimated by this procedure out to ro. Although
the weighting functions preferentially weight nearby population
groups, due to the form of atmospheric dispersion, their proxi-
mith to the site may further enhance risks as there would be
less time for any emergency procedures than for more removed

communities.

Measuring the nearness of particular site and sector weigh-
ted population totals to the limiting values can be used to
assess the relative merits of the particular detailed population
distribution within a distance or ry- A relative '"'risk" factor
(fk) can be defined as below, normalised to the limiting
NII weighted population values,

N
k k
(6.6) f (rN) = R

T site s(r) dr

T . ..
f N Rk(r) dr . With the present defini-
r 1
0
tion of R% being in terms of uniform (discrete) weighting for
each zone (based on boundaries defined in miles (Charlesworth
and Gronow 1973)), the integration in equation 6.6 has to be
replaced by a numerical procedure. It is assumed that the
weighting factors for a particular site increase linearly from

ri_ 1 tor;, which smoothes out some of the site characteristics,

where 6.6 now becomes:



N

=1

I (RE  (r)+RS  (r )DF(r -t )/2

site s site s 1i-1 i i-1

(6.7) fk(rN)

N
k *

P (RE(r ) +RY (ry ) *(ry-1 1)/
i=1
The calculation can be rewritten in terms of a summation about
each of the weighting values,

N N
(6.8) k k N - K * -
L (RpCrg )+R (v 9))*(ry-ry_1)/2=L R (r)¥(ryq-15_3)/2,

i=1 i=1l m
where ro,=0 and for i>Nzri=rN. This means the larger intervals
in the zonal scheme weight the relevant more distant factors
"proportionately more, so this new "risk" factor may reflect
latent cancer induction effects better than any early fatalities
or morbidity effects at a site after an accident. An additional
condition to that of 6.5 can be defined from these new.relative

k (I‘i)<l.

"risk'" factor for any site as: (6.9) fsite S

This site or worst sector ''risk" factor, fk, has been
evaluated using the weighting values for 30 sectors (2) out
to 20 miles for sites 1 to 8 using ED population census data.
The results are given in table 6.13, where these factors have
been derived by discrete weighting of the relevant population.
The total site population does not always reflect the site "risk"
factors, due to the spatial distribution of population espec-

ially in rural sites.

These sites at present have either Magnox or Advanced Gas
cooled Reactors operating on them and in some cases two reactors.
All these sites could accommodate an AGR under the siting
criteria applied in these calculations. If reactor parks were
to be designed, with several reactors at one site, careful
consideration would have to be given to the independence of
the rectors under fault conditions. Operational, continuous
releases may impose a limit on the number of reactors at one
park, rather than this site assessment scheme. Assuming the
reactors to operate independently the number of reactors (NR)
in any one park could be increased until the site and (or) sector
weighted population tests reached the limiting values, where
the population groups at risk are factored up by this number of

reactors NR.



Table 6.13

to 20 miles at eight sites.

Relative risk factors for site and sector

se

Site | Axis of Total site popula- RSi(rN) fSi(rN) Rse(rN) (rN)'
worst 30 tion by 1,=20 miles | ;1 ,5¢-3 82 Limit=
sector (in *10°%) 6) - 1.27 (6)
1 328 1.07 2.16(6) 0.640 3.55(5) | 0.321
2 36 0.62 1.08(6) 0.310 3.10(5) | 0.369
3 177 1.14 1.16(6) 0.218 2.91(5) | 0.142
4 192 0,99 9.85(5) 0.182 2.62(5) | 0.101
5 217 0.73 7.32(5) 0.137 1.28(5) | 0.055
6 347 0.53 5.23(5) 0,094 9.70(4) | 0.033
7 247 0.17 2.37(5) 0.061 5.81(4) | 0.058
8 355 0.25 2.31(5) 0.038 4.18¢(4) | 0.025

185
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In general the relétive”risk” factor, £, for the worst
sector tends to be less than the overall site relative "risk"
factor, except for site 2. This is due to the detailed differ-
ences in the weighting functions where the site weights are
just dependent on the peak axial concentrations and, unlike
the sector weights, are not modified by any factors dealing
with the lateral spread of material in the atmosphere, which

tend to further reduce the weights at large distances.

The accuracy of these values can be estimated by an inspec-
tion of the "risk" values calculated by using continuous
(interpolated) weighting functions, as described earlier. Table
6.14 gives the ratios of the discrete to interpolated site and
36! sector weighted population values at rN(=20 miles) for these
sites 1 to 8. The site weighted population factors are quite
éccurately assessed by 20 miles while there is more variance
for the sector weighted population factors, where‘the extreme
value at site 6 is due to a large population beyond 14 miles,
as described earlier. At shorter distances the agreement
between the estimates is expected to worsen. Due to the defini-
tion of this relative "risk'" factor, fk, the accumulating
weighted population at large distances from the site is given
more importance, where most of the population about a site tends
to be in these outer zones, so this factor, fk, is not very

dependent on close in details of a site.

A quality factor for a site or sector may be expected to
increase with decreasing levels of risk. The '"risk" factor
(£) can be converted to a form of quality factor as in the two
equations below:

(6.10a) Q¥ = 1/:K : Q& > 1,

(6.100)  QF = - 1n(£) , Qg > 0. These values are

displayed for all eight sites in table 6.15, where a difference
of 0.693 in Qg represents a factor of two in the relevant
quality of a site or sector. A factor of about 15 covers the

site qualities, Q and a similar range occurs for the worst

a}
sector quality factors. This range of values is greater than
that found in the total site and sector weighted populations,
see table 6.13. The quality factors Qa are more readily

interpreted than the logarithmic based factors Q-



Table 6,14

Differences in the total site and sector weighted

V)

population by 20 miles due to discrete or
interpolated weighting methods.

Site (R () /R (myp)) (RY° (1) /RTE ()
1 0.96 0.97
2 1.03 1.04
3 0.98 0.89
4 1.01 1.04
5 1.07 1.13
6 1.04 1.27
7 1.04 0.97
8 1.03 1.01
Table 6.15 Quality factors for site and worst sector
derived from the limiting site and sector
risks
Site Qa>1 Q 5>0
site worst sector site worst sector
1 1.56 3.11 0.447 1.14
2 3.22 2.71 1.17 0.998
3 4.60 7.03 1.53 1.95
4 5.51 9,84 1,71 2.29
5 7.33 18.3 1.99 2.90
6 10.6 30.5 2.36 3.42
7 16.4 17.1 2.80 2.84
8 26.0 39.4 3.26 3.67

o
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The final topic in this section deals with a simple‘
example of the effect of accounting for the frequency of differ-
ent wind directions, under one weather condition. A notional |
windrose was assumed, see figure 6.16, which gave weights,

w?, to 10 intervals, j=1 to 36. The windrose is applied as
a multiplicative factor within equation 6.4 so that the simple

k R

*
weighting function is replaced by Wij=W? . Wj' This is norma-

lised by the condition below:

36 o
(6.11) Zj=l (W?—1)=O, where j refers to angles from (j-1).10

R

to (j.lO—lS'. A uniform windrose has all W' equal to unity.

The effects of this extra wind direction weighting function
for the category F release of iodine assessment scheme are only
given for the two sites 2 and 5. The whole site weighted
population, RSi(rN) can be expected not to be greatly influenced
by the application of the windrose. The population distribution
at most sites would extend over a sufficient portion of the
windrose -so that an averaging process occurrs between the

communities with weights W?

< 1 and W? > 1. This expectation is
borne out by these two sites for the nominal windrose (see table
6.16). If data for the frequency of category F dispersion condi-
tions at all UK sites were applied some sites' characteristics
may be altered by greater margins than in this example, where
most change could occur within sites 7 and 8 as only about half
the full windrose contains populated areas for these two rural,

coastal sites.

When the worst sector, with the greatest total weighted
population Rse(rN), is to be chosen after the application of
the windrose factors, more significant changes could be expected
than in the whole site as the population in a 30o sector would
not have the averaging properties of the whole site as referred
to above. The worst sector results with the windrose modifica-
tions are shown in table6.16 for sites 2 and 5. For site 2
the direction of the worst Bd’ sector does not change. Not
only is this worst sector more than twice the next worst sector,
see figure 6.4, so that the range of the assumed windrose
weights 0.7 to 1.4 can not overcome this difference,it also lies
in a direction which the assumed windrose favours more than an

average uniform windrose. This additional weighting reduces
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TABLE 6.16

Comparison of uniform and simple non-uniform windroses applied to AGR sector and site wieghting functions

(30° sectors out to 20 miles)

Site 2 Site 5
. Uniform Non-uniform Uniform Non-uniform

Quantity
Site risk
(inter., ED) 1.05(6) 1.17(6) 6.88(5) 6.66(5)
Qa (site) 3,37 2.78 8.01 7.92

o o o o
Sector risk (angle) 36 36 217 357
(discrete, ED) 3.10(5) 4.28(5) 1.28(5) 1.33(5)
(inter., ED) 3.00(5) 4.13(5) 1.13(5) 1.27(5)
Qa (sector) 2.71 1.97 18.3 9,22




the ''quality" factor of this worst sector by about 33% while
the total sector weighted population has been increased by
about 40%. |

Site 5 exhibits a different effect of the windrose, which
is a complete change of worst sector direction from 217 from
north to 35f, from north. There is only a small increase, less
than 10%, in the total sector weighted population between these
two cases, but the quality factor has been reduced by about 50%.
From an inspection of figure 6.7 these two sectors have almost
equal potential collective doses with a uniform windrose, with
a difference of about 10% in favour of that centred on 217 from
N, but that sector about 357° from N has much larger contribu-
tions from population groups closer to the site. These two
sectors at site ﬁ’are weighted by WR of 0.7 about 217o and 1,15
to 1.25 about 357 . Note that using a non-uniform windrose
also slightly affects the relative differences between the
discrete and continuous total sector weighted populations,

- where any effect would in general be very site dependent.

- This discussion has displayed that site factors may be
quite readily calculated, if only relative comparisons are to
be made on a single weather category, but exhibit slight depen-
dences on the range of site weighting functions used here. The
concept of a single "worst'" highly populated sector for each
site is much more dependent on the definition of sector boun-
daries and the details of the sector weighting function applied.
A comparison of site characteristics to the limiting criteria
has resulted in the definition of site and sector radially
dependent relative "risk" and '"quality" factors. Emergency
méasures, such as evacuation, may allow these weighting func-
tions to be modified close to the site, and a simple example is

given in the final section of this chapter.

Section 6.5 Modelling and assessing an evacuation

As noted in an earlier section of this chapter the modi-
fied site assessment computer program now allows evacuations to
be modelled. 1In the following discussion a Simple evacuation
scheme for the small village marked in figure 6.1 at site 1

is detailed. p



The lung inhalation dose commitment from the notional
filtered AGR release after a single channel meltout in an
intact coolant circuit is the basis of the time dependent dose
commitment factors used. The release from sequence 1 is factored
up so that the on-axis dose, 1 km downwind from the site, after
24 hours dispersing in average prolonged neutral conditions
equals the ERL for the lungs. The dose commitment from the
release with lower efficiency filters, sequence 2, has the same
factor applied, so gives correspondingly larger dose commitments.
These doses are uniformly spread over a 36> sector centred on
the small village (A), which is 1.6 km distant from site 1,
where the relative locations are given in more detail in figure
6.17. This uniform spreaa is intended to average over any
fluctuations in the distribution of plume material during the

period of evacuation.

Two time structures (a and b) of the evacuation are
examined, starting, réspectively, one hour and two hours after
the release commences. After each evacuation starts the evacuees
split into two groups which are assumed to move 700 metres
every 10 minutes to the locations, B and C, in figure 6.17, but
one small group, of 5, remains in the village throughout the
release. One evacuated group, of 95, leaves the 36, sector
immediately in this simplified model, while the other group, of
100, exits after 10 minutes. Ten people are assumed to enter

the area to aid in the origanisation of the evacuation.

Using the knowledge of the release building up in time and
the associated lung inhalation dose commitment 1 km downwind
(see chapter 5) the fractions of the total dose commitment
delivered during each of these small time periods of the evacua-
tion can be estimated. The fraction, which depends on the
starting time of the evacuation and the efficiencies of the
filters acting on the release, combined with the multiplying
factor assumed earlier, can be applied to the total lung dose
by an option in the computer program which calculates potential
collective dose commitments.

A breakdown of the collective doses received by each of
the groups defined above during this evacuation, along with
mean individual dose commitments, is given in table 6.17. When
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Figure 6.17 Diagram showing relative locations of the
reactor at site one and evacuees before
and during a notional cross-wind evacuation.
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Table 6.17

Breakdown of collective and mean individual doses to groups

within the notional evacuation scheme

Evacuation Schemes

No evacuation

Evacuation after 1 hr.

Evacuation after 2 hrs.

Total villagers
Non-eva
: Evacy Non-eva
=~CUEES | po. Luees ators Afotal —cuees | Evacuees|Evacuators total
Number of
people 200 S5 195 10 210 5 195 10 210
from 3.1
mean
individual(remj 21 21 5.0 0.1 5.1 21 5.1 0.2 5.6
collective dos
(man-rems) 4200 105 970 1 1080 105 1070 2 1180
from 5.2
mean
individual(rem)] 80 80 11 2.1 12 - 80 24 3.0 25
collective
dose 16000 400 2100 21 2500 400 4 800 30 5200

0e6g
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any of these modelled evacuations are carried out under these
particular conditions there is always an overall reduction in
the total collective dose to the members of the whole exposed
group. This occurs even when the number of exposed individuals
is increased by the evacuators and the evacuation path initially
involves approaching the reactor and being exposed to greater

dose rates for a short time.

The evacuation provides a dose reduction factor, to the
residential population, of about 4 for highly filtered releases
and between 6 and 3 for lower efficiency filters acting on the
release. In these examples the dose to the evacuees is primarily
due to that received before evacuation commences as a crosswind
rather than a downwind evacuation path is assumed. When the high
efficiency filters are applied to the sequence 1 release after
an hour the rate of delivering a Jlung dose commitment is
markedly reduced and little is gai.ed by evacuating affer only
one hour rather than two hours. With the low efficiency filters
there is a stronger case for evacuation after one hour, rather
than two, as the collective dose commitment more than doubles
during this second hour. Shielding effects on external expo-
sures, and the air flow through, houses and vehicles have to
be considered when making a decision on evacuation and on other
likely doses which could accrue and have been neglected in this
simple treatment. It has been noted, in chapter 5, that in
these filtered releases the cloud gamma exposure after the ini-
-tial hour is not of great significance relative to the whole
release and the inhalation dose commitments. In both filtered
release sequences the collective dose commitment to the evacua-
tors is relatively small compared to that of the evacuees, but
is much larger in absolute terms for the release acted on by
the low efficiency filters. The individual dose commitment
expected to be received by these evacuators may be relevant to
the type of personnel chosen, or allowed to volunteer, as well
as any protective devices they might carry.

The methods outlined here for modelling evacuation of
population close to a site could be done in much greater detail,
provided all the relevant data were available, including local
dispersion conditions as well as effects of topographical
features. Larger scale evacuations might be modelled in a
similar fashion but the detailed time steps could rapidly become

cumbersome. A possible solution to this problem could be to
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modify all population centroid coordinates, and retain this
modification for later calculational steps, so that these
groups were progressively distanced from the site. Considera-
tion of any detailed plans for a mass evacuation may provide

alternative methods of calculating relevant collective doses.

The strategy of a mass evacuation would be more complica-
ted, lasting for long periods, and probably involve higher
non-radioactive risks than a small scale evacuation from the
immediate vicinity of a site. Also modelling plume dispersal
during the extended period required for mass evacuation would
demand sensitivity tests to changes of dispersion conditions.
At some sites, and potential sites, large scale evacuation may
encompass hospitals which could greatly increase risks due to
the transport of patients and interruption of medical services.
The need for emergency plans to include the possibility of mass
evacuation has been highlighted by the recent (March/April 1979)
accident involving the core of the PWR at Three Mile Island
(Penn., USA), althoughmcomparable accidents may be much more
remote events in gas cooled reactors. In this case many resi-
dents left the area of their own volition, which may be a
general effect which has to be considered for some types of
large scale industrial accidents. Long term evacuation poses

greater political and financial problems.

Section 6.6 Summary of Results

The previous section has shown that evacuation can
be used to reduce the risk of population groups close to a site
in the event of a release of radioactive fission products. This
effect will be site dependent so should not be incorporated in
any general site or sector weighting functions or related
limiting criteria. Other sections of this chapter have shown
that all sites cannot be'simply assessed by any one set of
fixed assumptions but each has to be considered in detail. A
more comprehensive site assessment scheme would involve many
of the points mentioned previously. The definition of a "worst"
sector has to be considered in the light of any responsibilities
or restrictions involved with that population group. The sensi-
tivity of the results of any scheme to variations in the
inherent assumptions would be a vital factor in defining confi-
dence in the choice and long term surveilance of the site of

a nuclear installation.
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CHAPTER SEVEN

CONCLUSIONS AND SUGGESTIONS FOR FUTURE WORK

Section 7.1 Conclusions from this work

Improvements have been made to the dispersion and depletion
routines in the WEERIE code as well as additions to the methods
estimating external exposures. The ability to evaluate collec-
‘tive doses has been increased to provide information applicable

to siting criteria and possible emergency procedures.
The conclusions from this work can be summarised as below:

i. The incorporation of a practical element dependent deposi-
‘tion model, for dry and wet depletion, is a significant improve-
ment on the previous simple model allowing more detailed results
to be readily obtained, with the major benefit occurring in
predictions of ground contamination levels, as successfully
demonstrated with a range of notional MAGNOX and AGR releases.

ii. Diagnostic properties derived from the improved predictions
of inhalation dose commitments, external exposures, time inte-
grated air concentrations, disintegration counts and ground
contamination for the range of notional AGR releases suggested
that external gamma spectra could be the most sensitive indicator

of the type of release.

iii. The prolonged (1 day) notional AGR release, assuming opera-
tional leakage, emphasised the crude modelling of resuspension
from filters and the problems of dealing with the transport of

a radiologically significant element which exists in several
different forms in a reactor.

iv. External gamma exposures from deposited activity at a given
downwind distance can exceed the corresponding external cloud
gamma exposures after about a day, when dispersion occurs in
typical neutral conditions and depletion is only by dry deposi-
tion for the notional AGR releases, or a shorter period for the
most extreme case considered. In these cases, except for a
restricted range of conditions, external ground exposures only
deliver doses which are more significant than inhalation doses

over a prolonged period.



ii.

iii.

iv.

vi.

vii.,

Redefinition of the routines which model the build up
of activity in the reactor core to include heavy

elements and activation products.

Generalise and improve the model of transport of
activity through a reactor to the atmosphere and so
be able to cope with a wide range of reactor types

and containment systems.

Incorporate models to estimate potential doses from

heavy elements released to the atmosphere.

Include methods for deriving more realistic gamma

spectra from airborne and deposited activity.

Parameterise the dispersion coefficients to allow a
continuous range of conditions rather than discrete

categories (e.g. in a form to use site derendent data.)

Comparison of Gaussian dispersion models to more
detailed models for special cases (e.g. fumigation,

land-sea interface, plume rise etc.)

Provide estimates for food chain doses from ground
contamination (but this may lead to the development of
a separate environmental code which could also allow
for general weathering and other redistribution effects
on amounts of activity which were initially predicted
by WEERIE).

Future aims to improve methods for calculating collective

doses and related site quantities include:

i.

ii.

iii.

Derivation of weighting functions for various mixed fission

product releases characteristic of categories of accidents

in different reactor types e.g. LWR's.

Allowance for site and time dependent dispersion and

extension of the meteorological descriptions at the far

downwind ranges of assessment areas.

.Further improvements to the resolution of population census

data at short distances from the site, such as using 100

metre grid data.
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v. Ground contamination for these notional AGR releases is
above DERL's, for potential food chain doses, at larger down-
wind ranges than that for which inhalation dose commitments

exceed ERL's.

vi. Weighted whole body collective dose commitments, using

the recommendations of ICRP 26, can be used to estimate potential
casualties at a site resulting from a notional mixed fission
product release. This can be used to provide a means of compa-
ring site qualities, by deriving appropriate site and sector
weighting functions which are directly related to potential
fatalities. In comparison the nominal jiodine siting factors
cannot be directly related to the source of the majority of
potential casualties, or the critically exposed organ in all

the cases discussed in this work.

vii. The selection of a worst sector has been shown to be
sensitive to both the radius of the sector and its angular width,
where if the latter is reduced this tends to produce the selec-
tion of higher density population groups. Also there may be
several sectors of almost equal concern by a given distance, say
30 km, from a site and these may bear no relation to the popula-
tion distribution in the immediate vicinity of the site.

viii. Centroid population census data (ED and W/CP) can be
edited to allow for detailed site characteristics very close to
a reactor and for evaluating local evacuation schemes. Regular
1 km and 100m grid data can represent a residential population

to an equivalent degree of accuracy.

Section 7.2 Suggestions for future work

Two categories for possible future work can be identified
as relating to the WEERIE code and methods for assessing
collective quantities, such that a review of even extremely
improbable releases from a reactor at any site could be under-
taken.

Some major items for future work on the WEERIE code include
the following topics:



iv.

vi.

vii.
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Effects of age,gender and diet on collective doses and

consequences.,

Detailed evaluation of collective doses to transitory

population erouns.

For prolonged Treleases detailed cases could be
considered, associated with real meteorology data, to

evaluate collective doses.

Methods for associating the probability of incurring at
least a given collective dose with risks to health, or

other appropriate quantities.
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APPENDIX A

This appendix deals with the methods used to calculate
the external gamma exposure rates from contamination on a
smooth plane, which should be representative of deposits from
plumes on the ground given appropriate corrections (see chapter

3.3).

Section A.1. Exposure from an infinite uniform deposit of

gamma activity on a smooth plane.

This appendix describes the development of a numerical
;outine, in a form which could be incorporated into the WEERIE
model, to estimate external'gamma exposure rates from activity
deposited from a plume of mixed fission products. The problem
ié initially represented by the source material located in an
infinite homogeneous medium using build-up factors on the
direct flux to be able to derive a total exposure rate.
Corrections for the presence of the‘ground can then be applied,
after which the detailed effects of different grid systems for
the numerical calculation are considered. The conversion of
the derived build-up factor exposure flux, in terms of source

photon energies, to an overall exposure rate is discussed.

This provides a well documented problem which can be used
to test the results derived by the model under development, so
finally comparisons are made between the results of this routine

and those from previously published work.

Section Al.1l., Infinite medium build-up factors for point

sources.

The exposure about one metre above a deposit of gamma
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emitters can be taken as that relevant to potential irradiation
of people. This defines the receptor point for the calculations

which follow.

The intention of the method used here is that the
deposited activity, in this case of infinite uniform extent,
can be adequately represented by an array of point sources.
Further it is assumed that the direct flux from each point
source can be multiplied by an appropriate build-up factor, so
that the exposure due to scattered photons is also included in

the calculations.

The geometry of this particular problem can best be
characterised in cylindrical polar coordinates (p,¢,z), where
there is no dependence on the azimuthal angle (¢). Hence

. . . . th .
figure A.l shows the basic relationship between the n point
source on the ground (p = p_, 2z = 0) and the receptor at

n

(p = d, z =1 m.). The direct path between these two points
is: (A.l) r =(pi + l)%, where this distance is used to
determine the direct flux (Nd) from geometric and attenuation
considerations. It is assumed that the nth point source has

a strength Sn (dis per unit time), which is determined by the

area it represents.

The number of photons crossing an area dS at the receptor,
. . . . th .
per unit time, having travelled directly from the n point

source of strength Sn is, taking into account the solid angle

subtended by dS from the point source, (A.2) NidS = Sn;dS e Mo F

4'rrr2
n



FIGURE A.1

A Diagram of a receptor above a smooth plane

containing a point source.
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where g is the linear attenuation coefficient in dry air.
The source photons are assumed to be emitted isotropically,

which should be the case for a mixed fission product deposit.

To calculate an exposure the direct flux of photons of
enerxgy EO has to be converted by appropriate build-up factors
(B(ur +E )). The build-up factors used in WEERIE, for cloud

n o
gamma estimates, are for energy deposition in an infinite air
medium for point sources (Berger (88)). These factors were
stored for twelve energy groups, as proposed by Sidebothanm,
where the energy deposition values should be equivalent to

those for exposure in this type of calculation (Chpt. 4.3.1.2

(57))

Due to the closeness of the receptor point to the deposit
special attention was.paid to these build-up factors within
the first mean free path, in this initial development. A
guadratic formula was used to produce compatible build-up
factors within this range (Chilton 1967(78)). These factors
can be expected to allow the exposure to be estimated to an

accuracy better than about 10%.

Hence the exposure flux at energy E, from the n h point
E , E d
source (N ) can be defined as (A.3) N .dS = S N ,B(ur ,E).ds,
n n n n n
where yu = u(E). This has to be summed for all point source
contributors on the infinite smooth plane to give the total

exposure flux at this energy. (A.4) NE.as = dSZZ _ lNi'

Section Al.2. Introduction of ground correction factors

The problems involved in a gamma exposure calculation



305

where the receptor point is close to a smooth plane boundary
of two semi-infinite homogeneous mediums have been intensively
studied. Some of these results have been applied to the

development of the required external gamma exposure routine,.

The two media concerned in this calculation are soil
and air, both of which are composed primarily of elements with
low atomic numbers. The attenuation coefficients in a given
medium are normally directly proportional to the density of
Fhat medium, particularly for low density materials such as
air. Despite the large differences in density these two
materials have similar scattering properties, when distances
are expressed in units of mean free paths for gamma rays with
initial energies well above that where photoelectric effects
are important (i.e E>a few 10's of keV). fhis enables some
simplifications to be made in both theoretical and experimentally

derived results (Berger 1957(90), Clifford and Wait 1966(91)).

Bs a result of these studies'ground correction factors
(K(up,ur,h,E)) have been derived for a point source in air at
or very close to the ground surface (Chpt. 4.5.12 (57)). These
are intended to correct the point source build-up factors
derived for an infinite homogeneous medium for the effects of
the scattering and absorption of the ground. Some general

properties of these correction factors are described below.

When the receptor point is close to the ground and is
well removed from the source, say up<l.5, then the correction
factor approa'ches one half. This represents the long range

probability for photons travelling close to the boundary,
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which go direct to the locality of the receptor, being in
either the dense ground or much less dense air. Any photons
which start travelling close to the surface in the dense medium
are rapidly attenuated compared to those in the less dense
medium, for one distance scale. Hence, given a source which
emits uniformly in all directions, only those original photons
travelling close to the surface in the less dense medium will

reach a distant receptor near the ground.

In the case where the receptor and point source, on the
ground, are very close another important effect has Been
observed. Within this region back-scattering of photons,
initially emitted into the dense medium, can increase the
exposure rate at the receptor. Detailed differences very
near to the source can be caused by different theoretical
and experimental devices to avoid problems of representing

the surface and the finite size of real sources.

In the region within one tenth of a mean free path in
air the ground correction factors (K) can be determined if
the appropriate build-up factors and scattering factors (Ks)

are known. The formula below is used:
(p.5) - K(up,uh,E) = ((B(nr,E)—l).Ks(uo.uh,E)+l)/B(ur,E),

which is derived by a consideration of the direct and scgttered
fluxs in this region (Chpt. 4.5.3.2 (57)). The dependence of
these ground correction factors on the short range build-up
factors is the reason why a quadratic formula was used at short

distances in this development stage. The infinite medium
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build-up factors are close to unity in this region, so the
ground correction factors are guite sensitive to these
values as the factors KS become large very close to the source.
Once these correction factors have been derived the build-up

factors in WEERIE can be used for total exposure calculations.

Values of Ks have been derived for cobolt-60 and Cs-137
sources, which emit gamma rays at about 1.25 MeV and 0.66 MeV
respectively (Chpt. 4.5.3.2. (57)). These values are of a
similar form when referred to coordinate units of mean free
paths in air for the appropriate gamma Yray energy. In-this
region where the source is close to the receptor (say 1 metre
which is about 0.01 m.f.p.) the derived values of the ground
correction factor can rise to 1.2 or more. These short range
values have to be matched to those for longer ranges-.taken
directly from a graph for source photons of mean energy
1.25 MeV (i.e. COGO) (Chpt. 4.5.1.3. (57’L Typically ground
correction factors could be expected to be accurate to about

7% in the exposure estimates.

Hence the ground correction factors can be introduced into

E
equation A.4 to formally define the final exposure flux Ng as,

E N
(pr.6) NgdS = dS§= (Sn.B(urn,E).K(up,h,E).exp(-urn))/@ﬂrg),

1

where N is a cut-off value to any numerical estimate.

Section Al.3. Defining a grid for numerical ground gamma

exposure estimates.

Three considerations are important in the choice of a grid
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to esimate numerically external ground gamma exposures. Firstly
the grid cells have to represent reasonably well the gamma
emitting deposit within their boundaries which can be defined
either in plane polar or cartesian coordinate systems. Secondly
the distance at which the numerical integration procedure is
terminated has to be assessed for its effect on the overall
accuracy of the method. Both these points will have to account
for the finite dimensions of a plume in WEERIE and the resulting
contamination patterns. Lastly the computing time taken by the
numerical method must be minimised once a reasonable level of

accuracy has been reached.

During the initial development and testing of the routine
on the uniform infinite smooth plane deposit the point
symmetry properties of this case could be used to most
advantage by a grid of cells defined by concentric circles
cutting radii emanating from a point in the plane which 1is
immediately below the receptor. A cartesian grid would be
more useful in the final form, so as to match the axial and
crosswind characteristics of the deposit left by a plume
dispersing in the atmosphere. Both these types of grids were

used in the initial development of this routine.

The next step was to assess the propertieg of the
exposure flux from the deposited material, as given in
equation A.5. From the geometric solid angle and the
expoential attenuation the function representing the main
trend of the direct exposure flux is monotonically decreasing,
which should present no pathological problems to the numerical

integration over the smooth plane of uniform contamination.
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These two terms in the flux can be evaluated immediately below

the receptor and at some larger distances, with the results:

(A.6) T(ur)=EXP(-ur)/(ur)?2, (a) T(0.01)=10%; (b)T(0.1)=90

and (¢) T(4)=2.0 10 3.

These values show the very rapid decrease of the direct gamma

exposure with increasing source-receptor separation.

The build-up factors (B) only deviate slightly from unity
within 1 m.f.p. of the source, but approach a value of order
ten at greater distances so diminishing the rate of deérease of
this exposure flux. This represents the increased component of
scattered radiation {(sky shine) produced at large distances
from the source. The ground correction factors (K) tend to
enhance the importance of short range contributions from the
deposited activity, as these are greater than unity close to
the source, and decrease to one half within a few m.f.p.'s, as
described in the previous section. Hence the trend shown by
the values in equationrA.G is not significantly altered by
the application of both infinite medium build-up factors and

appropriate ground correction factors.

This characteristic of part of eqguation A.5 has to be
considered when deciding on the grid delimeters which define the

point source strengths (Sn) in the form,

(a.7) S = A .w,

th
where w = uniform contamination level and An = area of the n

grid cell. As each cell is represented by a point source the

differences from the contributions at the extremes of a cell
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should be averaged out by the position of the point source.
This is particularly important close to the receptor where the
function "T" is changing most rapidly. Hence the smallest grid
cells were concentrated close to the receptor and a gradual
progression to greater cell dimensions was made at larger

source-receptor separations.

An annular grid was used initially to determine a set of
radial delimeters, A and B in figure A.l, for the numerical
integration, where the source was placed at the mid-~radius of
each annulus. The number of delimeters were increased so that
the following conditions held: i. None of the m annuli contribute

more than a fraction 2/m to the total
exposure flux;

ii. The most distant annulus
contributes less than 1% of the total
exposure flux;

iii. No significant change in the
total exposure flux is produced when each
of the annuli is halved to produce a set

of 2m annuli.

The first of the above conditions primarily limits the size
of the grid cells immediately below the receptor. The third
condition also has this effect but confirms that each point
source reasonably represents an average contribution from the
corresponding grid cell. This last condition helps to define
the delimeters of source cell areas at all distances from the

receptor.



The second of the above conditions deals with the
termination of the numerical integration. This should be at
a distance where the exposure flux arising from more distant
sources if negligible compared to the error (e) of the method
(ie e< 10%)% The outer radius of the uniform plane deposit
defined by this method was four mean free paths in air (i.e.
400 m. for E = 0. 6 MeV and about 1 km for photons in Sidebotham
energy groups well above 2 MeV). These distances correspond
roughly with some of the large areas, such as fields, typical
of the UK, which is more critical than the effect of the

curvature of the Earth.

Curtailing the numerical integration at this distance
from the receptor one metre above the smooth plane of uniform
contamination may have to be reviewed if a significantly higher
eXposure point was used. In this case the ground correction
factors would have to be modified for the new height of the
receptor above the deposit. The angular flux distribution would
chenge, losing the sharp peak due to photons travelling
horizontally which is a characteristic of a receptor close to
the ground. Generally there Qould be larger contributions
from more distant portions of the depoéit for receptors well

above this plane.

The point sources can be located either at the mid-point
of the annuli or at the centroid where these hoeorizontal
distances (pn) can be defined along with the source strengths

as:
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A.8 id-poi mp - +
{ . ) (a) mid-point, o (an an_l)/Z
c
b) centroid = . . + 232 4 2
(b) oid, p_ (2/3) (an a 1t al an-l)
and
A.9 = n.(a? - a? = 0.
( ) Sn T (an an_l), where a, 0

An inspection of these two sets of receptor-source distances
shows that the centroid set are systematically greater than

those of the mid~points for the same delimeters, as

A.10 mp _ ¢ __ - 2
( ) pn pn (an—l an).

+
6(an an_l)

This difference is larger for coarse grids, particularly close
to the receptor where any differences most readily affect the

exposure calculation.

Table A.1 shows values of the derived exposure flux, using
equation A.5 out to 4 mfp's with a uniform contamination level
of one photon per second per unit area. Both mid-point and
centroid source locations are used in a coarse annular grid
and a fiﬁe annular grid, produced by inserting an extra
delimeter at the mid-point of every coarse annulus, so doubling
the number of annuli. These values show that the centroid
source points systematically underestimate the exposure flux
relative to the value from the set of mid-point sources. As
expected the finer grids are in closer agreement than the
coarse grids. This suggests that the mid-point wvalues are

closer to a true estimate for the exposure flux from a plane
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Table A.1l Exposure flux values for four plane polar

sample grids

GRID EXPOSURE FLUX (E=0.66 MeV,u=9.4 10 3m-1)

(location of

point source)

MIDPOINT
coarse 2.82
fine 2.79
CENTROID
coarse 2.58
fine 2.72

---------------------

mean of four 2.73
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of uniform contamination; where the centroid set tends to be
optimistic. Also the set of mid-point sources appears to
satisfy the third convergence criterion better than the centroid
set. The extreme difference between the numerically derived
results in table A.l1 is 10% which is roughly equal to the size
of errors expected by using both build-up and ground correction
factors, and the deviation about the mean is 3%. The mid;point

grid sources may be slightly pessimistic, to about 3% above a

more accurate mean estimate.

Next a cartesian grid was introduced to assess this flux
from a uniform deposit emitting gamma rays. The delimeters
are defined such that these boundary lines cross the x and y
axes at the same points as the concentric circles used to
define the plane polar grid, where this is shown in figure A.2.
Henc; the outer plane polar delimeter is a circle inscribed
within the outer square delimeter of the cartesian grid. When
a fine cartesian grid is produced the number of point sources is
increased by a factor of four, which is directly reflected in
computing costs. The horizontal source-receptor separations

for the cartesian grid is given, for delimeters ai and bi along

the x and y axes respectively, as below:

(a.11) (((a.+a, )/2)24((b_+b, )/2)2)  1#]

i "i-1 i g-1

pi,j =
)
+ s - -
ta; ai_l)/(2) i j
5

The values of pi , are a factor of 2° greater than the set of

14

values for the mid-point sources in the plane polar grid. This
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FIGURE A.Z2 Diagram showing the sample points defined by
a cartesian grid and a plane polar grid relative

to a plume axis.
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led to a second set of cartesian delimerers which were reduced
by a factor of 2% s0 necessitating more delimeters to be

introduced to retain the same cut-off distance.

The resulting exposure fluxes from these cartesian grids
are given 1n table A.2, again for a unit emission rate from a
uniform infinite source on a smooth plane. These results are
within a range of about 3% which shows good agreement. The
scaling down modification to the coarse grid does not produce
as great a difference as conversion to a fine cartesian grid,

produced by halving the size of cells along both axes.

The seven results from tables A.l and A.2 produce a mean
deviation of about 2% which is well within the expected error
band of the method. The coarse cartesian grid should be of
sufficient accuracy for use in WEERIE, although it could cause
a slight systematic underestimate as 1t is just below the mean
exposure flux for this case of a receptor one metre above an

infinite uniform smooth plane deposit of unit gamma activity.

The energy dependence of these results was investigated
by considering source photons at 1.25 MeV and 0.66 MeV. These
energies bracket 1 MeV which has been shown to be roughly the
average gamma ray energy for a wide range of mixed fission
preducts ((59), (13)). This entailed using different build-up
factors at all mean free path distances. Minor adjustments
were made for the ground correction factors at very short
distances. The numerical integration was extended to four

mean free paths in both cases, where the most distant point
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APPENDIX A

Table A.2 Exposure flux values for three cartesian

sample grids

=3 1
GRID EXPOSURE FLUX (E=0.66 MeV,u=9.4 10 m )

coarse 2.66

fine - 2.75

scaled down

coarse (2

----------------------

mean of three 2.70



sources still contributedless than 1% of the total exposure

flux.

As the ground correction factors in the numerical
procedure are paramet-rised in distance units of mean free
paths and they are of similar form at these two energies few
differences were expected. The energy dependent build-up
factors are different, but as the exposure flux is primarily
due to sources within 0.5 mfp's of the receptor no significant
Phanges are produced. The effect of using ground correction
factors for the receptor 0.0l mfp off the ground, in this

energy range, rather than one metre is also not significant.

The small changes in the exposure flux produced by using
factors for 0.66 MeV and 1.25 MeV gamma rays are less than
those produced by different grids for the numerical integration.
This reflects the effects of a receptor point very close to
the ground so that only sources with a small separation from
the receptor are important to the overall exposure flux. The
behaviour in this energy range should permit reasonable
estimates of this quantity for mixed fission product deposits

modelled in WEERIE.

Section A1.4. Conversion of the build-up factor flux results

to exposure rates.
|

An exposure flux (Ng) has been calculated which has to be

converted to an exposure rate in air under standard conditions.

The intention of this build-up factor method is to calculate

a flux in terms of photons of source energy E which would give
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the same exposure as that measured in practice. Compton
scattering and, above 1.05 MeV, pair production degrade the
energy of the photonswhich finally reach the receptor and
deposit energy at this location. Absorption of photons along
the path can also reduce the final exposure. Hence the actual
flux consists of a spectrum of photons with energies not
exceeding that of the photons leaving the source. Theveffect—
iveness of this scattered component in producing exposures is
represented by the deviation from unity of the energy deposition

point source build-up factors.

An exposure rate (G(E)) can be defined for this exposure

flux by applying an energy dependent factor (F(E)), as below:

(p.12a) G(E) F(E) . Ng Roentgens/second

where (A.12Db) F(E) E (MeV/photon). 1.6 10 6 erg/MeV.ua(cmz/g)

98.7 {(erg per (g.Roentgen))

In WEERIE twelve Sidebotam energy groups (See table A.3)
are used so that only twelve values of the conversion factor
are defined, one at each of the characteristic energies. These
kernal energies were chosen as being "usefully representative of
the major gamma emitting fission products". Inaccuracies due
to this representation of the energy spectrum of the source
photons is expected to be small for releases containing a wide

selection of fission products.

These exposure rates can not be directly interpreted as
dose rates for particular organs or tissues. If these detailed

dose rates were required more specialised routines would be
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Table A.3 Energy structure of Sidebotham's twelve

groups for gamma rays emitted by fission

products

Photon Energy (MeV) of group

Group Number Lower bound Upper bound Group wvalue
1 (0.0) 0.39 0.27
2 0.39 0.64 0.51
3 0.64 0.88 0.76
4 0.88 1.28 1.00
5 1.28 1.88 1.55
6 1.88 2.35 2.20
7 2.35 2.70 2.50
8 2.70 3.20 2.90
9 3.20 4.0 3.5

10 4.0 4,95 4.5
11 4.95 5.80 5.4

12 5.80 above 5.8 6.2
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needed which dealt with the relationship between a "phantom",
representing a standard man, and the particular activity

released ({33), (9))

An exposure rate can now be calculated from numerical
estimates of the exposure flux for a receptor one metre above

an infinite uniform smooth plane of gamma emitting material.

Section Al.5. Comparison of exposures from an infinite uniform

smooth plane deposit of gamma emitting activity.

A smooth infinite plane surface, with a uniform
contamination of caesium-137, is a case which has been studied
by several workers. This should enable the results of the
routine described in the appendix to be compared to other

published results.

The long lived Csl37 isotope (t%=30 y°) has a short lived
daughter Ba137m(t%=2.5‘ mins.), and the decay scheme is such
that a gamma ray of energy 0.66 MeV is produced by this barium
isotope in 84.5% of all Csl37 decays (Lederer 1967(92),

Tobias 1972(93)). These properties are used to predict the
level of ground contamination by Cgl37 which would produce

a dose one metre above ﬂhe ground, of 0.5 rad in air during the
firstnyear after deposition. A time integration is made over
the decaying exposure rate for this year to derive the total
exposure, assuming there are no redistribution processes, such
as weathering or décontamination, affecting the deposit. Ground
roughness is not considered in this ideal case of a smooth

plane. The flux to exposure rate factor for this particular
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Table a.4 Level of uniform

Caesium-137 contamination on. a smooth plane

delivering a given dose in air during the

first year after deposition

REFERENCE INITIAL GROUND CONTAMINATION (Micro Ci/mz)
French (1965) (59) 5.96
Beattie and Bryant 6.29
(1970) (53)
Slade (ed. 1968) (45) 6.05
Ccrbett (1977) (63) 6.39

present work 6.172
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gamma ray energy was interpolated from the available data.

Table A.4 displays the initial Csl37 activity levels
(micro €i/m?2) derived from several publications alongside the
results from an application of the routine developed in this
work. All the results in this table refer to an exposure
point one metre above the ground, except for that due té
French (1965,(52)) who used a Monte Carlo method with a receptor
three feet above the smooth infinite plane. The result due to
Corbett (1977,(63)) has had the effects of ground roughness
and weathering factors removed. The deviation of these-results
about the mean, 6.16 micro Ci/mz, is less than 3% of this value,

and the spread of the extreme results is less than 7%.

These results show that the routine developed represents
reasonably the exposure one metre above an infinite uniform
smooth plane deposit of long lived gamma emitting activity.
This routine can be incorporated into WEERIE with appropriate
modifications to allow for the two dimensional dependence of

the patterns of deposited activity (see chapter 3).
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APPENDIX B

External dose due to beta radiation from

ground deposits using Loevingers formula

Experimental data was used by Loevinger to derive empirical
formulae to describe the energy deposition in solids and gases
for beta particles resulting from nuclear beta decay. Point
sources were described in this manner and the results were then
extended to a thin plane source by appropriate integration (see

(73), (76)).

The dose rate for an infinite smooth plane source of short
range beta particles 1is given below:

(B.1) (a) D, (x,y,d) = K(EdE

8 ).w(x,y).f(d,EO,E ) rads/second;

B B

(b) w(x,y) = deposited activity in Ci/m?2;

(c) f(d,EO,EB)= c(l+in(c/dv)-EXP(1-dv/c)) + EXP(1l-vd)
d<c/v

EXP (l-dv) for d>c/v

(a) K(EO,EB)=0.0297.EB.a.v ((rads/sec.)/(Ci/m?))

(e) «=(c?.(3-e)+e) 1

kf) v o= 18.6(2—E8/E*8)/(1?:0—0.036)1'37 cng_1

(effective beta attenuation coefficient in air

or soft tissue)

(g) d = depth of dry air between the dose point and the

o’ EB and EE are, respectively, the peak, mean

and theoretical mean, for allowed transitions, beta energies for

plane (g/cm?), and E
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a given decay. As the apparent beta attenuation coefficient

(v) is assumed to be valid for air and soft tissue the above
expression can be used for doses in either mediunm. The beta
sources in WEERIE are such that conversion electrons, effectively
releasing monoenergetic beta particles, and rarer transitions

are neglected as not being of significance to total exposures
from fission products and would need separate evaluation of

these minor dose rates.

The value of o is derived from the integration and
normalisation for this formula. The value of ¢ was given as

being energy dependent, where for a point source it had the

form,

(B.2) ¢ = 3.11.EXP(-0.55 EO);
where the maximum value is

(B.3) C = (e / (3-e))7 = 3.11.

For dosimetry purposes, in air or soft tissue, involving plane
sources this can be adequately represented by the values in
table B.1l, as the dose rate is not very sensitive to this
parameter. No explicit dependence on the properties of the
medium are given for this parameter, where the presence of high

Z material (Z>20) can be significant (70).

The given form of the effective beta attenuation coefficient
(v) is also restricted to air and soft tissue. This relies on
the peak beta energy (EO) and the deviation of the mean beta
energy from that expected for an allowed beta transition. This

ratio should be unity for an allowed transition, but for
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Table B.1l Energy dependence of parameters in

Loevinger's formula

Range of peak beta energies (MeV) c o
Upper limit Lower Limit
0.17 0.036 3 0.190
0.5 0.17 2 0.260
1.5 0.5 1.5 0.297

approx. 3 1.5 1 0.333
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strontium-90 it is 1.17. Most of the beta decays exhibited by

the fission products in WEERIE are allowed transitions (10},
— —%

{13)) so EB/EB has been taken as unity for all isotopes, which

should not introduce excessive inaccuracies.

The Helationship between the mean beta energy and the peak

value has been given roughly as:
(B.4) E, = a.E

where a is in the range 0.3 to 0.45 for the energy range from
0.1 MeV to 3 MeV. ICRP-2 (29) has given a more definite formula

for this relationship as:

= b b
.5 E_=0.33E (l-E /4)(1~-2°/5 .
(B.5) B0330( o/)( /50)
Only the mean beta energies are avilable in WEERIE, as used
in the estimation of cloud beta exposures. These have been

derived from the intensities (IB) of all beta decay sequences

which each fission product can exhibit i.e.

’=2F1 1%gi-Tpi

(B.6) EB (isotope jJ

To derive an approxXimate value of Eo for use in defining the

attenuation coefficient (v), the simple relationship,

(B.7) Eo=3EB

was used. This is expected to reduce the accuracy of the final
beta exposure rate, but should still provide a reasonable estimate
from which the importance of external ground beta doses can be

assessed.



228

Given the density of dry air at STP the depth (d) required
in this application can be given as 0.129 g/cm?. A few
characteristics of equation B.l can be discussed using this
value of d. The ratio c¢/(dv) is unity at a peak beta energy
of about 1.45 MeV, but as ¢ reduces by a third above 1.5 MeV ¢/ (dv)
is unity again at 1.93 MeV. The term in the beta dose rate,

vf(EO,E d) when d>c/v, can be expected to have a maximum at a

B
peak beta energy of 1.9 MeV, where the beta dose rate could have
a maximum at~slightly higher energies. Owing to the stepped
form of the parameter ¢ the form of these two functions become
complicated. The complete function which holds all the enexrxgy
dependencies in equation B.l is shown in figure B.1l, plotted
against the peak beta decay energy, and shows a flat response
between 2 MeV and 3 MeV compared to values below 0.8 MeV. The

maximum close to a peak beta energy of 2 MeV in the function

O,EB,d) can be observed from the curve in figure B.2.

v.f (E
For very large beta decay energies the logarithmic term in

the function f is dominant. In the region where
(B.8) vd/c=1-¢

and ¢ 1is small, the function f reduces to

(B.9) £(va/c = 1-e)=BX P(l-c(l-€)) + cko (-D" 1. " ((a-1):-1)/n:.

Hence for small ¢ the condition at vd/c>1 still holds approximately,
and due to the particular form of this relationship is still
dominant for :EO=3 MeV, c¢=1,vd/c=0.545 so that

c(l+ln(c/(vd))-EXP(l-vd/c))/EXP(1-vd)=3.10 2/1.5. As the upper
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Loevinger's formula for energy deposition Loevinger's prediction of beta energy
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limit of this formula is for a peak beta decay energy of about

3 MeV, the logarithmic term is not dominant in the range
considered. At low energies, and large v, the dependence reverts
to the simple exponential decrease. This represents very low
enexgy beta emitters not giving any dose one metre from the plane
source due to severe attenuation by the air, as shown in figure

B.1.

The use of a single apparent attenuation coefficient (v)
for a complete beta spectrum is a gross approximation except
for the energy range 5 MeV to 0.5 MeV in light media (Z<13)
(70) . The medium here, air, can be described as consisting of
material of low atomic number (Z(0o/N) =8/7), so satisfying the
latter condition. 1In WEERIE the peak beta decay energies for
significant fission products are within the above range, where
few exceed 3 MeV beyond which Loevingexr's formula becomes
progressively inaccurate (see chapter 3). BAll low energy beta
emitters are effectively surpressed by one metre of air and
would contribute very little to the total beta dose rate above

a plane of mixed fission product beta activity.

The wide range of beta emitters which would be considered
by this method in any estimate of a dose rate one metre above
a plane deposit of mixed fission products should be adequately
covered by this description of the dose delivered given its
radiological significance. One additional source of uncertainty
which has to be noted is that the atmospheric pressure and humidity
varies, but the fixed value of the depth of air (d) used here

should be representative of many dry conditions (Chpt. 7 of (45)).
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Abstract— An cfficient method has been developed for caleulating the depletion, by dry deposition
and washout to the ground. from a plume of hssion products in the atmosphere, and for determining
the isotopic composilion of resulting gamma and beta activities in the ground deposit at any selecied
point downwind. By integration over the patiern of material on the ground. gamma and beta eaposure
rates may be derived as a function of the ageing time of the deposit. Elements in the plume are
assigned to anc of up to four ‘groups’; elements within each group bemng assigned a particular deposition

velocity and washout cocflicient.

Calculations have been performed, for a notional MAGNONX depressurizatian accident, which illus-
trate the sensitivity of ground gamma spectra and exposure rate (o the use of isotope-dependent depasi-
tion scloeities. Cireumstances under which it may be necessary to perform a full two-dimensional
integration over the pattern of material on the ground arc discussed.

1. INTRODUCTION
In the safety assessment of nuclear installations it is

nccessary to be able to prediet various properties af

material deposited in a paltern on the ground follow-
ing a hypothetical accidental relcase of radioactivity
to the atmosphere. These propertics would include
near-ground gamma-ray spectral and total dose rates.
and the activitics af purticular isolopes in the deposit
as a function of ageing time. Estimated gamma dosc
commitments and isotope activitics might be con-
sidercd in rclation to Derived Emcrgency Reference
Levels which are intended to be guides to those re-
sponsible for initiating counter measures should an
accidental release oceur.

In this paper, modifications and extensions are de-
scribed which have been made to the cnvirommental
assessment  computer  program  WEERIE  (Clarke.
19732, b) to permit a more detailed treatment of a
plumu in the atmosphere and of the associuted de-
posited material, with the main objective being to cal-
culate gamma-ray exposure in the contaminated arca.
Improvements were necessary in the deposition and
plume travel models incorporated in WEERIE, in
order to obtain a mare accurate deseription of de-
posited material, which is the source term for all
greund  gamma caleulations,  Element-dependent
deposition has been incarporated into the plume de-
pletion model and detailed allowance made for the

91

effects of the praduction of isatopes by radioictive
decay as the plume travels downwind. Washout by
rain has also been inchuded as a depletion process.

Gamma-ray exposurc rates arc caleulated at tm
above the deposit of mined fission praducts, where
the two-dimensional variations of the ground concen-
tration  pattern  of gamma-ray sources is  taken
account of by cenergy dependent antegration. Twelve
groups (Sidcbotham. 19711 are used 1o describe the
gamnit speetral exposure. Gross bela-ray exposure
rates are caleulated using local concentrations. The
deposit may be aged ta determine the time depen-
dence of these expusure rates,

The signilicance of the refinements described here
may be illustrated by the results of a representative
calenfation. A notianal MAGNOX depressurization
accident with single channel meltdown has  been
selected and used 1o illustrate the relative magnitudes
of ground gamma and beta dose commitments com-
parcd with those incurred via other routes such as
inhalation and claud gamma. Two technical aspects
of the present study arc ilfustrated in detail using this
example: firstly, the effect upan ground gamma spec-
tral and total exposure rate of using isotope-depen-
dent deposition velocities and the impartance, in this
respect, of the halogen release fraction. Secondly, can-
ditions arc discussed under which a full spatial inte-
gration over the pattern of deposited activity on the
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ground may be necessary when calculating  the
ground gamma exposure rate, rather than relying
upon the infinite plane approximation.

2, IMPPROVED TRAVEL AND DEPLETION MODEL

2.1. The WEERIE program

The basic WEERIE program models a wide range
of factors affecting the release to the atmosphere of
fission products from reactors under normal or oper-
ating conditions: the most important of thesc factors
arc:

(i) Fuel fission product inventory for a particular
fuel irradiation history, using the routine FISP
(Clarke and Ulling. 1970).

(it} Element-dependent relcase from fuel and the
time-dependence of the release to the containment.

(iii) Platc-out and re-suspension of isotopes within
coolant circait and contaioment.

(iv) Filtration and time-dependence of leakage from
containment to the environment.

(v) Atmospheric dispersion, under particular condi-
tions of wind speed and atmospheric stability, accord-
ing to a Gaussian model.

(vi) Radioactive decay and transmutation during
leakage and travel downwind.

(vit) Depletion of the plume by deposition as dis-
cussed below.

(viti} Time-integrated organ doses and cloud beta
doses caleulated from local concentrations at the
point of interest.

(ix}) Time-intcgrated cloud gamma cxposurc calcu-
laled by integrating numerically over the plume
volume.

With a corresponding increasc in computing time,
the time period of the release from the fucl may be
divided up and time-integrated doscs for these subdi-
visions calculated separately.

As the initial aim was to estimate inhalation and
cloud doses (Holfman et «l. 1977 Clarke 1973a.b),
deposition was considered solely as a factor depleting
cloud concentrations. and only a single deposition
velocity was applied to all isotopes in a single calcula-
tion. Onc overall deposition velocity cannot describe
accurately the depletion of individual isotopes from
the plume, especially when daughter products often
have a different deposition rate from their parents,
such as #¥Kr-f*Rb and '3 Te-'**1. In this latter case
the use of an iodine isotape’s deposition veloeity, with
no re-suspension, deereases 21 ground concen-
trations at longer distances downwind by overesti-
mating the deposition of the parent '*2Tce isotape.
The use of onc deposition velocity typical of acrosols

or chemically active material would lead 1o an under-
estimate of the plume concentrations of non-deposit-
ing inert gases and their daughter radionuctides.

The orginal WEERIE program applied the source
depletion fraction Q*(x, 0) to all isotopes after decay
due to travel from 0 to ym downwind., Q*(x, 0} is
evaluated according to:

(2)” r, "‘g.\p(—— illl;’nz(m):)dpJ

J

O*F(x.0) = exnp

1 Jg a.(p)

(h
(Slade, 1968: Hosker, 1973), where a.(x) is the vertical
(Gaussian) dispersion parameter and b the clfective
height of release.

2.2 Improvements in the model

An improved treatment may be obtained if de-
pletion and radioactive decay are more closely related
in the caleulation, allowimng clement-dependent depo-
sition velocities to be used. This can be achieved by
caleulating the average distance (X,) a daughter iso-
tope travels, where this radionuclide at least reaches

Near graund
cancentration
in plume

Depleted bv' geposition
depletion

— No

farbitrary |log -— ——— Farcnt depletcd but  ro
scale) depletron of first
daughter
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Fig. 1. Schematic representanian of the downwind travel,

subjeet o decay and deposition. of a parent isotope and

two danghters showing also the mean travel distances X,
and weighted mean distance X',
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the downwind distance of interest (x m) after produc-
tion in the plume.

Up to six isotopes can be present i a decay chain
of the routine FISP which defines the isotopes used
i WEERIE. The n-th isotope in a decay chain may

“tam T

[0

- Y00 0

PEVNRE P 1
’ J. (X = Xpo DP(Nps Xps g ooe N g om) X, cdyg g odg
A, 0¥, O g 1 -0

Pl Xy ey -

have contributions to ils atmospheric concentration
from decays of the original released amounts of its
n — 1 precursors, as well as the amount of the n-th
isotope released at the source of the plume. The aver-
age distance travelled. X, . of that quantity of the
n-th isotape produced within the plume beflare at least
reaching a given distance xm downwind, will depend
on the particular initiating precursor m, For example
this mean distance X, . travelled by atoms of the
n-th icotope produced from materiat of the first isa-
tope in the decay chain is expected to be different
from the mean distance X, ,_; travelled by isotope
i outoms generated from the released (0 — 1-th iso-
topes’ material, Figure 1 illustrates average distances
travelled for a parent isotope and two daughters.

WEERIE gencerally uses anadytical formulac for
speed of caleulation and the values X, are evaluated
in this mode. The mean values X, have to be caleu-
lated for travel of the n-th isolope originating from
the ni-th isotope in the decay chuin, and then a
weighted mean value, X, found from the different
source isotopes.

The probability of a single isotope reaching a dis-
tance x m downwind. allowing for radioactive decay,
i F(x.4) = exp (=2, x), where 2, is the radioactive
decay canstant of the isotope and nms ! is the mean
windspeed. The probability of this isotope having
reached x m downwind then decaying within the next
dym s F(x) = f(x, 292F-dx, where /% = 2/, Hence
for & decay sequence originating in the m-th isotope
the probability of the a-th isotope at least reaching
i distance xm downwind is:

PUX,  Xpagee oo X ooty dxg oo, odg, o

i}

{(Xpe 25)- 22 d N,

X (s g = Ny 1) e 1N
X f(Xpoy = X, 24k ) Ak gdN,

X expl—2F (v — v, )}

o))

i

C,\]')( —-var(’:‘?‘n -
X CXP( = Npyp {ihs ) — Abi 2.,
X CXPl— Xy (A5 — 2D

X oexp(—2xxy 2k ok dy, ody, oy
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whercthe(n + D-th isotope is formed when v, = x,, .
and decavs when v, =y, 5. The mean value of
the distance tranelled by the 2-th isotope originating
from the m-th isotope is then given by equation (2).

2

co g d iy dx g edy,

A finad value X, can then be deternuned where X,
arc weighted in proportion to the quantity of isotope
m released at the source. A cut off is wsed in practice,
where the cirliest precursor powhich contributes at
feast 1 in 10* of the atoms of the n-th isotope and
all subsequent precursars p 4+ 1 to n — 1 are included
in the weighting of the mean value of X,

The depletion fraction of this material produced
in the plume is, on average, as given in equation {31
using K and & defined by equation ().

L\ RIS N Fimdp
|
S, /

V~ K ’.‘ Hdp+ K [“_
i) « 0

L

i

Q*(x.x— N =

Vo
= CXp

rim dp]

=0 QY xy— X,.0. (3)
A sctoof Q¥(x, O s caleulated, then stored in grid
form for. dillcrent deposition velocities in the pro-
gram, with an associted Lagrangian interpolation

routine.

The analytical formulie derived from equation (2)
rapidly become more complicated as ninereases from
2 to 6. When all 2f x < 10 X, is determined by
terms of order i — mran (he sevies expansion of the
cxponentials in the refevant formutac. giving the limit-
ing result- X, , = x 0 — m). The program has to test
for thesc limiting cases owing to the linite word length
ol a digital compuler.

With this improved travel madel the clement-
dependent depletion of danghter material formed
within the plume is alfowed for as cach decay chain
is evaluated for travel from O to x m downwind: the
original material released at the source having already
been appropiiately depleted.

In comparison, the program TIRTON 2 {Kaiser.
1976). which also models the consequences of releases
af radioactivity, produces  time-integrated  concen-
trations on consecutive grid points, allowing first for
decay and then Tor depletion over cach grid spacing.
WEERIE can produce the time-integrated concen-
(rations at any point in one step. but for cxceution
speed in detailed numerical gamma exposure caleuta-
tions, a grid of gamma-ray source strengths is cstab-
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lished. As time-integrated concentrations in air arc
calculated, the deposited activity at a piven distance
downwind is produced, after allowing for travel up
to that point. by applying the appropriate deposition
velocity.

An additional feature of this modified version of
WEERIE s that the deposited material at any point
within the plume boundaries can be aged. assuming
no re-suspension. This allows a study of the time-
dependence of ground gamma and beta exposure
rates after the pussape of the whole or a time segment
of the plume generated by this version of WEERIE,
The neglect of re-suspension is normally unlikely to
lcad to any scrious underestimation of exposure in
the vicinity of the initial deposit.

At present grouped clement-dependent deposition
is used where clements can be associated with onc
of, at most, four deposition veloeities. This can rep-
resent the gencral range of deposition velacitics for
individual elements reported in the fiterature. Dry
deposition veloctties are not varied  with distance,
although any changes n the chemical and physical
form of the isotopes could affeet these depletion rates
after release. In addition, element-dependent washout
has been incorporated into this depasition medecl,
using a depletion fraction given by
Q*(r, 0) = exp (= W-0), where 1 is the washout coelli-
cicnt (see, for example, Pasquill, 1974). This washout
can be stopped after a given time of travel.

The methods deseribed here assume thal atmos-
pheric dispersion. both laterally and vertically, may
be described by Gaussian functions. Parameters des-
cribing this mean dispersion. for example those due
to Pasquill (1961) or more recent paramcters based
upon a detailed deseription of the boundary layer due
to Smith (1973) can be used in the WEERIE program,
Building entrainment may be superimposed upon
these dispersion cocflicients: modelling entriunment
at short distances by effective Gaussian coeflicients
ensures that plume material is fully accounted for in
the modecl.

The source depletion model. defined in equation
(1), implies that the assumed vertical form of the con-
centration disteibution is unaffected by deposition
even under stable category I7 conditions. Surface de-
pletion models allow the vertical concentration prolile
to change owing ta loss of malerial at the ground.
A detailed meodel has been described by Seriven
and Fisher (1975, Fuorther comparisons  belween
these two models are given by Horst (1977). Generally
these nodels are in better agreement for lower deposi-
tion velocitics and shorter travel times. For deposi-
tion velocities Iess than 1 em/sec ground level concen-
trations agree to within 0%, for at lcast 2 days’ travel

time {Draxler and Eliiot, 1977). Appropriate modifica-
tions to the deposition velocity can be made to allow
comparable results to be produced by source and sur-
face depletion models,

Modelling of atmaospheric dispersion could be im-
proved by introducing time-dependent metcorology,
so allowing dispersion characteristies to change dur-
ing or after a release. The use of this approach for
continuous, operationyl refeases would be of particu-
lar interest. For case of calculation. such a model
could employ time-parameterization of all depletion
processes. Investigations into the effects of transitory
conditions would be necessary in exploring inherent
limitations of a simple treatment involving the Gaus-
sian model. .

3 ENXTERNAL UNPOSURES FROM DEPOSUTED
MATERIAL

Both ground pamma and beta exposure rates are
calculated in this new version of WEERIE. to comple-
ment the cloud dose and exposure results. A routine
has been written (Strachan, 1978) which yiclds the
gamma exposure rate from a smoath plane depasit
of the mixed fission products from the plume. which
has o distribution varying downwind and crosswind
and. of course, with age. A two-dimensiona) grid of
weighted  point sources 15 used to represent the
snooth plane of gamnu emitting activity. This grid
of integration poinls is set in ferms of gamma-ray
mean free paths in air so that off-axis exposure rates
can be evaluated. The routine bas been suitably
adapted for incorporation in WEERIE. The accuracy
of off-aais caposure rates is diminished when the dis-
persion parameters are of a comparable size 1o the
spacing of the integration grid. but this would occur
only very close Lo a point source and at short down-
wind distances in stable conditions. Building entrain-
ment may, howeser, broaden the plume (Slade, 1968)
at these short distances and alleviate this elTeet.

Gamma-ray cxposure build-up factors for an in-
finite air medium (Facger, (968) are used in conjune-
tion with correction factors (Jacger. 1968), 1Chilton.
1967y allowing for the scattering and absorbing proper-
tics of the ground. Twelve energy groups (Side-
bothan. 1971) are emploved to evaluate the spectral
distribution of the exposure from deposited  lission
products. as used alsoin the evisting WEERIE cloud
gamma routine. ‘The integration of exposure rates,
a given energy group. is stopped at large distances
such that contributions from further terms would be
negligible compared with the estimated errors in the
build-up and ground correction factors.

A comparison of the results of this routine, with
previously published results, is given in Table 1. Here
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Table [. Predicted deposited P*7Cs activity required to produce a gren evpo-
sure i air 1 m above a smooth, uniform plane

Reference

T7Cs activty (pCime) to
give 0.5 1ads in linst sear

French (3-t dose point, table 5) (1965)
Beattic and Bryant (1970)

Slade (1968}

Corbett (1977)

Strachan (1978)

S.96
629
605
6.2
612

the initial "*7Cs deposited activities  which  give
0.5 rads in air, during the first year, at I m above
a smeoth infinite uniform  planc sourcé of this
radionuclide arc shown, 84.5%, of decays from '¥7Cs
(Tobias, 1972; Lederer ¢f al., 1967) lead to o 0.66 MeV
gamma ray from *7™Ba. These results show agree-
ment within the expected accuracies, allowing for
sonte differences in the assumplions of the various
calcu'atians, The results of French's caleulations
(French, 1965), covering a wide cnergy range, are of
a form suitable far use in the program to cstimate
the inhnite deposit ground gamma exposure rates
from the local activity. The results of the numerical
routine are expecled to be more accurate than these
based upon an infinite deposit assumption for off-axis
exposurc points or when the plume dimensions are
small compared with the gamma mean free paths in
air, within the limits on accuracy discussed above.

Ground roughness can be readily allowed for by
two methods:

(1) An overall reduction lactor bused upon observa-
tion,

(1) The insertion of an eatra medium  between
ground and cxposure paint in the above caleulations,
a» discussed by Huddicston er «l. (1965) and Ans-
paugh et al. (1975).

Weathering can be treated by allowing cither of
the abave methods (i) or (i) to vary with time. This
process can be due to re-suspension of the deposited
activity, ar chemical absorption into the ground
(Bryant, 1966) increasing the shiclding cffects of the
ground. A more realistic deseription may be obtained
by using a combination of the above methods.

Beta rays have a much shorter range in air than
ganuma rays so that knowledge of the lacal cloud or
gicund beta activity is sufficicnt to calculate beta
exposures. The formula given by Loevinger (1956) and
Locvinger et al. (1956) for the beta dosc at a given
height above a uniform infinite smooth plane deposit
5 used in this program. This formula may not be
the best description of beta cxposure but is of sufli-
cient accuracy (Cross. 1967, 1968, 1969: Spencer,

1955) for gruss beta calculations over several hundred
lission products and their associated ranges of beta
encrgics. Also, this formula can be casily programmed
and rapidly exccuted.

Both the beta and gamma esposures are evaluated
at a height of 1'm above the plane of deposited ac-
tivity, cnabling a gross hetw'gamma ratio for the de-
posited material to be estimated. The tm of air
absarbs much of the beta energy. especiatly below
0.5 McV. sa that only high energy beta rays penetrate
to the caposure point while gamma rays are not
strongly attenuated by air and gross beta gaimma
ratios therefore decrcase rapidly with distance from
a mixed fission product deposit,

4. APPLEICATIONS TO A NOFATIONAL ACCIDENI

4.1. Description of notional uceident parameters

To demonstrate the use of the methads described
in Scctions 2 and 3 and ta permit a discussion of
their importance, a notional NMAGNOX depressuriza-
tion accident has been modelled. The description of
the accident must not be taken as definitive but has
been derived from various published studies (Clarke,
19734, b Macdonald, {971 Macdonald and Clarke,
1972 Macdonald. 1975). Through modelling the acci-
dent, the effect of using clement-dependent deposition
velocities rather than a single overall value may be
studied. as may cffects of the linite size of a plume
upon ground gamma exposure rales,

Ttis assumed that 81.2 kg fuel are involved in the
single channel (HKAEA, 1972). This has been irra-
diated at SMW:Te to a burn-up of 3500 MWd;Tc
and time-dependent fluses and fission fractions have
been employed in modelling fission product produc-
tion (Fitzpatrick, 1976). Build up of isotopes by neu-
tron capture, such as " Cs. not treated by FISP, can
be allowed for by FISP 4 (Beynon, 1973) caleulations
supplementing this minor himitatian in WEERIE's
FISP routine. In this case the '**Cs activity released
is a tenth of that of '**Cs. Most of the fuel is assumed
to be involved within half an hour after reactor shut-
down and the release is assumed to be complete after
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Table 2. Assumeced release fractions for notional MAG-
NOX depressurization accident (Maedonald, 1971)

Release
Elemcents fraction
Xe. Kr 1.0
[. Br tno channcel blockage)' 0.1
Te, As. Ge. Cd. Rb, Sc Q.1
Cs, Ga., Ru. Ma. Sn, Te, Zn 0.01
Sr. Zr. Ba, Ag. Nh, Y, La. Rh Pd, 0.001

Sb. Ce. Pr. Nd. Pm. Sm. Eu, Gd. Tb

*With a channe!l blockage this halogen release fraction
is reduced to 0.01.

onc hour. A leak ratc from the gas circuit (o the en-
vironment with a haif-life of about 10 min 1s assumed
{Macdonald, 1971). It has bcen pessimistically
assumed that material escaping from the fucl s not
subjcct to plate-out. re-suspension or filtratian (Mac-
donald, 1971). Releasc [ractions assumed in this study
for fission product clements fram the fuel arc given
in Tablc 2, after Abbott (cited by Macdonald, 1971
and Clarke. 1973, b).

Meteorological conditions are deseribed. using the
Smith (1973) madel. Tor a refease at midday in spring
or autumn, with significant cloud cover. A mean wind
speed, at 10m, of Sysce is assumed which implies
a weather category P = 2.6 (approximatcly Pasquill
catecgory C) and an inversion at about 1 km height.
Building entrainment is assumed (Davies and Moore,
1964; Munn and Cole. 1967; Culkowski, 1967), where
the dispersion cocflicients used are modified such that
the semi-ellipse of the Gaussian plume’s 10%, concen-
tration limit. fram a ground level release, immediately
inscribes the downwind sides of a reactor building
taken to be 40m high and 60 m crosswind. A ground
roughness coeflicient of zo = 30 em, typical of fairly
flat English countryside of mixed fields, woods and
villages is assumed. Effcets of moving from a rcgion
of onc roughness valuc to another arc not considered.
A sampling time of { hr was uscd to match the period
of release.

Element-dependent deposition velacities used in
this model are shown in Table 3. These valucs are
typical ol thosc expected in a release from a nuclear
installation (Chamberlain, 1962; Gifford and Puack,

Table 3. Assumed group deposition velocities Tor element-
dependent depletion

Element Group deposition velocity (cm/sce)
Xe, Kr 0

I, Br [.2

All other clements 0.3

1962: Hoflman. 1977: USEAC. 1975: Weiss and
Keller, 1977: Martin et ol 1974 5. Tadmor, 1973;
Beattic amd Bryant, 1970}, Hete
assumed not o be deposited {Tadimor, 1973) while

inert gases are
halogen atoms are preferentially depleted from the
plume. Most clements are assumed to be in the form
of submicron sized parlicles. so that deposition relies
on turbulence in the atmosphere. The weather condi-
tions are such That the assumption of uniform instan-
tancous depletion from the whole plume, implicit in
cquation (1 is acceplable.

Onc time slep of the WEERIE program has been
used to praduce a source term accumulated over the
period al release. Exposure rate calculations start at
the cnd of the release when all the released activity
has escaped. The use of this assumption will artifi-
cially increase ground cxpostre rates at short times
after the release but will be negligible after abaut
10 hir. Total exposures fromm ground deposits. after the
initial period, will be unaffected. Hence from | oto
10 hr after the start of the release, in this example,
the estimated exposure rates can be trealed as upper
limits to more probable exposure rates. which could
be determined by o more detailed study.

4.2, Dosex and exposares from the notional accident

In order that exposures resulting from deposited
malerial may be seen in perspective, inhalation dose
commilments and external exposures. resulling di-
rectly from the plume. have been calculated using the
parameters described in Scetion 4., including clement
dependent deposition.

Inhalation dose commitments from this notional
accident are shown in Fig. 2. The thyraid dosc com-
mitment is the largest for a single organ under these
conditions: the particular ERL is unlikely to be
exceeded beyond 0.3km downwind., Figure 3 shows
Ihe downwind variation of the initial '*'F and '*7Cs
deposited activities: a total of 1040Ci of "1 and
9Ci of '*7Cs are released in this notional accident.
The derived ERL's (Baverstock and Vennart, 1976)
arc shown in Table 4. for dose commitments via the
grass -milk food chain. "7Cs does nol. in this case.
pose any significant hazard via this route. owing to
its fow (17,) assumed release fraction. "'t ground
contamination falls below the adult and child DERL's
at abont 3 km and 20 km respectively, where the latter
would represent a significant arca of land over which
short term restrictions an milk consumption could
be necessary. o these weather canditions deposition
has a small cffect on plume concentrations.

Cloud beta and gamma exposures in air arc shown
in Fig. 4. The differences between the semi-infinite
cloud gamma approximation and the numerical cloud
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gamma estimation. within about 5km of the installa-
tion,.arc due ta the spread of the plume being less
than or comparable with the ganuma mean {ree paths
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Table 4. Derived ERL's for deposited activity giving dose
commitments via the grass milk food chain (Baverstock
and Vennart, 1976)

DERL {;Cim?)

Isotope Adult Child (6-month old)
P Thyroid) 27 1.8
Y7Cs (Whole Bodyi 36 18.0

in air. Neither the mean cloud beta or gamma expo-
surcs arce predicted to exceed FRL's under these con-
ditions. In Figs 2-4 the cffects of the inversion at
I km height start (o be seen after about 20 km, while
building entrainment only excrts an influence within
a few hundred mictres of the release point.

Ground ganuma and beta exposure rates at L km
downwind are shown in Fig. § far times greater than
4 Iir following the beginning of release {rom the fucl.
Element-dependent deposition has been used as for
the prececding  figures. Considering  the  ground
gamma exposure rate in air I m above the ground,
which as has been noted will be an upper limit at
short times, this ratc is cxpected to fall below
10 mR/hr within about 7 hr of the refease. The ground
beta exposure rate, at the same exposurc point, is
expected to fall below 10 mrad; hr only after about
three days. The total beta exposure rate in air at this
hicight above the ground is always greater than the
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Fig. 4. Downwind distance-dependence of the mean on-

axis gamtha cxposure in air and bela cexternal dose, tm

above ground, predicted far the notional MAGNOX acci-

dent. Gamma cxposures for both finite and semi-infinite
clouds are shown.
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The ground gamma rate 1s dominated. in this case,
for the first month by iodine isotopes. For the next
two months “*Nb. "*Zr and '"®*Ru are the most
prominent single contributors. Finally '*"™Ba. the
shart-lived daughter of "*7Cs. daminates the total
gamma exposure spectrum  after three months with
a small contribution from '**Cs. From such ground
gamma exposure rates evaluated at several dawnwind
distances the accumulation of this gamma cxposure
has been calculated during the first year after the
release. These are shown in Fig. 6 with the cloud
pamma cxposures al the same points shawn for com-
parison. The ground exposure exceeds that from the
cloud within a day. but at shorter times closer to
the point of release. This behaviour is of a similar
character as that for a notional FBR aceident con-
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Fig. 5. Time-dependence of the rates of gamma exposure

mn air and beta eaternat dosc from ground contamination.

I m above ground and 1 km downwind on the plume axis

following the notional MAGNOX  accident, predicted

using the three-group depaosition model. Contributions to

the gamma exposure rate from three gamma energy groups
arc also shown.

corresponding ground gamma exposure rate within
the limits of the plume: however the relatively lower
radiological significance of cxternal beta radiation
must be borne in mind.
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Fig. 6. Accumulation in lime of mecan ground gamma

exposure in air at on-axis points, 1 m above ground, at

several downwind distances, for the nolional MAGNOX

accident, using the threc-group deposition model. Cloud

gamma cxposures al these points arc  shown for
comparison.

sidered by Kelly ¢t al. (1977).
4.3, Camparison of deposition models

The use of a single overall deposition velocity as
a model in calculating exposures from  deposited
material has been compared with the résults from cle-
ment-dependent deposition. for twa dilferent halogen
refease fractions, under the single weather condition
deseribed in Section 4.1,

The single vverall deposition velocity chosen was
0.3 em/sec: this is representative of the majority of
released  clements (Beattic and Bryant, 1970), es-
pecially those which determine the fong term activity,
e Cs, Ru, Rh Zre Nhe Under the assumed dispersion
conditions the depletion fractinn @*, from equalions
(1) and (3) is approximately unity within several kil-
omelers of the release point and does not change
rapidly with downwind distance. For example, Q*
(20km. ;= 03cmsee) = 097, @*20km. v, =
I.2em'see) = 0.86. Henee the depasited activity is pri-
marily determined by the deposition velocity and a
consequence is that the use of the single deposition
velocity reduces the iodine contwmination by a factor
of four, assuming hittle depletion of the plume has
occurred. This reduces the range of **' contami-
nation above DERL's to about 1km and 7km for
adults and children respectively, so reducing the con-
taminated arca by an order of magnitude. The ground
exposure rates are affected not only by the reduced
halogen deposition in the single deposition velocity
madel, but also by the inclusion of incrt gases.

Considering the initial ground gamma exposure
rate in more detail, in Figs 7(a) and (b) the two
deposition  models  are  compared  with different
halogen release fractions (107, and 1°,) for an on-axis
point | km downwind. The exposure rale is plotted
in a cumulative manner as a function of gamma-ray
encrgy. thus indicating spectral differences. There are
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deposition model and halogen release fraction,

differences in the total exposure rates for each deposi-
tion model for a given halogen release fraction. The
results for a single overall deposition velocity are not
greatly dependent on the iodine content of the plume.
when initially dcposited. This is mainly due to the
short-lived inert gases® contribution c.g. *®Kr, 8"Kr,
133Xe ete. The deposit formed by clement-dependent
depletion is much more dependent on iodine concen-
trations in the plume, when the contamination is in-

ittally formed. Also the cxposure source spectrum is
different. owing to the absence of any contribution
from ' Xc and associated isotopes in the Jowest
encrgy group and of "'Kr and **Kr contributions
at lngher encrgics.

After ageing of the depasited material by 40 hr, as
shown tn Fig. 7(b) the single overall deposition
modcl’s exposure spectrum still retains the majar low
cnergy contributian from '**Xc. compensating flor the
effect of the fower iodine deposition velocity., The
major lodine isotope contributing to the ground
gamma exposure rate at this time in all cases shown
here is "*?1 with a half-life of 2.3 hr. This is the short-
lived daughter of '#*Te, half-life of 78 hr. so that most
of the '*I in the deposits has been formed by decay
from deposited '??Te, which is the same in both
deposition models. The clement-dependent case with
1%, release fraction of iodine lies below the other
cases. owing ta the absence, as before, of inert gases.
In the casc of the 10" release, with the halogen depo-
sition velocity of 1.2 cm/sec, other iodine isotopes are
comparable in importance to 12}, especially at short
ageing times.

Table S gives the ratias, for the simple model rela-
tive to the clement-dependent deposition model, of
the total on-axis ground gamma and beta exposure
rates in air at 1m above the ground for various dis-
tances and ageing times. for the twa halogen release
fractions. Dilferences between the two models e ap-
proximately within a factor of two and the gamma
exposure rates show a tendency. for the two models,
to approach the same value as the deposits age. Even-
tually the long-lived cacsium isotope will dominate:
it has the same deposition velocity in both models.
The total beta cxposure rate is morc dependent on
fodine deposition and shows somcwhat more varied
behaviour.

Deposition velocities gquoted for todine show vari-
ations depending on the circumstances of the release
and the calculations with the clement-dependent
model have been repeated with the halogen deposi-
tion velocity increased to 2.0 em/sec. which might rep-
resent a release of purely elemental fodine. In Table 6
the resulting gamma and beta exposure rates arc
given rclative to the basic three-group model used
in forming Table 5 Changes in exposurc rates are
less than those shown th Table 5 where the one-group
model is considered, as might be cxpected by the
greater similarity of the two deposition models.

While the possible limitations of the source de-
pletion method {cquation 1) under stable category F
atmospheric conditions have been pointed out it is
nevertheless worthwhile to perform equivalent calcu-
lations to thosc shown in Table 5 but with the Pas-
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Table 5. Predicted ratios of exposure rates for onc-group deposition model to those
from the three-group deposition model (conditions as in Scchion 4.1)

Ratios of one- (o three-group

maodels
Release fraction Downwind Cooling Gomma exposure Beta dose
of halogens Distance (km) time (hr) fates rates
1% 1 0 1.75 1.99
1 40 1.42 093
30 0 1.t 1.13
30 40 [ 43 044
107, 1 Q .80 1.06
1 40 095 0.57
30 0 0.76 0.87
30 40 1.01 0.63

Table 6. Predicted ratios of exposure rates for modifiedt three-group deposition model
relitive to three-group model of Table 3

Relcase fraction Downwind

Cooling

Ratios modified basic
Gamma exposure  Beta dose

of halepens distance (km) time (hr) rates ratcs
1%, | 0 1.21 1.12

i 40 1.0S 1.09

30 0 .30 1.16

30 40 1.04 1.07

107, 1 0 |49 1.39

1 40 1.29 1.29

30 0 1137 1.26

30 40 1.19 126

t The madified three-group deposition model assumes a r, (halogens) = 2.0 cm/sec
carresponding to purely elemental jodine in the release.

quill category F model used for both onc- and threc-
group miodcels. Under these conditions, fram 0 to
JOkm. depletton fractions Q* for halogens in the
three-group model would be 0.019 while for non-
halogen, non-noble gas clements (and all elements in
the onc-group model) the fraction would be 0.37, The
ratio of the caleulated exposurc rates for the two

models are shown in Table 7. As in Tabics 5 and
6, the ratios will depend upon the extent to which
noble gases and iodine isotopes reach the exposure
points according to lhe two models under the particu-
lar circumstances. Owing to this balancing of effects,
the ratios in Table 7 do nol dilfer greatly in variation
or magnitude from thosce given in Table 5 for average

Table 7. Predicted ratios of exposure rates for one-group depostion made] to those

fram the three-group deposition model (Pasquill category F

weather conditions,

ground level release without building entrainment)

Ratios of one- (o three-group

maoedels
Release fraction Downwind Cooling Gamma exposure  Beta dose

of halogens distance (km) time (hr) rales rates
1, 1 0 1.84 183
| 40 .10 0.57
30 0 149 1.01
30 40 I.55 1.08
10", ! 0 124 1.40
| 40 1.34 0.75
30 0 1.24 0.84

30 40 1.69

1.38
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was formed using the three-group deposition model and

results of numerical caleulation and local infinite uniform

planc approximation are compared. {Sce texl for release
and dispersion conditions).

weather conditions. It should be emphasized, how-
ever, that the predicted spatial extent of iodinc depo-
sition would differ greatly between the two models.
This merits study with a model with improved repre-
scntation of deposition under stable conditians.

4.4. Effects of finite plunie size on ganuna exposures
Sram deposited activity

A bricf discussion is giv'cn here of the spatial distri-
bution of gamma exposure from the deposited activity
arising from the notianal accident,

The downwind distance-dependence of the on-axis
ground gamma exposure rate, shown in Fig. 8, has
a distance-dependence similar to that of the cloud
gamma cxposurc. Building entrainment, within a few
hundred metres, reduces the on-axis cxposure rates
by broadening the pattern of deposited activity; this
cffect also hclps (o avoid numecrical dillicultics with
the routine for integrating over the ground deposit
which would arise close to a point source, Results for
the infinitc uniform plane approximation are also
shown in Fig. 8; it will be seen that, owing to the
geometrical differences, finite and infinite deposit cal-
culations converge more rapidly than do the corre-
sponding results for cloud gamma exposure shown
in Fig. 4.

The crosswind-dependence of the gamma cxposurc
rate is shown in Fig. 9, at L km downwind after 40 hr
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cooling of the deposit. Both the results of the numeri-
cal calculation and the infinile uniform plane approxi-
mation are shown: the effect of the penetrating nature
of gamma rays in air may be seen. the deposit acting
approsimately as a thick line source. When the cxpo-
surc point 15 well beyvond the 10, lateral concen-
tration limit of the plume the beta cxposure rate will
be negligible compared with the pamma component,
as the former follows the Tocal deposited activity and
therefore atse the trend of the imfinite plane approxi-
mation. There will be large changes in the gross beta/
gamma ratio compared with that close to the centre-
line of the deposit.
S CONCLUSIONS

The usc of clement-dependent deposition when cal-
culating ground patterns of activity gives ground
gamma and bela exposure rates which show detailed
differcnees from those oltained using a giagle overall
deposition velocity model. Major differcnces could
however, be abserved if the aim were to calculate the
spatial extent of deposition of a single halogen iso-
tope. Graund gamma spectra, which depend upon the
isotopic composition of the deposit, also show signifi-
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Fig. 9. Predicted crosswind-dependence of the exposure

rate in pir 1m above ground sy 1 hm downwind, after 40 hir

cooting of the deposit from the notional MAGNOX

release, formed using the three-group deposition model.

Results for the numerical caleulation and local infinite uni-

form planc approximation arc compared. (Sce text for
release and dispersion conditions).
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cant differences when these two deposition models are
used. Further work should be undertaken to assess
the ability of Gaussian dispersion models to predict
ground dcposition patterns under stable conditions
for strongly depositing nuclides.

For the notional accident that has been used as
an example in this study, estimated ground gamma
and beta exposures cxceed corresponding cxposurcs
due to the cloud itsclf after an ageing of the deposit
of about one day. The role of ground roughness and
weathering in reducing the ground component of
exposure merits further study. Modeclling a change of
meteorological conditions affecting a release would
further extend the scope of this environmental analy-
sis code.
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3. Recent Developments in Calculating Doses
Incurred from Deposited Activity and {rom
Cloud Activity Following an Accidental Release
of Radioactivity in the Atmosphere, . /. /1
Goddad, G, Gowras, S Soachan (Tnperial
College-UN)

In this paper, work that has had asits objective improy e
rrenls i fwe aspects of the calcutation of doses following an
gocidentai rolease ol radioactvity into the alntesphere iy
deseribed  These are. st estimation ol the spatial. tem-
jroral. and is stopic variations ol the deposited activity on te
viound aud the correspendimg exposures in ad innncdiately
2 ove the grovnd, and sccond. improved calcutations of the
exaternad canrma-ray exposure inoai. the photon flusy and
correspording organ doses arisig from thie passing phame of
iolease nviterial, CThese improvenents have been caricd out
within the {mmewoerk ol the cinvironmental assessient come-
puter prograin WE LR which was oniginddly propared at the
CEGB, Borkefey Nuclear Laboratorics by Clathe, To illus-
tiate these Lwo improved aspeets of the videulation. a no-
tenal MAGNOX depressinization has been simalated with
unolvemont of the lisson products released Trom o single
et o fuch

The problem of depleting a plume ol radhoactive material,
indtuding all radiologically significant isotopes. by allowing
for stimultancous depletion and radivactive decay, has been
aperoachiod by assgning the deposition weloeity of cach
cloment 19 ene of up to four grouped values, where cach
aroup represents a different range of depletion rate, lement-
debenden’ washout can also be included along with 1he
cliaets of clemental dry deposition, The sestrictions on the
depletion model used are discvssed biiefly. Fo allow 1or the
suceession o parenls and  daughters moradioactive deeay
witere these elements may have different deposition velogi-
tics, analy tical relationships have been developed to represent
the mean distances traveled o tie atmoesphere by cach iso-
fope in a decay ehain. Urom these caleulations the isotopie
worposition of the resulting beta and camima activities on
e ground muty be determined al any selected point down-
wrd or crosswind. This also represents i imipiosenient in
miodeling air concentrations and wabsequent inhakition dose
varimilments and external cloud exposures

Previots cstimates of the cloud gamma doses 1o individ-
aa's have been expressed in terms ol exposuie in air 10 of
irterest to explore the validity ol this approach when caleu-
wting hun an organ doses and this hias led to the developmoent
o routtie Tor calenlating gamma encrgy spectia Tor any
ste ke height or weather categary sspectra may be caleulated
botlt on the plupie anis or at olb-axis pomnts By s means,
“he degradation ol the scattered photon spectram may be
Aplored away Trom the plume. he method as based an the
pofil-sour ¢ moments method where the particuliar points
corsidered are the integration points that are normally used
ity the WEERRIE program to establish the clond ecamina
aaposure inoaie near the growd. the concentrations ol
cclvity ut saeh sampled tintegiations point m the plunie are
e computed tor the type of telease considered and the
cartered photon spectnam s subeguenthy caleulated using
e moments ncthod or infinite homogencous are the
sedrtering o abhaorhing elfects of the graund are then taken
mieaccotnt depending on the pomt-onree height and
Y zontal distance from the dose pomt, Monie Carlo caleula-
tincs and exy erimental data Trom the open litenture are
onbined i analvtical eapressions ot the ground carrection
fac ors, which modily the tadiation paltern established from
e infinite-mediom caleulations. The routine s provided
withan in-built facility to select between virous grid con-

igorations Jor the actial plume so that a desued degee ol
aecnracy i achioved within certam tine fimitations. On the
basts of enistig work chewlicie on photons irradiated by
Both wotopre and Beam cimvironments of photons data files
Iave boen orcdated pme contpatabiond ctapolation and
extrapolation techmgues those ey contam values ol doses
per medent photon on the saibace of the plantom. tor the
catite enciey reeton covered by e degraded Tission product
pliotons, and aie ~toned tor a varicty ol organs and other
patts of the bady of the standard adull hermaphrodite MIRD
phantoms. Hie ddoud <pectra inenlent on the phantoms,
weilifed Iy the dose fractions mentioned above, vield the
values of dose from the plume.

lo dlustate the use of these methiods o nohonal
AMALNON depressunzation aecdent s been modeled. the
deserippon of s scadent Tas been taken Trom vanous
pithlished stwdies Varions micteorojogieal dasneision condi-
hons, together with baddime entiamment. hive been em-
ploved in examimime a ninge of conseruenees trom the smele
ha pothetical releise Fhe sepsiaty of consequences, particu-
latly the arca of grovad deposiion, o the magnitade of
deposition seloatios is demonstrateds winle the time depen-
deneies ol the esternal gronnd and clovd oxposires die com-
parcd, inchudimg at short times whide the national avadent is
i progress. IEdv hown it estemal expesire from the
gronnd oxeeeds that Trome the chond s about cae day
and eventuatly beconies many tunes greaier By considering
both an cathy and o Laie phase o tie release and applying
the moments method mentioned abiove 1o the cdoud camma
caleadaton. clond gamma specira and orean doses e pie-
sented ton both oneavas and off-asas pomts nean the groumd

In con luson, mothods Tar Tinkaiee these micthods with
stared popubation toensusy data are revacwed

4. Plume Diffusion over Hilly Terrain* . ./
Sciviber (Muchichery Nuel Power  Sration-
Switzerfand), R Toclkle (Swiss ederal
Radioacriviey Sunvcitlance Compmission-Switzer-
fand). 1111 Loosti, 1 Ocscheger (Uniy Bern-
Switzerland)

The commonh used model of local atmosphene Gans-
port is the Gassae plane s which caleulates the atmosphieric
cotteentration Mo of o poltutant by the Jollowing
CApression '

0
RO R i A

N

Zanyau

L TERIT
eap .3”,:, k
where Lovoand £ oae the Cartesiam coordinates tdownwnd,
crosswind, and verticalty Qs the source steeneth, Hohe elice-
tive release hicrght istack besght plus plume rise) and u the
mean downswd sctocity Loy and o, wre the crosswmd and
vertical phime standand deviiions. Smee this model has only
been tosted in e remonsats appheation for illy terrain
still renains i question.” Pherelore, dithison experiments
were cinned oot aroomd the Muchlcberg Nucten Power Plant,
sittated near Bom Switzerbomd )y m aoveny dnecgular tenain, to
check the vibidite of the Canssian plume maodel at that ate
and, i necesaary, to pomt out the passtalitios to adapt this
muodvel
Chhe sthors wish to thank the Swiss Meteorolocical Tnati-
tnte, An Pollution Section, Paveroe, and the Federal Olliee
of Focrgy Teonomy, Noelen Satety Diviseon, Waerenlingen,
tor their collaboration



A Review of Deposition and

345

Vol. 20 Na. 1—d. Inst. Nuc. Eng.

other processes affecting.

the consequences of unplanned Atmospheric Releases

from Nuclear Installations

by 5.J.STRACHAN*

This paper is hased upan a paper in the posigraduale award section of the 1978 Nuclear Educationalisis’

Meeting with addilional background mmaterial.

1. INTRODUCTION

The nuclear power industry relles on high technology
and strict design and enginzering standards, Long
term reliability of individual components and systems
are prerequisiles for safety. The systems employed
often have built-in redundaacies, particularly those
which automatically monitcr the state of a reactor
core. Maintenance and operating practices have been
developed to maich these high engineering standards. -

In the unlikely event of a fr.ult in one component or
system a parallel or back-up system can generally

be used, so minimising the chances of a sequence of
events which could iead to fuel damage and escape of
active material. Mechanisms are provided for shutting
down a reactor under fault conditions, so further re-
ducing any chance of an unplanned release. The over-
all design of reactors helps to contain and reduce any
possible releases. Nevert ieless sequences of events,
of extremely fow probability, can be envisaged which
could alluw active materiz] to escape to the atmos-
phere. The consequences and risks of this possibility
have to be evaluated for public safcty.(V The discussion
in this paper will deal with some aspects of the re-
quired assessment process, particularty those affect-
ing deposition.

The nature and extent of ceposition in an unplanned
release will depend on the type of installation which
is the source of escaped radioactivity, Three cate-
gories of sources can be .mmediately identified:

(i) Reactors,
(ii) Fuel reprocessing ard fabrication plants,
{iii) Transportalion.

Discussion here is limited to thase types of unplanned
events which allow radioactivily to disperse in the
atmosphere.

The materials in each type of installation have differ-
ent ranges of physical and chemical properties. Most
attention will be given to any possible releases from
the first of the three soucce categories listed above.
The importance of deposilion will depend on many
factors, inciuding:

(i) The source Inventory,

(ii) The source condilions,

(1i1) Special conditions producing releases to the
atmosphere,

(iv) Meteorological condilions for dispersion,

(v) Radicactive, chemicil and physical transforma-~
tions in the air,

(vi) Conditions and utilisation of surfaces where
deposilion may ocevr,

Initiaily the different sources will be discussed.
Secondly an assessment of the results of release

*Nuclear Power Section, Mechanical Engineering
Department, hnperial College

mechanisms on the escape of radioisotopes will be
made. This is followed by a review of the material's
behaviour in the environment. Any material suspended
in the atmosphere can be deposited on surfaces by
several different mechanisms, which are often grouped
as:

(i) Gravitational settling,

(ii) Dry {(turbulent) deposition,
(iii) Washout,

(iv) Rain-out.

Chemical transformations of the alrborne material
will aiso affect its deposition. )

The effects of deposition in the atmosphere are then
discussed with respect to the pathways which can o
produce dose commitments and exposures:

(i) Inhalation dose commitments from the cloud,

(ii) External cloud exposures,

(iii) External exposures from deposiled material,

(iv) Dose comniitments from ingestion of contamin«
ated food and water,

(v} Doses from resuspeision of deposited materlal.

2. SOURCES AND TYPES OF RELEASES

Radioactive material associated with nuclear power
can be considered in three groups, consisting of
fission products, actinldes and activation products,
The chentical and physical forms isotopes take within
the reactor under normal and accident conditions nat
only determine the release from the fuel but also
affect deposition within the containment and later in
the atmosphere.

The production of the radioactivity in question starts
by irradiating fuel in a reactor. Subsequent stages
involve its removal, transportation and finally its
reprocessing. The types of situalions which cin lead
to atmospheric releases and their effects on materials!'
deposition properties are considered in the above
order. )

2.1 Reactors

For most reactor types an accident leading to an
unplanned retease of activity to the atmosphere will
involve the cootant, It is these possibie releases that
will be discussed in most detail. Other escape routes
could occur during fuel handling.

Fission products are the radionuclides most likely to
be reieased, while only in extreme circumstances
could actinides escape in significant quantity. Acti-
vation products are generally less abundant but if
associated with the coclant could become a hazard In
unplanned releases. Sce factors affecting the pro-
duction and release of each of these types.of activity
from reactors are mentioned briefly below.

2.1.1 Source Inventory

The irradiation history of fuei within a reactor de-
fines the quantities of [ission products and actinides
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TABLE 1 Source Inventories
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Total Activity (108 Ci) of Radio-isotopes considered in study

WASH-1400(6) PWR, 1000 MV {e)

FBR(7) 1300 MW({e)

Fission Products 39.1 59.1
Actinides 1.1.10-3* 19.42¢
Activation Products 0.71¢

*Pu238,239 only
TIncludes Np239, Py24! ete
#Na24 only

present at any given time., Many computer routines
have been written to predici these activities, such as
FISPIN(2), RICE3), FISP() and HYACINTH(9, for
reactor physics and fuel management requirements
as well as hazard calculations. The reiative sources
of activities can be seen for a typical LWR and FBR
in Table 1.(6:7

2.1.1.1 Fisslon Products

The total radioactlve fission product Ilnventory in-
creases with in-core irradiation. The species vary
with time during the lrradiation.

Most short lived isotopes (e.g. Kr88, Rb88, Teld2,
1132) have a steady state concentration which is
mainly determined by the recent irradiation history.
Long lived isotopes (e.g.CsI37, Sr90) can accumulate
over the whoie of the fuel's life. The {formation of
longer lived and stable isotopes allows productlon of
isotopes by neutron capture, where some may not be
produced as abundantly by direct fission, such as
Cs134. Also the fractions of fission events from dif-
ferent fissile isotopes can change with lrradiation
and subsequent production of new fissioning isotopes,
such as piutonium In thermal uranium fuelled reac-
tors. This can alter the yields of dlfferent !sotopes
from the fission process,

2.1.1.2 Actinides

Initially the actinides in the fuel are restricted to a
few fissile and fertile isotopes of uranium in most
thermal reactors, and include some plutonium isotopes
in fast reactors. During irradiation these decay along
normal decay chains but neutron capture events (and
more exotic reactions) can build up higher actinides,
including isotopes of plutonium, americium, curium,
etc. The range of aclinides In the fuel Is signiflcantly
increased as burnup proceeds. Radon is the only
gaseous heavy element, where Rn222 is the longest
lived isotope with a half tife of 3.8 days, The pro-
duction of higher actinides is particularly dependent
on the reactor and fuel types.

2.1.1.3 Activation products

Neutron losses outside of the fuel lead to most of the
activation products in a reactor core and its surround-
ing biological shield. The core ts usually constructed
of materials minimislng these neutron losses, so
reducing problems assoclated with activation.

The moderator and fuel c¢ladding should both be of
material with low neutron capture cross-sections.
Under high temperature operating conditions physical
strength may be requlred at the cost of extra neutron
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absorption. In ihese ecases, e.p AGR, FBR, steel
cladding may be used where there can be activation
products Including Co60 and other transition elements’
isotopes. The coolant is another source of aciivation
products, which are often short lived. Exceptions to
this include the production of Na24 in liquid sodium
cooled fast reactors and tritiuin in water reactors
where boron poisons are present. Breeder regions
couid also be classed as areas where activatlon
occurs, but under purposely designed conditions.

2.1.2 Fuel behaviour and releases to the coolant

In this section most attention will be given lo the
interactions of fission products which affect their
release and subsequent behaviour, Conditions within
the fuei pin are a major influence and can be quite
different in various reactor types. Many fields of
study are involved with different aspects of pellet-
cladding interactions and their results are of wide
interest.

2.1.2.1 Internal behaviour of the fuel and agsociated
cladding

Under normal operational conditions some gaseous
and volatile fission products diffuse out of the fuel's
crystal lattice and are trapped by the fuel cladding.
This process tends to preferentially generate 'free’
Isotopes with relatively fong half lives, as ihese have
more probability of diffusing through the fuel than
short Hved isotopes(8),

These 'free’ isotopes can als> be released by crack-
ing of the fuei, which additioniliy reduces the diffusion
distance required for escape. Other {emperature
dependent effects enhancing releases includ2 sweep-
ing by grain boundary movements and crystal lattice
phase changes, where the latter is of lmportance for
metailic Uranium fuel as in early MAGNOX stations(9),
These ‘free’ isotopes can affect the fuel's tempera-
ture by altering the conductance across any fuel-
cladding gap. The cladding ¢ in absorb various
elements, such as lodine, Tellurium and melallic
solutions of Caesium and Cadmium with Zircalloy
cladding, so altering 1ts physical properties. Chemical
'metters’ can impose some control on the action of
these 'free’ isotopes. These internal contamninants
can reduce the inteprity of tte ciadding as the initial
containment of fission products by weakening of the
cladding and inducing greate: stresses, striins and
corrosion on the cladding. §'ringent temperature con-
trol mechanisms can be required to minimise these
effects and so prolong the economically useful and
safe life of the fuel(3), The effects of high irradiatton



and possible corrosion by the eoclant may be more
importani in fast rather then thermal reactors(10,11),

Cracks in the eladding can lead to ingress of the
coolant into the fuel pin. This will affect the chemi-~
cal nature of the 'free’ isotopes. Coolants such as
carbon dioxide and water may produce oxides and
salts, while liquid Sodium could reduce any oxides
formed within ceramic oxide fuel, Under normal
conditions this can lead to slow operational releases
of fission products to the eoolant, or possibly a few
‘burst’ releases if coulant is heated to high temper-
atures within a faulty fuel pin during start-up and
refuelling(19, 11, With transient accident conditions
bursts of 'free’ fission product activily could be re-
leased from fuel pins followed by further releases if
circumstances led to protonged high temperatures,
Ceramie oxide fuel can retain most of its fission pro-
ducts until temperatures in the region of 1500-1700°C
and melts at about 2500°C.

The cladding of the fuel can be important in the type
of elements and chemical species reieased. The ele-
nments Barium and Strontium tend to be released
muore readily than their oxides, whereas the oxides
of Ruthenium are more readily released than its
elemental form. Zirealloy has an affinity for Oxygen
so can reduce the rate at which releases from the
fuel are oxidised(13), Steel has less affinity with
oxygen so atlowing a more oxidising environment
within damaged fuel, These factors can lead to
greater Strontium releases from Zircalloy clad fuel
than steel clad fuel with an oxidising coolant(13),
where air could enter the coolant under accident
conditions, Allowing oxidising almospheres to reach
the fuel may increasr overall releases by exothermic
reactions raising fuel iemperatures and removing
fuel surfaces. This effect could release actinides at
high temperatures where the fuel is almosl moiten,
althoupgh radon gas may be released at lower temper-
atures, Oxidisation cf graphite moderators could
produce carbon moncxide and less oxidising environ-
ment in the coolant(11),

Vaporised MAGNOX cladding can reduce the releases
of halogens relative to other elements such as alkali
metals(15), Carbon coeated particle fuel may have
significantly different release patterns, as metallic
diffusion through porous carbon by elements includ-
ing Caesium and Strontium, can be of importance
through this first coating(18), These particle fuels
are usually bonded within a carbon matrix which
would also affect releases.

Activation products in structural members of the
reactor core would ¢nly become involved in the
improbable event of major melting in the core.
Actinide releases could increase in relative impor-
tance in these circutastances,

2.1.3 Escape throy’h containments and to the
atmosphere

The effects of the coolant circuit and other processes
changing the deposition behaviour of the conslituents
of a release are disrussed in this sectlon, Also
possible releases from fuel handling are briefly dis-
cussed,

Plate-out of materiz] in the coolant circuit Is an
important effect. For most chemical forms release
from the fuel the plate-out rate is typically within
the range of 102 51 to 10™% s~1(17,18), Non-reac-
tive materials, such as inert gases and organic
halides (eg methy! i>dide), have much lower plate-out
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rates. Actinides, except Radon, have displayed rapid
plate-out in test rigs(19,20), High temperatures may
allow greater releases and less condensation of
elements such as Caesium and Tellurium, due to
their relatively large vapour pressures(13), Resus-
pension of plated out material can occur after radio-
active decay or scouring by coolant borne particles,
but each depends on the structure of the deposils.
This can be a factor determining the size spectrum
of aerosol particles.

The coolant may continue to reaet with the released
material within the coolant circuit whlle it is escap-
ing., Activation products in the coolant also follow
the same escape path, Other effects can includ»
coating of partieles, where this affeets the accretion
of aerosols and hence their deposition behaviour.
Plutonium oxide can be prevented f rom forming
large branched aerosols with poor transportation
properties by Sodium coolants which coat the initially
small particles(21), )

Filtration within an intact coolant system can reduce
releases, particularty of chemlcally active material,
Collection efficiencies for relatively inert material
on the filters may not be as good as for less pene-
trating species(22), Coolant flow patterns within
different reactor cores under accident configurations
can have significant elfects on releases, especially

if periods of stagnation occur{23,13),

Behaviour of material outside of the reactor building
are discussed in a later section: the case of coolant
leaking directly to the atmosphere will not be clis-
cussed further at present. Many reactor types,
including PWR, BWR, AGR and LMFBR, have al least
one internal containment building around the whole
core and coolant circuit. These designs, including
pre-stressed concrete pressure vessels for some
LWR's and AGR's, can reduce releases, although the
containments may have leak rates of a few per cent
each day. Further oxidation can oceur in any con-
tainment with an ordinary almosphere, This may be
of importance in LMFBR where the coolant can re-
act to form many compounds, such as oxides, per-
oxides, hydroxides, carbonates and bjcarbonates(24),

Leaks from the cor tainment can be reduced by keeping
the internal air pr¢ssure during an accident below that
of the atmosphere, by pumping air through fillers to the
environment, A gas coolant may also be treated by
this method. The f nal release would then contain only
those chemicals wlich could penetrate the filters,
usually consisting of inert non-depositing materlal,

Within a containment natural deposition on surfaces
can occur, where gravitational settling could remove
the largest particles, especially for dense elements
like actinides. Deposition of smaller aerosol particles
could be enhanced by specially designed paint and water
spray systems, previded this is compatible with the
coolant, These defosition processes within the con-
tainment aet as a variable effielency filtration on the
different componerts of the release. Hence deposttion
rates of material penetraling the containment wails,
where this loss might occur at greater than operational
rates under accident conditions, would tend to decrease
with time(13),

Other unplanned releases to the atmosphere might
occur during fuel handling at the reactor. Here any

of the old fuel witl weakened cladding and Insufficlent
eooling could overheat due to fission product decay
heat, so producing a 'burst' release of volatile material,
but at lower temperatures than in the core, This
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material would then behave in the containment as dis-
cussed above but without the influence of the reactors!
coolant, Fast reactor fuel handiing has been designed
to-be done within the coolant to avoid this overheating
effect which is particularly important for high burn-up
fuels, Often the fuel is stored at the reactor before
transportation, so the radioactive hazard reduces but
is in the form of the intermediate and long lived
Isotopes,

2.2 Transportation

It is common practice to have one reprocessing or
storage installation servicing many reactors in one
region, so imposing the risks of transporting radio-
active materials.

Fuel transportation flasks are deslgned to withstand
major impacts without allowing any leakage of the
active material. The low temperatures of the fuel,
which has decayed for a period of several months or
more, wouid lessen any activity which could escape,
primarily to gases, in the event of a serious accident,
The use of transportation should be secure and kept to
a minimum(D,

2.3 Reprocessing

The basic¢ stages within a reprocessing ptant involve
removal of cladding from the fuel, dissolution of fuel
and then separation and treatment of the actinides and
fission products. Design of each stage in this process
can minimise the amount of actlvity which could escape
to the atmosphere. Efficient filtration systems, cold
traps and scrubbing systems have to be used which are
of high reliability.

In the first stage, when the cladding is removed, inert
gases and volatile elements are released. The fuel

Is also prepared for dissolution, usually as a fine
dust so releasing most of the {ission producls, This
includes Tritium produced within the fuel rods.
Radon is usually of tow importance in reprocessing
plants as it has short lived isotopes which have
decayed to low steady state activities within its
natural decay chains. Other short lived {ission pro-
ducts,generally at the start of decay sequences, will
also have decayed during storage and transport before
reprocessing. Thus longer lived penetrating isotopes,
with any short lived daughler products will make up
any release, for example 1131, Xe131™ Krg85,1129 and
H3. Fuel can also be stored for a period at the re-
processing plant, so allowing the fuel activity, par-
ticularly that of 1131, to fall even lower, The
preparatory stage, such as sintering, will affect ihe
form of fission products released, Failure of the
filtration system at this first stage could lead to
release of long lived isolopes of Caesium, Tellurium,
Selenium, Antimony and Ruthenium (and associated
Rhodium }(26) compounds. Possibly rare earths, such
as Cerium-144, could be released under extreme
failure conditions which would also allow escape of
activation products from any cladding, such as steel,
at this stage.

At later stages the active material is generally in
solution and the fission product Inventory has already
been reduced, so gaseous releases are less likely.
The remnants of the noble gases in the fuet will be
released from the dissolver along with some iodine.
Further stages can also release iodine including
preparing the final storage of separated fission pro-
duct waste, Actinide waste contains fewer valatlle
elements so Is less fikely to produce reteases to the
atmosphere during reprocesslng and final disposat,
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Long term disposal of all radicactive waste has to be
in a secure form minimising tke chance of any
releases.

3 DEPOSITION AND ITS MODELLING

Dry deposition velocities are discussed initially
followed by a discussion of their use in modelling the
depletion of airborne concentrations from plumes.

3.1 Deposition velocities

Aerosols which do not have a significant gravitational
seltling velocity can produce high levels of ground
concentrations above the level expected if gravita-
tional settling was the only deposition process, A
general deposition velocity, as defined beiow in
equation 1(27), can quantify the gross results of ail
deposition processes acting or the material, but does
not describe any detailed effects,

Deposition Velocity =
(m/sec)
W Ground contamination (Ci/m?2)

X Ground level air concentration (Cr.s. =3 (1)
Generally processes invalving airborne water on
deposition are lreated separately.

An atmospheric reiease from a nuclear installation
will probably contain a large range of elements, each
of which will be in severat chamical forms, Resulls
of experiments to measure tha deposition velocity
over a range of elements have been published., Many
experiments have concentrated on elemental
lodine(28.29.30.31) which has isotopes giving one of
the niost immedinte hazards ‘rom reactor releases.
A wide scalter of results has been produced, not only
between different experiments, but aiso within single
studies, as in Table 2. No simple reasons have been
given for this scatter, usually of at least a factor of
three from minimum to maximum (sce Table 2),
Variations in the atmospheric dispersion condilions
can not always explain the differences. Humidity can
be a factor,as reported by Weiss and Kelter(32),
where damp surfaces could produce much greater
deposition velocities. Also the type of calculations
required can determine the magnitude of the depo-
sition velocity used (ltoffman23), Food contamination
studies would generatly require the amount of activity
deposited on vegetation, while external exposure
estimates would need information of deposits on all
surfaces, llence deposition velocities depend on many
parameters, Deposition models often only deal with
a limited range of these parameters so are approxi-
mations to the real situation,

One approximation is that all the released material
of one element can be described by a single depo-
sifion velocity. Varialion of this value could occur
as Lhe retease proceeded, as noted in the previous
sections. This implicitly requires averaging over the
properties of the different c'iemical specles involved,
for example with halogens including Iodine

v {mean lodine)

- v(élemcntal). X{elemental) + v(aerosol). X(aerosol).

— .. tvlorganic). X{organic)
X{elemental + X aerosol) + X(organic)

Generally elemental halogens deposit more rapidly
than acrosols, white organic halides do not readily
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TABLE 2 Isotopes—Deposition Velocities on Different Surfaces

DEPOSITION VELOCITY cm s™! ON GIVEN SURFACES (MEAN VALUES IF NO RANGE

IS QUOTED)

STICKY
ISOTOPE WATER SOIL GRASS PAPER REFERENCE
131 1.4-2.3 0.5-1.4 1.2-2.1 0.1-1,1 from (27)
Cs137 0.9 0.04 0.2 0.2 from (27)
Ryl03 2.3 0.4 0.6 0.4 from (27)
Stable I, - - 0.31-6.3 - from (33)

deposit. Hence the mean halogen deposition velocity
could be expected to de:rease with travel as the
airborne elemental halogen concentrations, and to a
lesser extenl the aerosol component, are rapidly
depleted, This is a similar effect in distance lo what
could occur, in time, to releases which are held up
by containments so producing a decrease in the air-
borne highly depositing material. Over comparatively
short distances, depending on the disperslon con-
ditions, this decrease might not be of significance
with respect to the measured variation in the depo-
sition velacities. A constant deposition velocity for
each element could be used in a study where conse-
quences were to be predicled within a restricted
range.

Radioactive decay can influence the deposition velocity
of isotopes of one element or of similar elements.
For example with jodinc-132, which is a quite short
lived daughter of Tellurium-1[32, after several kiio~
metres downwind travel most of the 1-132 in the
plume could be due {o decays from Te-132, where the
latter is normally produced in greater quantities by
fission reactors. This [-132 would tend to be in the
same form as its Tellurium parent, which could be
predoninately as small aerosol particles. This would
mean [-132 could have a significantly different de-
position velocity from other Iodine isotopes. Possibly
50% of an 1-131 release, with a half life of eight days,
could be in elementai form, Another example of short
lived isotopes having their deposition behaviour
affected by production in the atmosphere by decay of
their longer lived parents are those of Rubidiuni.
These, especialiy Rb-~88 are formed after decay of
Krypton isotopes which wouid mostiy be released as
free gases, Thesec daughler products would be
initiaily produced as single ions presumably forming
neutral single atoms with a new deposition rate.
Agglomeration and chemical reactions might then
slart to alter the deposition velocity to that of other
alkaii metals such as C:esium. The Cs-137 isotope
is long lived, with a half life of about 30 years, and
has little contribution to its cloud concentration from
decay of Xenon-137, so is more likely to retain its
inltiai form on release to the atmosphere,

Chemical changes durinj; exposure to the atmosphere
can affect deposition of radivisotopes. This would be
or importance primarily for the more reactive com-
ponents of a possible release, such as elemental
lodine and Sodium oxides. If released, activated
Sodiuni, Na-24, would probably reach the atmosphere
as particles or coatings on other aerosols. Sodium
oxides react with watler vapour to produce the
hydroxide and other compounds, with different de-

position properties as mentioned in an earlier section.

In other fields of environmental pollution studies, the
chemical transformations of sulphur dioxide In the
atmosphere pose similar problems. Combined, or
closely related releases, such as from a blowdown
stack and a water cooling tower, can have interac fons
altering the release propernes(i”)

The expected composition of a release and the re-
quired detail of caiculation would determine the
importance of the accurate use of deposition veloci-
ties. The changes in the deposition character of the
isotopes of Te- I -Xe and Kr- Rb-Sr are those of nost
radiological signilicance which have to be modelled
when deaiing with fission product releases.

3.2 Depletion Models

The properties of two general methods of modelling
dry deposition are discussed here, The simpler model
is to allow for depletion by reducing a release’'s
source strength and not affecting the assumed dis-
tribuiion of airborne material. The other method
deals in more detail with the vertical profile of air~
borne contamination and assumes only the material
from the vicinily of the surface layer is deposited.

One advantage of the source depletion method is its
easy implementation, where the depietlon fraction for
travel from 0 to x metres downwind is given by
equation 2(27, for measurements at the ground,

g‘=exp _(nz)”z ’-x exp< (0 (p1>2>_dp

07(P)
(2)
v = deposition velocity (assuming gravitational
settling is negligible)
1 = mean windspeed
h = effective height of release

0y(x) = vertical (Gaussian) dispersion coefficient

This is applied to the concentration proflle, which
remains the same as in the case with no depletion. It
Is assumed that the whole plume has good vertical
mixing, as in unstable conditions, Under neutrai and
stable conditions this raodel is more accurate when

v /i is low, where this ;atio has to be lower in more
slabie weather to retain accuracy. The problem of
resuspension of material has to be modeiled, which
involves time delays and other difficuities for any
simple model. The abcve formula has to be modified
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if reflections from an inversion layer are included
after long travel times. When isotopes are produced
within the plume their deposition, which may be at a
different rate from their parent isotopes, has to be
included. Allowing for changes of deposition velocity
could become cumbersome. A simplification would
be to use a few groups to cover the appropriate range
of elemental deposition velocities, where the mean
values are separated by stalistically significant dif-~
{erences. The integration in-equation (2) can be done
for each distance separately or by an accumulation of
small steps{35)

Surface depletion models are usually more compli-
cated 86,37 as they calculate a vertical distribution
profile rather than assume a fixed distribution.
These alsa model the surface layer in the almosphere
which tends to have a smaller turbuleni diffusivity
than higher air in the main body of the mixing layer
(see Figure 1),©8 For long travel times more of the
materiat with a surface depletion modet is at a
greater height than that predicted by a source deple-
tion model with the same low level release height,
Under these conditions a source deplelion model
tends to overestimate the ground level air concentra-
tion and so overestimates the short range contamina-
tion. This can become a significant spurious depletion
of plumes beyond a distance, typically where the
vertical distribution profile is nol expected to change
sighificantly further downwind.

These two methods can agree to within 107 in the
ground level concentration for up to periods of 6h,

2d and more than 10d for deposition velocities of

3,1 and 0.3 cm s~! under neutra! conditions.3©
Various correction factors 3€:38 can be applied to
the deposition velocity for use in the source depletion
model compensating for this long distance deficiency.

Single weather conditions generally tast for periods
shorter thah 6h @9, so that the two depletion methods
are both valid under stabte conditions provided ex-
cessively large deposition velocities for the given
conditions are not used with source depletion. One
plume can be used to estimale consequences out to
100 kra by the source depletion modet without signifi-
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Figure 1 Two qualitalive Forms of the Turbulent
Eddy Diffusivily in the Atmospheric Boindary
Layer {..... (39, —— (38)}
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cant discrepencies provided the conditions implicit
in equation 2 are reasonably satisfied.

In some circumstances changes »f dispersion condi-
tions can have an important effect on the deposition

of reteased material, such as dawn and sunset, (10
Another [actor which affects depasilion is lhe rough-
ness length of the surface. t ¥ Raugh land, such as
forests rather than pasture, increases deposition
rates, although the material is mnre dispersed due to -
more vertical mixing. Transition between different
Iand types could also affect deposition behaviour of
aerosols in the atmosphere, (12)

3.3 Other forms of plume depletion

Wel processes in the atmosphere can increase depo-
sition rates @7 of airborne material released from a
nuclear installation. Other effects altering the air
concentratians include leakage through an inversion
layer ¢ and changes in the height of the mixing layer.

Plumes can he depleted by two main types of wet
processes. One is where the precipitation falls
through the whole height of the ptume, which is
termed as wash-out, Typically raindrops collect
aerosol particles by processes including impaction,
electrostatic effects, reaction rates with water, solu-
hility in water and relative sizes of aernsol and
precipitation particles. Rainfall which consists of
many smatl droplels tends to be a more efficient
scavenger than rainfall consisting of large raindrops.

Fog can he a very efficient seavenging mechanism
which can be regarded as a form of wash-out in
stable conditions ¢2), Gases can atso dissolve in
these water droplets and be washed out @7,

The depletion rate A for wash-out, sec™ !, is assumed
to deplete the plume by the fraction Q*/Q =
e~"7(39.27) where t is the time wash-out has been
acting on the plume. Equations using Gaussian dis=
persion formulae to predict time-averaged cloud
concentrations and ground contaminations are given
in many references @7, where the plume is assumed
not to lean through the effects ¢f wind direction shear
with elevation (Ekmann layer (27,48)),

Values of the instantaneous wash-out rate are typic-
atly about 1071 sec™! for a rainfatl rate of 1 mm/h,
where rain Structure and time sampling can produce
large variations D, The variation of A with rainfall
rate depends on the size and density of the airborne
particles, but generally increases with rainfall rate,
Wash-out of very small particlzs,and that due to
light rainfall, may be due to different effects than
wash-out of larger particles ard heavier precipita-
tion rates. Gases can be washed out by rainfall,
where molecular diffusion, solibility and reaction
rates all affect the washk-out ccefficient, Bromine
gas reacts fairly rapidly with vater, unlike fodine, so
can have an appreciable wash-out coefficient @7,
The chemical form of gases is important in this re-
spect, where organic forms are often less efficiently
precipitaled. Evaporation of witer droplets can have
profound effects on wash-out, and other wet depletion
processes.

Another depletion process by precipitation, often re=
ferred to as rain out, is when the released material
is included within small water droplets which later
coagulate to form raindrops and so are precipitated
under gravity. This would most often occur when the
release was associated with a large release of water



vapour, from an adjacent cooling tower or in an acci-
dent situation from the water coolant itself for LWR's.
Nucleation, aceretion and evaporation processes of
droplets is a complicated problem where a simple
treatment cannot be accurate in all cases, and is often
omitted from atmaospheric models of environmental
codes W9, One major effect after the end of precipi-
tation is the wet surfaces remaining, where these

can greatly increase normal depositlon by surface
elements32),

Other effects which can affect the ground level con-
centrations of a plume involve any inversion and the
top of the mixing layer. Material can be transported
at low rates through an inversion, 50 depleting the
main bultk of airborne malerial %), Later the inver-
sion can break up so allowing material to remix with
the lower layers, which may have been severely de-
pleted by effects at the ground. A more common
effect is the 'fumigation’ of releases which have
travelled overnight. Nightfall and the downward
movement of the mixing iayer could isolate material
at levels above the night-time inversion, The material
next to the ground could be greatly depleted during
travel throughout the night under quite stable condi-
tions. At dawn the mixing layer again rises so allow-
ing the undepleted upper air to mix with the iow
concentrations at ground level Increasing these con-
centratlons. Similar effects can be found at coast-
lines after a plume has travelled over a large water
surface @9 although the stable air, often found over
water, may reduce effectlve deposition velacities,

4, THE DEPLETED PLUME AND ITS
CONSEQUENCES

A distinction can be made between doses and ex-
posures from a cloud of radioactive material and
from the fraction which is deposited on the ground.
The airberne material i3 only present at an exposure
point for a short period as it passes downwind,
whereas deposited material can remain in one posi-
tion giving exposures for a long time, The differen-
ces between the periods of exposure to the cloud and
ground activity produce ditferent calculational re-
quirements,as reflectec by lhe difterent dose paths,
The consequences of depletion of the plume and the
resultant ground contam.ination will be discussed in
the next two sections, respectively.

4.1 The depleled cloud

Usually time integrated concentrations (Ci sec/m~3)
are employed to calculate inhalation dose commit-
ments and external exposures from the cloud of
radioactlve material. The effects on prediction of
possible doses after allowing for depletion will be
digcussed.

The downwind range of interest and the period over
which a release is assumed to occur affect the im-
portance of depositlon processes. For short down-
wind distances, of up to a few kilometres, depletion of
the plume under most conditions is generaliy not
very important {or air concentrations,except with
material of high deposition veiocity (eg Vgepo - 5 cm/
sec). At larger distances the differences in elemental
deposition rates could start to affect the relative im-
portance of inhalation dose commitments, Figure 2
shows the source depletion fractions for various con-=
ditions. For example if lodine isotopes deposit more
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rapidly In elemental form than metallic aerosols the
thyroid dose commitments could be reduced, so
possibly making other organ dose commitments more
critical at distances of say 10 km to 30 km by re-
ducing iodine air concentrations. At greater distances,
of say up to 100 km, deposition can greatly affect the
cloud concentrations, Particular elements and iso-
tapes ean be left in the cloud due to thelr own or their
parents' non-depositing behaviour. In this respect in-
halation doses may be of less importance than whole
body exposure from th2 surrounding airborne
activity.

The organ dose commitments produced by the concen-
tration of activity in the air may be more dependent
on the deposition properties of the material than the
concentration alone, Aerosols and other material
which dg not depesit very rapidly would tend not to
be readily deposited ir some parts of the lung, so
possibly reducing doses. Also this material, which is
fiairly inert or of a form which is not eusily trans-
portable, may not be readily incorporated in the blood
stream or the alimentary canal, This would alter the
type of internal dose pattern. Some isotopes may not
reach their critical organs so reducing dose equiva~
lents,aithough lung doses may increase in this case
if inhaled radioisotopes are not removed.

4.2 Ground contamination

The activity deposited on the ground ls generally only
a smail fraction of the activity which passes close to
the ground at any given position, due to the nature of
depletion, as is shown by the typically low ratios of
V(deposition)/u. Consequences of ground contamina-
tion are of a ignger time duration than cloud doses,
which means that red:stribution of the deposited
activity can have significant effects. These cffects
wili be discussed alter the types of exposure path-
ways.

4.2.1 Exposure and dose pathways

The immediate problems with radioactive contamina-
tion are external beta and gamma exposures, Beta
rays are quite rapidly attenuated in air, where for
energies less than 0.5 MeV they have a range in dry
air of fess than 1 m,although straggling at the end of
the range can occur(®0,51,52),
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The local deposit will determine the ground beta ex-
posure, where significant shielding may be produced
by ground roughness. When deciding on a method to
calculate external beta doses the:r relatively low
radiological significance has also to be considered.
Gamma rays are more penelrating than beta par-
ticles, so their external exposure will come from a
greater range of the deposit, whirh requires appro-
priate calculations ¢41,51:55) The geomeltry of an
exposure point close to the grourd limits the contri-
butions from large distances more than occurs with
cloud gamma exposures. Ground roughness(® also
plays a role in the gamma ray flux and total exposure.

Significant external exposures would be timited to
short downwind distances,although for most releases
external exposures from deposited activity exceed
the corresponding cloud exposures after about only
one day @1+6), The effects of building entrainment on
releases from low levels or through leaks in the
final containment have to be considered at these
short downwind distances@%), For large releases
this ground exposure can become important during
the period of the release 57, At short times a wide
range of deposition behaviour has to be considered to
produce an adequate representation of the situation,

The lower exposure rates at larger distances would
produce an increase in the background radiation level,
which is eventuatly determined by the relcase and
behaviour of long lived active isotopes, such as Cs137,
Sr90 and to a lesser extent 1129 and H3,as well as
any actinides escaping. This may have to be con-
sidered if one site is going to be used for several
reactors over an extended period of many decades,
where operational emission limits might be chosen

to allow for rare accidental releases of activity. To
study these ground exposures a deposition model
would have to be chosen which enabled predictions to
be reiasonably accurate and avoid problems of
material depositing too rapidly and restricting,
spuriously, the downwind extent of deposilion.

This Iast problem particularly applies to the estima-
tions of contamination as a first step in the prediction
of doses through food chains. Much inlerest has been
paid to thyroid dose commitments from 1131 incurred
through the air-grass-cow-milk food chain, where
many deposition velocity measurements are directly
relevant to lhis situation. The youth of the person
receiving this dose is of importance (MRC)(50,59,60),
Other food chains can also be investigated (), where
the deposition velocity for the relevant surface and
chemicat form has to be used. This may impose re-
quirements on the deposition model to cope with
different depletion rates for each isotope within one
decay chain, so as to obtain the most accurale results,
One of the problems which has to be overcome is that
the more radiologically significant isotopes also
occur where deposition behaviour changes most
rapidly between elements, eg Te-I-Xe-Cs and
Se-Br-Kr-Rb. '

4.2.2 Effect of redistribution of contamination

Therc are some dose pathways produced by move-
ment nf ground contaminition i1 addition to those
mentioned in the preceding section. Redistribution
of deposited activity can also affect these doses.
Rainfall and subsequent runoff from surfaces can
immediately relocate precipitated materlal,

Resuspension of material ) into the air can pose the
risks of inhalation doses. Radipactive decay from
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deposited material can resuspend some activity,
especially {rom the surfaces of particles, Inert gases
formed within deposited particles may have to diffuse
through its structure, which may vary greatly between
particles formed during different parts of the release,
Soil erosion(81+62) can also resuspend the finest par-
ticles and move the less transportable particles,
although this would tend to occur more on bare dry
soils which could have a lower initial deposit than
land with vegetation cover. Physical resuspension by
human activity could also occur during efforts to
clean a contaminaled area. All these processes have
different time dependencies whare resuspension would
occur under differing weather vonditions and wind
directions.

Many competing factors could prevent resuspension,
including absorption by vegetation (both leaves and
roots), fixation in the soil and effects of ground water,
It has been noted that Caesium can become fixed in
soils within two years(%®, so releases of Cs137 may
produce unacceptable long term gamma exposures
from its short lived daughler Bal374,

This briefly displays the extent of the problems in-
volved in attempting to deal with ground contamina-
tion. To do detailed calculations on this whole
problem would require the formulation of a compli-
cated model and the compitation of many-data sets.
This additional complexily represents the extension
of the problem from just a simple atmospheric model
to onc of the whole environment.

The area of interest could exiend beyond the limits of
the plune originally released and depend greatly on
tocal conditions, Generally further dispersion would
reduce the magnitude of the doses from all pathways,
but there could be localised concentrating factors
such as water movements and the local topography (62),
The effect of aclivity being redistributed within the
soil and plants would alter the shielding elfects
atready produced by ground roughness, Seasonal
variations, such as rainfall, could be impartant during
the ageing of the deposit, particularly while it is com-
paratively new. Empirical time-dependent weathering
factors have been given which reduce activities (61 jn
the original deposit but do nat give detailed informa-
tion about the lost material.

5. CONCLUSION

A fuller understanding of deposition can lead to a
more complete description of unptanned releases and
their conscquences, This cou d enable further in-
vestigations to be made attempting to find measurable
factors which could categorise these releases.
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Centents _
(section) 7.2 Suggestions for future work 294
Chapter 1
page 9 line 10 Delete second close bracket: (17),Martin
page 10 line 9 Hyphenate long-term
line 31 Te read : food chain doses
page 11 line 29 Replace pessimistic by certain
page 15 line 10 Replace were by was
ChapterVQ ,
rage 22 line 37 Delete : details of the
line 38 Insert commas about phrase: and associated routines
page 25 line 23 Delete : 0.3 .
page 30 line 11 to read as : Kr88/Rb88, Tel32/I132 and 1135/Xel35%

page 30 equation 2.14(b) Replace p,n by p,x

page 31 Single depositionImode%esecond row entries column 1
Replace v = v 1 Te
& £ by vg = V

and last row column 1 , Replace : (vg by (Vé '

page 34 eﬁuation 2.23 , end of upper line of integral

to read as : dt ...d%
m n-1

——

page 35 equation 2.25(a) Insert open bracket immediately to right

of egquals sign : =((t.D )/
‘ n,n-1
page 39 line 11 Add apostrophe : isotopes'
page 41 Rename equation 2.37 as 2.38

page 42 line 1 equation 2.41 right hand side of equation to

ok
read as : a.R

page 52 line 4 replace 30 by 30 Em
line 38 Change second comma to colon to read as
deposition: they
~ page 54 line 3 Replace 2.37 by 2.38 '
. imChaptef 3
page 64 line 5 Replace provded by provided

rage 75 last line add extra close bracket:(é))) and

page 80 line 10 To read as exposure rate_




e CORRECTIONQ{CONTINULD) : , 2/
Chapter 4 ‘ N

page

page
page
bage
page
page

page

93

96

97
99
103
105

108

~LChapter 5

- page
page
page
page

~ page

page
bage
page
page

page

page
page

page

125
129
130
130
132

139

141

157

184

192

218
220

225

equation 4.4 Insert superscript j to upper limit of summatiom
over j = 1 to Nj

line 3 Replace full stop by comma to read as (dxj,dyf)

line 1 Replace Z by 2 in equation 4.15 '

line 4 To read &s : means N

line 33 To read as (Grenow and Gausden. [(2))

equation 4,38 Replace.”dri by dr‘j

line 19 Replace W by %

see amended page with added qualiff ~ ying statements
line 11 Replace possible by possibdbly

lines 26 and 27 replace pessimistic by inaccurate
line 35 Close bracket to read as : (breastl

line 3 To be read as suppressed

line 24 Geometric mean intended , so replace -} by +3
penultimate line To be read as long lived A
Figure 5.1 Order of curves from top of figure to be read
in the same order ag Figure 5.5 labels
i.e, labels in order:Thyroid, Lung,Thyroid Lung;
Figure 5.24 Vertical axis to read from top as:
2,1,0.5,0.2,0.1,0.05,0.02, 0.01
line 33 Insert after :of the release the phrase'

\ (81milar ﬁo flgure 5 32)
line 13 Insertion.to read as : proportionately larger high
line 22 Replace 3,1 by 3,2 ‘
line 24 Replace 3.2 by 3.1
Table 5.24 4°® row , column 2 Replace F by C'




CORRECTIONS (CONTINUED)
Chapter 6 |
page 228 line 2 Replace designed-by delivered

page 238 see amended page with extra qualifying statements.

page 247 line 37 Replace 3.10""’r3r“1 by 3.10-4 yr°1

page 260 see amended page with extra qualifier

page 269 line 15 Replace extent by extend

page 279 line 19 (continued fwom previous 1ine) Replace mith by mity

ie proximity)

ChapterHTN

page titled as 294 to be read as page 295

page titled as 295 to be read as page 294
Appendix A

page 307 equation A;6 replace (1frn) by (1grn) (i.e. subscript n)
page 311 line 4 Replace if by .is '

line 5 Replace % by .
pgggwﬁlguequation A.12b Denominator en right to be replaced by 87.7:

Appendix B

page 327 line 2 Insert second open bracket.i.e. ((10),
page 328 line 10 Replace become by becomes




