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FOREWORD 
by the Director General

The demand for energy is continually growing, both in the developed and 
the developing countries. Traditional sources of energy such as oil and gas will 
probably be exhausted within a few decades, and present world-wide energy 
demands are already overstraining present capacity. Of the new sources nuclear 
energy, with its proven technology, is the most significant single reliable source 
available for closing the energy gap that is likely, according to the experts, to be 
upon us by the turn of the century.

During the past 25 years, 19 countries have constructed nuclear power plants. 
More than 200 power reactors are now in operation, a further 150 are planned, 
and, in the longer term, nuclear energy is expected to play an increasingly 
important role in the development of energy programmes throughout the world.

Since its inception the nuclear energy industry has maintained a safety 
record second to none. Recognizing the importance of this aspect of nuclear 
power and wishing to ensure the continuation of this record, the International 
Atomic Energy Agency established a wide-ranging programme to provide the 
Member States with guidance on the many aspects of safety associated with 
thermal neutron nuclear power reactors. The programme, at present involving the 
preparation and publication of about 50 books in the form of Codes of Practice 
and Safety Guides, has become known as the NUSS programme (the letters being 
an acronym for Nuclear Safety Standards). The publications are being produced 
in the Agency’s Safety Series and each one will be made available in separate 
English, French, Russian and Spanish versions. They will be revised as necessary in 
the light of experience to keep their contents up to date.

The task envisaged in this programme is a considerable and taxing one, 
entailing numerous meetings for drafting, reviewing, amending, consolidating and 
approving the documents. The Agency wishes to thank all those Member States 
that have so generously provided experts and material, and those many individuals, 
named in the published Lists of Participants, who have given their time and efforts 
to help in implementing the programme. Sincere gratitude is also expressed to the 
international organizations that have participated in the work.

The Codes of Practice and Safety Guides are recommendations issued by the 
Agency for use by Member States in the context of their own nuclear safety 
requirements. A Member State wishing to enter into an agreement with the 
Agency for the Agency’s assistance in connection with the siting, construction,
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commissioning, operation or decommissioning of a nuclear power plant will be 
required to follow those parts of the Codes of Practice and Safety Guides that 
pertain to the activities covered by the agreement. However, it is recognized that 
the final decisions and legal responsibilities in any licensing procedures always rest 
with the Member State.

The NUSS publications presuppose a single national framework within which 
the various parties, such as the regulatory body, the applicant/licensee and the 
supplier or manufacturer, perform their tasks. Wl^ere more than one Member 
State is involved, however, it is understood that certain modifications to the 
procedures described may be necessary in accordance with national practice and 
with the relevant agreements concluded between the States and between the 
various organizations concerned.

The Codes and Guides are written in such a form as would enable a Member 
State, should it so decide, to make the contents of such documents directly 
applicable to activities under its jurisdiction. Therefore, consistent with accepted 
practice for codes and guides, and in accordance with a proposal of the Senior 
Advisory Group, “shall” and “should” are used to distinguish for the potential 
user between a firm requirement and a desirable option.

The task of ensuring an adequate and safe supply of energy for coming 
generations, and thereby contributing to their well-being and standard of life, is a 
matter of concern to us all. It is hoped that the publication presented here, 
together with the others being produced under the aegis of the NUSS programme, 
will be of use in this task.

STATEMENT 
by the Senior Advisory Group

The Agency’s plans for establishing Codes of Practice and Safety Guides for 
nuclear power plants have been set out in IAEA document GC(XVIII)/526/Mod.l. 
The programme, referred to as the NUSS programme, deals with radiological safety 
and is at present limited to land-based stationary plants with thermal neutron 
reactors designed for the production of power. The present publication is brought 
out within this framework.

A Senior Advisory Group (SAG), set up by the Director General in September 
1974 to implement the programme, selected five topics to be covered by Codes of 
Practice and drew up a provisional list of subjects for Safety Guides supporting the 
five Codes. The SAG was entrusted with the task of supervising, reviewing and 
advising on the project at all stages and approving draft documents for onward 
transmission to the Director General. One Technical Review Committee (TRC), 
composed of experts from Member States, was created for each of the topics 
covered by the Codes of Practice.
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In accordance with the procedure outlined in the above-mentioned IAEA 
document, the Codes of Practice and Safety Guides, which are based on docu
mentation and experience from various national systems and practices, are first 
drafted by expert working groups consisting of two or three experts from Member 
States together with Agency staff members. They are then reviewed and revised 
by the appropriate TRC. In this undertaking use is made of both published and 
unpublished material, such as answers to questionnaires, submitted by Member 
States.

The draft documents, as revised by the TRCs, are placed before the SAG. 
After acceptance by the SAG, English, French, Russian and Spanish versions are 
sent to Member States for comments. When' changes and additions have been 
made by the TRCs in the light of these comments, and after further review by the 
SAG, the drafts are transmitted to the Director General, who submits them, as 
and when appropriate, to the Board of Governors for approval before final 
publication.

The five Codes of Practice cover the following topics:

Governmental organization for the regulation of nuclear power plants
Safety in nuclear power plant siting
Design for safety of nuclear power plants
Safety in nuclear power plant operation
Quality assurance for safety in nuclear power plants.

These five Codes establish the objectives and minimum requirements that should 
be fulfilled to provide adequate safety in the operation of nuclear power plants.

The Safety Guides are issued to describe and make available to Member 
States acceptable methods of implementing specific parts of the relevant Codes 
of Practice. Methods and solutions varying from those set out in these Guides 
may be acceptable, if they provide at least comparable assurance that nuclear 
power plants can be operated without undue risk to the health and safety of the 
general public and site personnel. Although these Codes of Practice and Safety 
Guides establish an essential basis for safety, they may not be sufficient or 
entirely applicable. Other safety documents published by the Agency should be 
consulted as necessary.

In some cases, in response to particular circumstances, additional require
ments may need to be met. Moreover, there will be special aspects which have 
to be assessed by experts on a case-by-case basis.

Physical security of fissile and radioactive materials and of a nuclear power 
plant as a whole is mentioned where appropriate but is not treated in detail. 
Non-radiological aspects of industrial safety and environmental protection are not 
explicitly considered.

This publication is no longer valid 
Please see http://www-ns.iaea.org/standards/



When an appendix is included it is considered to be an integral part of the 
document and to have the same status as that assigned to the main text of the 
document.

On the other hand annexes, footnotes, lists o f  participants and bibliographies 
are only included to provide information or practical examples that might be help
ful to the user. Lists of additional bibliographical material may in some cases be 
available at the Agency.

A list of relevant definitions appears in each book.
These publications are intended for use, as appropriate, by regulatory bodies 

and others concerned in Member States. To fully comprehend their contents, it is 
essential that the other relevant Codes of Practice and Safety Guides be taken into 
account.

NOTE

The following publications o f  the NUSS programme are referred to in the 
text o f  the present Safety Guide:

Safety Series No. 50-SG-S 7 
Safety Series No. 50-SG-S9

The titles are given in the List o f  NUSS Programme Titles printed at the end o f  
this Guide, together with information about their publication date. Instructions 
on how to order them will be found on the last page o f  this Guide.
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1. INTRODUCTION

The hydrosphere represents an important pathway by which radioactive 
materials caft be dispersed from a nuclear power plant into the environment and 
hence to man. The dispersion in surface water is discussed in this Guide while 
the question of dispersion in groundwater is presented in the Safety Guide on 
Nuclear Power Plant Siting: Hydrogeologic Aspects (IAEA Safety Series 
No.50-SG-S7).

The release of radioactive material into surface waters can be classified as 
routine or accidental. Routine releases are discharged into surface water during 
the normal operation of a nuclear power plant. Accidental releases may reach 
the surface waters directly or indirectly.

1.1. General considerations

1.2. Scope

This Guide discusses the dispersion of normal and accidental releases of 
radioactive materials from nuclear power plants into surface water, including 
the washout of airborne radionuclides, and gives recommendations on:

— information to be collected during the various stages of the siting procedure
— a minimum measurement programme
— the selection and validation of appropriate mathematical models for

predicting dispersion.
Guidelines are also provided for the optimal use of models for a specific 

site situation and for defining the necessary input parameters. Results of existing 
validation studies (where available) are given.

The models presented in this Guide provide estimations of the radioactivity 
concentrations for a full range of releases: steady-state (routine) releases, 
instantaneous or puff (accidental) releases and time-dependent long-term releases 
(routine or accidental).

Complex models are described for application in those cases where such 
models are required. However, when simple models provide an adequate basis 
for site selection, they are to be preferred. The term ‘surface water’ as used in 
this Guide refers to open bodies of water on the earth’s surface. Although these 
form a continuum with groundwater, a distinction can usefully be made for the 
purpose of dispersion analysis, since radionuclides are usually transported rapidly 
in surface waters.

1
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The evaluation of doses to individuals and to the population is not discussed 
in this Guide but is dealt with in other publications of the IAEA and of other 
international or national organizations. In particular, ICRP Publication 29 [ 1] 
recommends models for the assessment of doses to man from radionuclides 
released into the environment (including surface waters).

1.3. Studies and investigations to be performed at the various stages
of siting

1.3.1. General

A preliminary study of hydrological dispersion can be performed in the site 
survey stage. However, a more detailed study is performed during the site evalua
tion stage and measurements are made as required prior to operation.

The studies during the site evaluation and pre-operational stages are also 
used for emergency planning so that adequate measures can be implemented in 
the event of an accidental release.

1.3.2. Site survey stage

A preliminary study of the hydrological aspects of the region and of the 
potential or candidate sites can be performed with the purpose of rejecting 
unsuitable areas or sites or comparing sites with allowance for the hydrological 
aspects (see the Safety Guide on Site Survey for Nuclear Power Plants: IAEA 
Safety Series No.50-SG'S9).

1.3.3. Site evaluation stage

A detailed study and investigation (see Section 2) of the selected site shall 
be carried out at the site evaluation stage to provide the data necessary for dis
persion and reconcentration calculations. The purpose of these calculations is 
to demonstrate that the radiological consequences resulting from the normal and 
potential accidental releases of radioactive material into the aquatic environment 
are acceptable and to enable authorized limits to be established for radioactive 
liquid releases. If there is a potential for unacceptable radiological consequences 
and if satisfactory engineering solutions to mitigate these consequences do not 
exist the site shall be deemed unsuitable.

Models which can be applied in this stage vary from those based on simple 
equations to sophisticated, multi-dimensional models which lead to the numerical

2
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solution of the equations of motion and concentration. As mentioned above, 
simple models are preferable when they provide an adequate basis for site 
evaluation.

Hydrological data increasing in number and precision with the sophistication 
of the model used are required for the particular body of water. If necessary, a 
programme of investigation is carried out at the site in order to validate the model 
and to determine key model parameters for predicting the dispersion of radioactive 
materials from the nuclear power plant. ‘Validation’, as used in this Guide, means 
testing by comparison with laboratory or field data and finding the results to be 
in reasonable agreement. When this is done, a thorough understanding of the 
model is necessary in order to establish the range of use to which the validation 
is applicable. This is essential because even a validated model can provide poor 
results if it is misapplied in a given situation. If a model has not yet been validated 
for a specific application, sensitivity studies and assessment of the validity of the 
assumptions used in the model can provide an indication of the potential for error.

1.3.4. Pre-opera tional stage

During the pre-operational stage a, measurement programme is carried out. 
The first objective of this measurement programme in the pre-operational stage 
is to provide verification of the hydrological information obtained in the site 
evaluation stage. It is customary to continue through the pre-operational stage 
all hydrological measurements begun in the earlier site evaluation stage. Moreover, 
parameters which have been estimated in the site evaluation stage (such as diffu
sion coefficients) are often verified through measurements in the pre-operational 
stage. In this latter stage, a greater than expected range of values for the hydro- 
logical variables may be found. Should this be the case, the previous calculation 
of downstream radionuclide concentration will require confirmation or revision by 
reapplication of the models.

For planning the radiological monitoring to be carried out during the opera
tional stage, the pre-operational investigations include the following tasks:

(a) Compilation of information on the critical nuclides, pathways and 
groups of people, in order to organize the monitoring to be performed 
during the operational stage;

(b) Determination of background levels of radioactivity to help in inter
preting the result of operational monitoring and evaluating the radio
nuclides in the aquatic/sediment environment attributable to nuclear 
power plant releases;

(c) Test and trial applications of monitoring methods and procedures to be 
carried out in the operational stage.

3
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1.4. Processes governing the distribution o f radioactive materials in 
surface waters

The main processes which govern the distribution of radioactive materials 
released into surface waters are:

— transport by movement of water
— diffusion in the water (mainly by eddy diffusion)
— sedimentation of precipitates and floccules at the bottom of a body of 

water
— resuspension of the sediments
— sorption and desorption by inorganic and organic materials
— uptake by biota
— radioactive decay and buildup
— interaction with groundwater
— effects of ice cover.

The combination of the processes of transport and of diffusion is termed 
dispersion.

1.5. General information needed

The information to be collected in order to evaluate the distribution of 
radioactive materials in the aquatic environment resulting from routine and 
potential accidental releases from a nuclear power plant includes:

(a) Source terms of the routine and potential accidental releases of radio
active materials from the nuclear power plant;

(b) Hydrological, physical, physico-chemical and biological characteristics 
governing the transport, diffusion and retention of radioactive material 
and also groundwater recharge conditions for small closed bodies of 
water. This information should be provided for different parts of the 
aquatic system of the region. In certain cases ice buildup might affect 
the quantity of water available for dilution;

(c) Location and amount of water used, for drinking, industrial, agricultural 
and recreational purposes.

In addition, information is gathered on the dietary and other relevant habits 
of the population, including special occupational habits (e.g. the handling of 
fishing gear) and hobbies (e.g. sport, fishing or sun-bathing).

The above information is needed in order to evaluate the suitability of a site, 
to select an appropriate dispersion model for a specific site and to establish limits 
for radioactive releases into surface waters.

4
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2. INFORMATION NEEDED AT 
THE SITE SURVEY STAGE

In the site survey stage, general hydrological information is collected for the 
preliminary evaluation of site suitability. Appropriate data to be collected or 
estimated include:

(a) Coarse estimates of source term based on the envelope of the potential 
releases for different types of nuclear power plants (if the type to be 
built is not known);

(b) The description of important bodies of water in the region, together 
with an approximate evaluation of the extent to which potential radio
active contamination from the nuclear power plant may spread;

(c) The locations and purposes of major water intakes in the region. 
Particular attention should be paid to water used for drinking and 
food preparation and to any important use of water near the plant, 
for example for irrigation, swimming or fishing.

3. INFORMATION NEEDED AT 
THE SITE EVALUATION STAGE

The data needed for the evaluation of hydrological dispersion in surface water 
are collected at the site evaluation stage. This section deals with the collection and 
measurement of data and with the choice of appropriate values to be used as input 
into the dispersion models. The data collected at the site evaluation stage reflect 
the situation existing at that stage. However, all anticipated modifications of the 
data due to plant construction and other foreseen changes in the region should be 
identified and their potential impact on the calculation of the concentration 
evaluated. At the pre-operational stage additional measurements may be performed 
to confirm the values used as input in the models.

3.1. Source parameters

The parameters to be estimated and used to specify routine and accidental 
releases into the aquatic environment include:

(a) Radioactivity:
— the rate of release of each important radionuclide and the total 

quantity released during a specific period (rough estimate)

5
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(b) Chemical properties, including:
— important anion and cation concentrations and their oxidation and 

complexing states
— organic content
— pH

(c) Physical properties of the liquids released, including:
— temperature
— density
— content of suspended solids

(d) Flow rate of continuous releases or volume and frequency of batch
releases.

To evaluate the concentration due to long-term releases, the variation of the 
source parameters over the duration of the discharge is also needed.

To evaluate the potential contamination of a body of water by airborne 
radioactive material, it is also necessary to know the amount, type, physical and 
chemical form and distribution of deposited radioactive material. No general 
model has been developed for this evaluation and each situation must be dealt 
with on a case-by-case basis.

3.2. Information needed for dispersion modelling

The data needed for dispersion modelling fall into the following categories:
(a) Location, geometry and condition of the discharge;
(b) Data on eddy diffusion and sediment distribution coefficients;
(c) Hydrological data; and
(d) Uses of water.

3.2.1. Data on location, geometry and condition o f  the release

The data used to characterize the geometry and the conditions of the release 
include:

(a) Location, number, sizes and spacing of release ports;
(b) The elevations of the discharge point above the bottom of the body 

of water;
(c) Angles of discharge in the horizontal and vertical planes;
(d) Flow rates and their time variations;
(e) Discharge temperature.
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Two types of coefficients are required to determine the diffusion and 
distribution of radioactive material in the body of water.

3.2.2.1. Eddy diffusion coefficients

Eddy diffusion coefficients, Kx, Ky, Kz, derived from Fickian theory, 
are the proportionality coefficients between the components of the gradient of 
concentration and the flux of matter. Usually the diffusion coefficient is not 
measured but obtained from the literature. However, this requires a determination 
that the values used are appropriate for the characteristics of the body of water 
(see Appendix A and Annex I).

In some cases where the hydrological situation is complex and the conserva
tive application of a simple model is not possible, detailed knowledge of the hydro- 
logical regime is necessary if a more sophisticated model is applied. In such case, 
dye tracers or isotopic tracer techniques, including stable as well as radioactive 
isotopes, may be used [2],

3.2.2.2. Sediment distribution coefficients

The sediment distribution coefficient, Kd, is the ratio of radionuclide con
centration in sediment to that in water when equilibrium has been reached (see 
Appendix A and Annex II). The sediment distribution coefficients are needed in 
the following cases:

(a) When there is potential for exposure to man from contaminated 
sediments;

(b) When the concentration of any of the important nuclides in the water 
phase may be substantially affected by sediment scavenging due to the 
chemical characteristics of the radionuclide or to the high sediment load.

Preliminary estimates of the concentration can be obtained by using values 
of the sediment distribution coefficient Kd (see Annex II) derived from the 
literature. However, in all cases it is preferable to make direct measurements on 
samples of sediment and water collected along the pathway to the points of usage. 
(Measurement techniques are given in Annex II.)

3.2.3. Hydrological information

In this subsection, the collection of hydrological data is discussed separately 
for each type of receiving body of water. The data requirements that are presented 
refer to simple models. Data requirements for advanced models are very much

3.2.2. Data on eddy diffusion and sedim ent distribution coefficients
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dependent on the model to be used and are obtained directly from the model 
reference.

3.2.3.1. Sites on rivers

For sites located on rivers the hydrological information to be collected 
includes:

(a) Channel geometry, defined by the mean width, the mean cross-section 
and the mean slope over the river reaches of interest (the water level can 
be computed from the channel geometry and river flow rate). If there 
are important irregularities in the stream which could influence the 
development of the plume dispersion, these are also described. Addi
tional downstream measurements of channel geometry are made as 
required to assess the dispersion process over the river reaches of 
interest.

(b) The river flow rate, presented as monthly averages of the inverse of 
daily flow, 1/Q. The inverse rate of flow is used since the fully mixed 
concentration is proportional to the reciprocal of flow if sediment 
sorption effects are not considered. Measurements of flow rates of 
other relevant and important bodies of water (e.g. downstream tribu
taries of the river) could be needed if they affect dispersion.

(c) Extremes in flow rate evaluated from available historical data.
(d) Temporal variation of water level over the reaches of interest.
(e) Tidal variations in water level and water flow in the case of a tidal river.
(f) Data to determine possible interaction between riverwater and ground

water. Also needed is an identification of those reaches of the channel 
where the river may gain or lose water from or to the groundwater.

(g) The river temperature, measured at a representative location over at 
least an entire year and expressed as monthly averages of daily 
temperatures.

(h) The thickness of the top layer if stratification occurs.
(i) Extreme temperatures evaluated from available historical data.
(j) The suspended sediment concentrations measured:

(i) at locations situated downstream of sections where the river is 
slowed, depleted, or fed by tributaries;

(ii) on discrete samples at appropriate intervals (e.g. every two months 
for at least an entire year);

(iii) over a sufficient range of flows to establish flow-versus-sedimentation 
rate curves.
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(k) The deposited sediment characteristics, including mineral compositions 
and size classification.

(1) The distribution coefficients Kd (see Annex II) for the various radio
nuclides to be released if sediment models are to be used.

(m) Levels of background radioactivity from natural and artificial sources.

3.2.3.2. Sites on estuaries

For sites located on estuaries hydrological information to be collected in 
addition to that identified in Subsection 3.2.3.1 includes:

(a) The salinity distribution determined along several verticals covering 
different cross-sections of the intrusion zone. The salinity measure
ments are made throughout the tidal cycle and for the most significant 
combinations of tidal ranges at the estuary entrance with upland flows 
over the year. In addition, the internal circulation pattern caused by the 
vertical and longitudinal salinity gradients should be known. This may 
be obtained from measurements made at various cross-sections of the 
estuary throughout the tidal cycle. The data should be sufficient to 
delineate the flow pattern which is directed towards the estuary mouth 
in the upper layer and towards the inner reaches in the lower layer of
a fully or partially mixed estuary.

(b) Sediment displacements. Since silts and sediments are normally found in 
estuaries, the suspended sediment load, the rate of buildup of deposited 
sediment layer and the movement of these sediments with the tide 
should be evaluated.

(c) Channel characteristics sufficiently upstream of the site to model the 
maximum upstream travel of radioactive effluents.

Measurements of water temperature, water quality, and salinity in estuaries 
should be made at appropriate depths, distances and times depending on the river 
flow and the waterbody configuration during the different seasons. Measurements 
may require averaging over a tidal cycle depending upon the model to be used.

3.2.3.3. Sites on the open shores of large lakes, seas and oceans

For sites located on the shores of large lakes, seas and oceans the appropriate 
hydrological information to be collected includes:

(a) General shore and bottom configuration in the region and shoreline
irregularities in the vicinity of the release. If the location of the discharge
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is near the shore, data on bathimetry out to a distance of several kilo
metres and data on the amount and character of sediments for the 
shallow-shelf waters are also necessary. The data on sediments are 
obtained by sampling and analysis.

(b) Velocities and directions of any near-shore currents that could affect 
the dispersion of discharged radioactive material. Measurements are 
made at appropriate depths and distances depending on the bottom 
profile and the location of the discharge.

(c) Durations of stagnation and the characteristics of current reversals.
After a stagnation, a reversal in current usually leads to a large-scale 
mass exchange between inshore and offshore waters that effectively 
removes pollutants from the shore zone.

(d) Thermal stratification of water layers and its variation with time, 
including the position of the thermocline and its seasonal change.

(e) Suspended sediment load, sedimentation rates and sediment distribution 
coefficients, including data on sediment movements characterized by 
defining at least the areas of high rates of sediment accumulation.

3.2.3.4. Sites on impoundments

For sites on impoundments, appropriate information to be obtained includes:
(a) Parameters of the impoundment geometry, including length, width and 

depth at different locations;
(b) Inflow and outflow rates;
(c) Expected fluctuation in water level on a monthly basis;
(d) Water quality at inflows including temperature and suspended solids;
(e) Data on thermal stratification and its seasonal variation for relevant 

bodies of water;
(f) Interaction with the groundwater;
(g) Characteristics of bottom sediments (type and quantity);
(h) Sediment distribution coefficient;
(i) Sediment deposition rate.

3.2.4. Information on water use

Information on present uses of water which could be affected by radioactive 
releases from the plant, together with the location, nature and extent of usage, 
shall be collected. Projected uses shall be estimated over the life of the plant, 
to the extent feasible. Knowledge of projected uses is important because the
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destination of water can change during the life of the plant; this could lead to 
a change in the critical population group. If there are population centres that 
take drinking water from the given body of water, this fact should be given special 
consideration. Other water uses such as irrigation, fishing, and recreational activi
ties in the region shall also be carefully considered. The data for the different 
water uses include1:

(a) For water used for drinking, municipal and industrial purposes ’
— average and maximum rates of water intake by users
— distance of the intake from the potential source of release
— mode of water consumption
— number of persons involved

(b) For water used for irrigation
— rate of water usage
— area of irrigated land
— types and yields of agricultural products, and their usual consumers

(c) For water used for commercial and sport fishing
— amount of commercial and recreational fish catch

(d) For water used for recreational purposes
— number of persons involved in swimming and boating.

3.2.4.1. Potential influence of water use on dispersion

The main existing and projected uses of the water may influence the dispersion 
characteristics of a given body of water. Any foreseen potential changes in these 
characteristics are listed and taken into account in the dispersion calculations.
Some examples of uses and the characteristics affected are given in Table I.

It should be noted that the level of background radioactivity in water can be 
affected by both natural radioactivity and by radioactive material in discharges 
from non-nuclear facilities (e.g. wastes from chemical plants, mines, hospitals).

3.3. Acquisition o f data

Reliable data on some of the parameters mentioned above can be obtained 
from existing climatological and hydrometric stations. Typical values may be 
obtained from any network of recording gauges that exist in the region.

1 In general, for nuclear power plants on rivers, all main users of water from the river 
should be identified. For plants on lakes, users anywhere on the lake and at all locations where 
water is drawn off should be listed. For plants on the ocean, a distance of some few tens of 
kilometres along the shore will probably need to be investigated for users.
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TABLE I. EXAMPLES OF USERS AND THEIR EFFECTS ON WATER 
CHARACTERISTICS THAT INFLUENCE DISPERSION

Users Temperature Chemistry Sediment Flow

Refineries * * ♦ *

Chemical plants % * *

Paper mills ♦ * *

Mines * * *

Dams * * *

Nuclear facilities * * *

Conventional power plants * *

An asterisk indicates that the variable is affected by the facility (users).

If detailed maps and charts for the region are available, the configuration of 
the bodies of water may be determined from them. Otherwise' appropriate measure 
ments shall be carried out.

To ensure data representativity and accuracy, data influenced by season used 
as input to different hydrological models are obtained by appropriate measurement 
techniques (see e.g. Ref. [3]) and shall be acquired during at least one full year. 
These data shall show seasonal variations and are those variables required as input 
to different hydrological models. Examples of the instrumentation used are given 
in Table III. 1 of Annex III.

Some suggestions on data acquisition are given below:

(a) Data on geometry and bottom configuration of bodies of water are 
commonly obtained from a single survey if the region is not subject 
to substantial change.

(b) Data on flow rates, currents, and temperatures are obtained from 
measurements taken either continuously or at intervals usually of
3 to 6 hours; the duration of each measurement is usually 10 minutes. 
The appropriate interval between measurements can be determined from 
the estimated rate of rise or fall of the hydrograph. For a regulated 
river or one with a large drainage basin, intervals of one day or more 
may be sufficient. In order to evaluate seasonal variations, data for
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a period of at least a year are necessary. If appropriate measured data 
are not already available, direct measurements should be made for a 
minimum of one year and supplemented by historical data on extreme 
conditions. .It is preferable to have measurements of flow rate at the 
site or, if this is not practicable, at upstream locations from which 
accurate estimates can be made of the flow rate at the site.

(c) Data on sediments and water quality. It is normal practice to collect 
these data every 14 days. This frequency will depend on sediment load 
and water quality variations.

4. MODELLING OF RADIONUCLIDE DISPERSION IN 
SURFACE WATERS

4.1. Introduction

Many models exist for calculating the dispersion of routine and accidental 
releases into the surface waters [4]. Most models are quite simple, the advanced 
models are needed only in specially difficult applications. Models can be placed 
into one of three categories according to the method of development:

(1) Numerical models transform the basic governing equations of radio
nuclide dispersion into finite difference or finite element form. These 
models are the most complex of those available and permit most of the 
relevant physical phenomena to be taken into account, at least partially. 
Such models are all denoted as ‘advanced’ in this Guide and are discussed 
briefly in the Annexes.

(2) Box-type models treat the entire body of water or sections of a body 
of water as homogeneous compartments. In this type of model, average 
concentrations are computed for each box (compartment) and transfer 
constants are set up to relate the variables to those in adjacent compart
ments. Most of the models discussed in this Guide which handle 
radionuclide/sediment interactions are of the box type.2

2
The box-type model developed by Bayer [5 ], used to model the Rhein-Maas system, 

is discussed in Annex V. Important box-type models not discussed in this Guide are RVRDOS 
by Martin et al. [6] and those used in the joint work of the National Radiological Protection 
Board with the Commissariat a l’Energie Atomique [7]. The RVRDOS and Bayer models are 
two of the most thorough for complete river systems. Box or compartment-type models also 
exist for other waterbody systems.
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(3) Analytical models solve the basic equations describing radionuclide 
transport. In this method, major simplifications are made as to the 
waterbody geometry and the dispersion coefficients of the body of 
water. Such simplifications are necessary in order to make the problem 
sufficiently tractable for analytical solutions to be possible. Most of 
the models discussed in detail in this Guide are of this type.

In most cases, the simple models (drawn from categories (2) and (3)) are 
satisfactory for power plant siting purposes and the need for complicated models 
is the exception rather than the rule. For example, the use of a complicated time- 
dependent, multi-dimensional finite-difference model of riverine dispersion would 
be unnecessary if only concentrations averaged over large river reaches and over 
long periods of time were always good enough to permit suitable assessment of 
doses.

For the purposes of efficient modelling, the radionuclide dispersion is divided 
into three phases:

Phase 1 — Initial mixing.
Phase 2 — Extends from the end of Phase 1 to locations where mixing has 

occurred over the full cross-section; sediment interaction is 
usually not taken into account.

Phase 3 — Dispersion at distances beyond Phase 2; sediment interaction 
is usually included.

For details see Section A.3 in Appendix A.

4.2. Selection o f the model

An appropriate model for dispersion of radioactive material from a nuclear 
power plant to surface water shall be selected. This selection is dependent on the _ 
type of discharge (surface or submerged), the type of body of water into which the 
radioactive materials are released (e.g. rivers, estuaries, impoundments, large lakes 
or oceans) and the use of the water. The selection of the model shall also take 
into account the following:

(a) Magnitudes of the source term for normal operation and for potential 
accident conditions;

(b) Location, type and amount of surface water which can be affected by 
normal or accidental releases from the plant;

(c) Required accuracy in the estimation of the concentration of radioactive 
material in surface water at the various points of intake by the main 
users.
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In most siting situations, simple models, applied with conservative assump
tions have proved adequate. Some of the models presented in the Appendices 
and Annexes do not take into account sediment effects, and in addition have 
closed-form or semi-empirical types of solutions. Other, more complex models 
which include sediment effects or provide solutions of the basic equations 
governing fluid flow by means of finite-difference methods may be used. These 
latter models are required in very few (probably less than 10%) of all siting cases. 
The class of simple models mentioned above is discussed in Appendix B (entire), 
Appendix C (Sections C. 1 and C.2), Appendix D (Sections D.2 to D.5), Appendix E 
(Section E.2) and Appendix F (entire). All other models presented in this Guide 
are considered complex. It should be noted that technical judgement will be 
needed in the selection of the modelling approach to be used in a particular case.

A general discussion of radionuclide dispersion modelling in surface water 
together with a short description of methods of mathematical modelling for 
environmental impact evaluation and the description of the three phases are 
presented in Appendix A.

Appendix B deals with models for the initial mixing stage (Phase 1) which 
should apply up to some 3—10 km downstream of the plants for both surface 
and submerged discharges. Appendix C discusses several models which calculate 
radionuclide dispersion in rivers at distances from 3 km to several tens of kilo
metres (Phases 2 and 3).

Models for near-shore radioactivity dispersion from open coasts are treated 
in Appendix D. These allow for the evaluation of radionuclide concentration in 
deposited sediments. Appendix E presents models for radioactivity dispersion 
in estuaries which take into account sediment effects. Several types of model for 
dispersion in impoundments are described in Appendix F.

Appendices C to F contain two categories of models -  those which apply 
to steady-state releases and those which apply to time-dependent releases. In most 
of the models, especially those dealing with long-term dispersion, the effects of 
sediment are included.

4.3. Model validation and use

As mentioned above, ‘validation’ means testing a model by comparing its 
results with laboratory or field data and finding acceptable agreement. Usually 
the validation will have a limited range of applicability, and a thorough understanding 
of the model is necessary to determine this range. Application outside this range 
can give unreliable results.

Information on the validation of the more commonly used models discussed 
in this Guide is presented in the Appendices; wherever possible the expected level 
of error is included. If for a typical application of a selected model no validation 
has been yet performed, the model must be validated or the potential for errors 
evaluated and taken into account.
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One of the following approaches may be adopted for ensuring the applicability 
of a model for a specific case:

(a) A simple model is chosen and
(i) the model is validated for the site, or

(ii) the model is shown to have been validated for a similar area 
elsewhere, or

(iii) it is demonstrated that the approximations and assumptions made 
in applying the model to the specific case will not lead to an 
underestimate of the radionuclide concentration at any point of 
interest.

(b) The dispersion at the site is shown to be so complex that the commonly 
used models are unsuitable. One of the more complex models must then 
be' selected and validated with field studies for application at the site.

In the large majority of cases to date, approaches (a) (i) or (a) (ii) and to a 
somewhat lesser extent approach (a) (iii) have been applied with satisfactory results 
in siting situations. Approach (b) represents the exception rather than the rule.

Routine radionuclide discharges from nuclear power plants may be indis
tinguishable from background radioactivity. Therefore, validation of the models 
employed in radionuclide dispersion computations must be accomplished at the 
appropriate time with suitable radioactive or chemical tracers. Thermal discharge 
studies can also be used, but with caution.
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Appendix A

GENERAL DISCUSSION OF RADIONUCLIDE 
DISPERSION MODELLING IN SURFACE WATERS

A.I. Introduction

The models for radioactive dispersion in bodies of water solve either the 
following basic equation or a simplified version of it:

9C
at =  A + D -  R + P -X C  (1)

where

C is the concentration of the radionuclide of interest in the water;
t is the time;
A is the advection term;
D is the diffusion term;
R is a term relating to pick-up of radionuclides by suspended sediments;
P is a source or sink term which includes sources or sinks at the boundary,

sedimentation, biological uptake, etc., but not the transfer to or from 
suspended sediment; and 

X is the decay constant for the radionuclide under consideration.
Only simple decay is considered. The individual terms in this equation can be 

written for equilibrium conditions as

dC dC acA = u ------1- v ------1- w —3x 3y 9z
9 f  9 C \ 9 (  9 C \ 9 /  9CD = —  K„----  + —  Kv ----  + —  K7 —9x \  9x /  9y \  y 9y /  9z \  9z

9CR =  KdS —  a 9t

where

u, v, and w are the velocity components of the water along the x, y and z 
co-ordinate axes;
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Kx, Ky and Kz are the diffusion coefficients in the x, y, and z directions 
(Annex I);

S is the suspended sediment concentration in water; and
Kd is the equilibrium distribution coefficient of the radionuclide

between sediment and water (Annex II).

Equation (1) is a quasi-conservative equation for the dispersion of a radio
nuclide in the aquatic environment; the non-conservative elements are introduced 
by radioactive decay and sources and sinks. Usually this equation may be simpli
fied for specific situations; in some cases, however, it cannot be simplified and 
the equations of the hydrodynamic transport must be solved to provide the spatial 
and time variation of u, v, and w. In other cases, experience gained in performing 
the calculations for licensing purposes may have shown that a good estimate can 
be obtained from an approximate knowledge of the flow characteristics of the 
body of the water.

A.2. Factors affecting the choice o f mathematical models

Usually Eq.(l) can be solved only by numerical techniques owing to the 
complexity of the flow field and boundary interactions. To develop analytical 
solutions it may be necessary to use simplifying assumptions (e.g. a straight shore
line, uniform flow and simple bottom boundaries). The resulting models are valid 
only if these simplifications are an adequate representation of the real situation.
This Guide presents models based on simplified analytical solutions or on numerical 
solutions. The choice of the appropriate model depends mainly on the specific 
situation and on the accuracy needed.

Two features characterize radionuclide dispersion in water. First, the problem 
is difficult to model accurately owing to the complex boundary interactions and to 
the generally unknown diffusion coefficients. Second, radionuclide concentra
tions from routine and from most accidental releases are extremely low and seldom 
present a problem in terms of exceeding national or international limits. So, for 
those situations where problems are not expected, the effort and expense involved 
in employing complex calculational models to refine predictions may be unjusti
fied. This has led to the development of many simple analytical models, based on 
conservative assumptions. In certain cases, however, these models can be too 
conservative, and a more realistic model is used.

To determine the precision with which the governing physical parameters 
and other inputs must be known, sensitivity studies should be undertaken with any 
model that is used. This may be particularly important in the case of simple models 
that require very little information in terms of input but are often very sensitive 
to values of the data selected for this input. Thus to obtain reliable results the 
choice of the precise values of the input must be made with care.
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A.3. The three sequential phases o f the dispersion in surface water

For purposes of efficient modelling, radionuclide dispersion is divided into 
the following three phases.

Phase 1: Initial mixing

Phase 1 encompasses the initial mixing of the radioactive effluent and, for 
this phase, the contributions to the dispersion due to initial momentum and 
buoyancy (measured by the difference in temperature between the discharge 
and the body of water) are dominant (near-field); the equations developed for 
thermal plumes are appropriate and are available in the literature. Owing to 
the fact that this phase is short, the radionuclide is taken to be a passive tracer 
in the effluent and the dilution can be computed from the thermal models. For 
example, in the case of a discharge to a river, Phase 1 may cover a distance of up to 
about one hundred times the depth of the river channel depending on the volume 
and temperature of the effluent and the characteristics of the river.

Phase 2: Full mixing

Phase 2 extends from the end of Phase 1 to the point where the effluent 
is mixed over either the full cross-section of the waterbody or over the region 
above the thermocline. For example, in the case of a discharge to a river, Phase 2 
may cover a distance of up to about 3—10 km.

Phase 3: Dispersion over a long distance

Phase 3 treats dispersion for longer distances and times and takes into 
account possible interactions between the radionuclides and sedimentary material 
on the bottom or in suspension. In some bodies of water (e.g. reservoirs and lakes) 
Phases 2 and 3 may occur together. They represent the far-field dispersion.

Modelling o f  the phases

For discharge into a river, a three-dimensional model that treats buoyancy 
and momentum effects is used for Phase 1 except that a three-dimensional model 
may not be necessary if the region of interest for the radionuclide dispersion is 
very far downstream.

In Phase 2, three-dimensional models are usually not required even though 
they are available. As a result of thorough mixing, at least down to the thermo
cline, one- or two-dimensional models may suffice.

The Phase 3 model is usually one-dimensional and takes into account the 
effects of additional water from tributaries and of the draw-off of water by users
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with the possible inclusion of sediment action in the more stagnant areas. Phase 1 
models for different bodies of water are reviewed in Appendix B; Phase 2 and 3 
models are presented in Appendices C -F .

Sediment effects

The partial cleansing of the water column by sediment scavenging needs to 
be considered when either:

(a) There is a radiation exposure to man, either directly through exposure 
to contaminated sediments, or indirectly through the food chain 
initiated from organisms feeding on sediments.

(b) The conservative assumption of neglecting partial sediment scavenging 
of these radionuclides from the water leads to a calculated concentration 
that is judged unrealistic. Sediment scavenging encompasses
(i) partial sorption of dissolved radionuclides onto suspended materials

(ii) deposition of these contaminated materials onto the bottom.

Sediment scavenging is influenced by the particulate sedimentation rates and 
by the distribution of radionuclides between solid and aqueous phases. This distri
bution depends on the nature of the radionuclide and of the suspended sediments. 
Some nuclides, such as strontium-90, are poorly sorbed and will not be scavenged 
to any great extent; other nuclides, such as the actinides, are strongly sorbed and 
accumulate in the sediment layer. The affinity of a given radionuclide for a given 
sedimentary material is usually characterized by the distribution coefficient Kd 
(defined above). It is usually difficult to obtain the appropriate Kd values by 
direct measurements in the body of water of interest, and it is usually preferable 
to collect samples from the body of water and to perform the measurement in 
the laboratory.

Most of the available models which take into account sediment scavenging 
assume that the bottom sediments once deposited do not move further. In reality, 
sediments are frequently resuspended and deposited downstream, or slide along 
the bottom. Although these movements are usually small, they can at times 
substantially affect the pattern of radioactivity distribution in aquatic systems.
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Appendix B

MODELS FOR THE INITIAL DILUTION OF 
RADIOACTIVE MATERIAL

B.l. Introduction

Models for initial mixing (i.e. involving the near field) deal with the disper
sion near the point of discharge where dilution is primarily affected by turbulent 
jet mixing. An accurate near-field model is necessary when it is important to know 
the radionuclide concentrations near the source. This is especially true for high- 
concentration discharges which could occur during accidental releases or in some 
cases of blowdown. If the near-field solution is required only as the start for 
calculations of concentrations at a large distance from the outfall, these calculated 
concentrations may be insensitive to variations in initial mixing and a precise 
modelling of the near field is not needed. In the case, for example, of a moderate 
discharge into a small- or moderately-sized river, the effluent may reach a fully 
mixed condition within a downstream distance of 2—3 km. If only the values of 
the radionuclide concentrations at a drinking water intake located 20 km downstream 
are required, then it is clear that these will not be affected seriously by errors in 
the near-field modelling. For example, an error in the prediction of the distance 
downstream where full mixing occurs would not be significant even if that error 
were itself of the order of a few kilometres since the intake is very distant from 
the source. In such cases, a very simple model for near-field dilution may be used.

Normally the initial dilution is affected by the velocity of the discharge and 
by its location (at the surface or submerged). For a submerged discharge, single or 
multi-port diffusers may be used. In most cases the radioactive effluents, both 
routine and accidental, are discharged along with the thermal effluent. During the 
relatively short period of thermal influence on the dispersion (1—2 hours), the 
radionuclides may be treated as a contaminant tracer. Large-scale dilution can 
occur in this initial phase and factors ranging from 10 to 1000 have been observed 
over distances of a few kilometres. Phase 1 ends once the effect of buoyancy 
and initial momentum of the source have become negligible.

In rivers, where the supply of dilution water is limited, Phases 2 and 3 are 
usually of less importance for the overall dilution. Beyond a distance of about 
3 km downstream, depending on the size and character of the effluent, the thermal 
plume usually takes on the characteristics of the receiving water and after that 
point a Phase 2 model may be employed for a longer-term calculation. The precise 
location where Phase 1 should be considered completed and Phase 2 should begin 
is somewhat arbitrarily determined, and recommendations are usually provided 
on this subject with each model. The dilution of liquid radioactive effluent with
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the plant thermal effluent before discharge should be considered. This ‘pre
discharge dilution’ can be very significant, especially for once-through cooling 
systems.

Since the primary mechanisms for dilution in Phase 1 are provided by the 
momentum and buoyancy of the plant effluent, and to a smaller degree by the 
velocity and the temperature of the body of water, the models for Phase 1 dilution 
apply equally well for rivers, open coasts, estuaries and impoundments.

For time-dependent (puff or continuous) releases, the dilution occurring in the 
near field is approximated by means of steady-state near-field models since the 
plant pumps usually remain running and maintain a steady flow, and dilution is 
primarily the result of momentum and buoyancy differences between discharge 
and ambient, the radioactive materials acting as a tracer.

In cases of routine or accidental releases when no heat is discharged, the same 
near-field models may be applied, with the discharge/ambient temperature dif
ference equal to zero.

B.2. Models for heated surface discharges

B.2.1. Available types o f  model

The mathematical models available for a heated plume from surface discharge 
fall into three classes: integral, phenomenological and numerical. Table II lists the 
integral and phenomenological models most commonly used.

The integral3 models for buoyant plumes treat the plume dispersion by a 
simple extension of the similarity theory employed for non-buoyant jets. The 
integral models are derived from the integral equations of conservation of mass, 
momentum and energy with suitable simplifying assumptions. They can take into 
account the interaction of the plume with the ambient current. The ambient 
current has two major effects:

(a) It enhances entrainment of cold water into the jet; and
(b) Through entrainment it provides downstream momentum to the jet, 

causing bending in the downstream direction.

It is often assumed that the jet acts as a pressure drag force which results 
from the pressure difference which is set up between the zones directly upstream 
and downstream of the jet. The integral modelling technique permits the simplifi
cation of the governing equations to a set of non-linear ordinary differential 
equations which can then be solved by computational methods. These models

3 Integral models should not be confused with the integrated type, for example 
those in Appendix D.
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TABLE II. LIST OF MODELS AND FIELD SITES WHERE MODEL/DATA 
COMPARISONS (VALIDATION STUDIES) HAVE BEEN MADE

are simple to apply, they are inexpensive and they are applicable up to the point 
where the jet velocity becomes nearly equal to the ambient velocity (i.e. within 
10% of it).

Phenomenological models for thermal plumes are derived from empirical 
expressions based on field or laboratory data. Most of the models used for 
calculation of thermal plumes are either integral or phenomenological.

The more sophisticated numerical models are rarely necessary and are only 
needed in situations in which the distribution of the concentration near the source 
is required and/or the geometry or the recirculation patterns are complicated. 
Numerical models have not been adequately tested with field data, and special 
verification may be required if they are used in a particular siting situation.

B.2.2. Use o f  the models

Under appropriate restrictive conditions (i.e. receiving water confined, steady- 
state conditions and simple discharge configuration), an accuracy within a factor 
of 2 should be obtainable with the use of the better integral or phenomenological
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models [11, 13]. These appropriate restrictive conditions might be satisfied for 
blowdown discharges into large bodies of water or for once-through discharges 
into deep coastal waters, but are seldom satisfied for once-through discharges 
or blowdown discharges into small bodies of water.

When the water depths are relatively shallow, and the confining lateral 
geometry or reversing currents induce local re-entrainment, the effective dilution 
is less than that predicted from ‘free’jet models. When the above-mentioned 
restrictive conditions are not satisfied, either the free jet modelling may be suitably 
modified or models may be developed which include.entrainment flow and may 
be used to obtain solutions directly. In other cases, recourse may be made to 
physical hydraulic models, to previously tested numerical models, or to field data 
from analoguous discharge situations. With the exception of very complex situa
tions, e.g. accidental releases where the discharge conditions are not well deter
mined or where the ambient geometry is complicated, simple models will probably 
provide near-field dilution factors accurate to within a factor of 2 or less.

B.2.3. Input data

The simple integral or phenomenological models for continuous releases 
require the following information:

— discharge outfall geometry (width and depth of outfall)
— outfall exit temperature and velocity
— geometry of the receiving body of water (bottom contours, geometry of 

near and far shorelines)
— characteristics of the ambient current including current speeds, directions 

and temperature.
The characteristics of the ambient current are normally obtained from 

measurements made with a current-meter at two or three depths at one or more 
points upstream of the discharge at appropriate time intervals.

The calculations are generally made for the critical low-flow conditions 
when the concentration may be higher; for example, the seven-consecutive-day, 
ten-year low flow for a river.

The input for the calculation of accidental releases is similar, but the 
characteristics of the discharge cannot be given with certainty and studies of an 
envelope of situations may be necessary.

Finally, it should be pointed out that the dilution of the ‘passive’ radioactive 
material for a continuous liquid release can be estimated at the final cross-section 
for the near field (Phase 1) model if the hypothesis of uniform mixing with the 
thermal effluent is valid. In all cases the input to the Phase 2 models consists of 
the configuration of the plume out at the Phase 1 boundary and associated radio
nuclide concentration distribution at that cross-section.
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B.2.4. Validation

Detailed validation studies on the integral and phenomenological models 
commonly used for surface discharge have been completed at six sites representa
tive of shallow water discharges [14]. These sites are on the Great Lakes, Cape 
Cape Cod Bay and the Atlantic Ocean, and are listed in Table II [ 15, 16]. The 
dispersion situation is complex. There are wind effects and plume/boundary 
interactions along the shoreline and at the bottom. In addition, the environmental 
conditions change with time. On the other hand, the models assume uniform 
currents and no shoreline or bottom interferences, no horizontal or vertical 
ambient stratification and no wind effects. Because of these particular assump
tions, the result of the calculation made using the models could provide only 
general estimates of the plume characteristics and the dilution factors could be 
predicted only to within a factor of 4—5. Nevertheless, integral models can give 
good results when a high-velocity jet discharges into deep water. In such cases, 
buoyancy is not very important and the models approach the well-understood 
theory of non-buoy ant jets.

In one country an empirical approach has been used [17] and it has been 
suggested that there is a good correlation between equations expressing the 
dilution effects of a buoyant jet in a stream of uniform cross-section and experi
mental data obtained from waste discharges into the sea.

As noted above, it is difficult to model surface discharges where boundary 
interferences occur. Integral and phenomenological models give the best results. 
in cases where the discharge largely controls the dispersion in the near field and 
the boundary interferences are minimal. Numerical models may be needed, 
despite their lack of validation, for those rare cases where significant boundary 
interference exists and concentrations near to the discharge point are required.

B.3. Models for submerged discharges

B.3.1. Available types o f  model

Numerous models exist for submerged single-port discharges and the sub
sequent dispersion of heated water into stagnant or moving ambient water. The 
models predict the behaviour of the rising plume from the basic equations of 
conservation of mass, momentum and energy. They are based on the integral 
approach employing an entrainment hypothesis. An appropriate entrainment 
coefficient is usually determined by fitting the model to laboratory data. These 
types of model are particularly suitable for stagnant ambients. The Shirazi-Davis 
model [18] gives the best results and can be used over a wide range of angles 
between the direction of the discharge and that of the ambient currents. This 
model also provides good predictions for multi-port discharges in stagnant environ
ments. For all the above situations it is accurate to within ±50%. However it must
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be noted that the modelling of the interference of an ambient current field with the 
merging plumes from a multi-port diffuser is very difficult.

B. 3.2. Use o f  the models

When the plumes from heated submerged discharges into water of intermediate 
depth rise and reach the surface, they spread laterally and take the shape of a 
surface plume. The treatment of plumes from heated submerged discharges into 
shallow water is much more difficult because of the interaction of the merging jets 
with the bottom. In both cases the depth of the volume affected by the surface 
spreading is an important but difficult variable to predict. Shallow-water sub
merged discharges can lead to unstable flow patterns which result in recirculation 
of the dispersing effluent back into the body of the plume, thus reducing the 
dilution of the spreading discharge. Criteria have been developed which can be 
used with simple models to determine the precise type of flow pattern to be 
expected in particular situations such as submerged multi-port discharges into 
shallow water having a given range of depths [19]. It is emphasized that the applica
tion of deep-water models to shallow-water conditions often leads to a gross over
estimation of the dilution factors. This is because the presence of the bottom in 
the case of shallow water limits the amount of water available for dilution, whereas 
the deep-water model assumes that an unlimited amount of water is available at 
all cross-sections of the stream. Similarly, in the calculations for surface discharge 
it is assumed that when Phase 2 starts the plume has lost most of its momentum 
and buoyancy. Information given in each model allows for the identification and 
the location of that cross-section. Dilution of radioactivity may be approximately 
computed using the same dilution factors as for the heated plume. However, it 
should be noted that the temperature may be reduced slightly by other effects.

B.3.3. Input data

For a submerged discharge, information needed as input for the calculation 
of the plume for Phase 1 includes:

(a) Discharge configuration: number of ports, their sizes and spacings, 
their angles of discharge with the bottom, their height above the bottom 
and the depth of water at discharge;

(b) Exit temperature and velocity of the effluent;
(c) Near-field bottom topography, including shoreline boundaries;
(d) Values of the ambient current speed, direction and temperature as a 

function of time (including vertical and possible horizontal stratification), 
together with characteristics of the body of water; summaries of the 
seasonal and annual variation in the distributions of current magnitudes 
and directions and ambient stratification.
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The calculations are usually performed for conservative conditions, e.g. in 
the case of a river for the minimum flow for seven consecutive days in a period of 
ten years.

B. 3.4, Validation

To check these calculations, laboratory hydraulic scale modelling might be 
desirable for rare cases of complex geometry combined with the need to have 
accurate calculations for the radionuclide concentrations near the discharge point. 
In this case hydraulic tests with undistorted models (same vertical and horizontal 
scale) for near-field application would be advisable. Validation studies for sub
merged thermal discharges in the Great Lakes have shown that such near-field 
undistorted modelling gives good accuracy. However, physical hydraulic model 
studies, although quite accurate, are expensive.

Appendix C

MODELS FOR FAR-FIELD RADIONUCLIDE DISPERSION
IN RIVERS

C .l. Introduction

This appendix describes several models which provide predictions of radio
nuclide dispersion in rivers for Phases 2 and 3. Some of these models account for 
sediment effects. The models are presented in increasing order of complexity and 
are of the type frequently used to determine radionuclide dispersion in non-tidal 
rivers. They all fit within the category of ‘simple’ models. Advanced models for 
predicting radionuclide dispersion in rivers are discussed in Annex V.

The simplest assumption that can be used in modelling dispersion in a river 
is that the activity discharged per unit time is diluted by the volume flow rate of 
the river. While this assumption is too simplistic for the area immediately down
stream of the discharge, it becomes a more reasonable approximation as the 
distance downstream increases. It has been used by Bayer [5] in his study of the 
Rhein-Maas region.

C.2. Steady-state flow model

The first model to be presented deals with a steady-state effluent release.
It can be applied to a continuous routine release of liquid radioactive effluent 
into a river if all transients are neglected. The model deals with the longitudinal 
advection and the lateral diffusion from line and area sources.
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x -  Downstream 
y = Across stream

FIG.l. Model o f  a river cross-section (adapted from Ref. [4]J.

Figure 1 represents a section of a steady natural stream in a co-ordinate 
system where the x axis is in the direction of the current (positive downstream), 
the y axis is directed across the stream, and the z axis is in the vertical direction 
(positive downward from the water surface). The velocity u along the stream 
(in the x direction) is assumed to be a function of y only. The cross-section of 
the river may be irregular and a function of y only (i.e. there is no variation of 
the cross-section with x). Vertical mixing to a water depth d(y) is assumed.
By vertically averaging the convective-diffusion equation, a two-dimensional, 
steady-state equation of mass balance for the concentration of a radionuclide is 
obtained [20]:

9C a u (y )d (y ) —  = —  3x 3y Ky(y)d(y) ac
9y -A d (y )C (2)

where
is the co-ordinate along the river; 
is the co-ordinate across the river; 
is the radionuclide concentration in the river;

X is the
y is the
c is the
d(y) is the
K(y) is the
u(y) is the
X is the

K(y) is the lateral turbulent diffusion coefficient (vertically averaged); 
u(y) is the vertically averaged velocity; and 

is the radionuclide decay constant.
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For strongly stratified rivers, d(y) may be identified with the depth of the 
thermocline since strong thermal gradients (typically found in the summer) often 
inhibit mixing down to the river bottom. It should be noted that Eq.(2) is two- 
dimensional and that longitudinal diffusion is neglected. Longitudinal advection 
generally dominates longitudinal diffusion (but not lateral diffusion) in steady-state 
flows for bodies of water such as rivers, which are predominantly one-dimensional.

Since u and d, for an actual stream, are functions of the transverse co-ordinate 
y, Eq.(2) cannot generally be solved in an analytical closed form; finite difference 
solutions are usually obtained by numerical methods. An approximate analytical 
solution is given in Section IV. 1.1. of Annex IV for a vertical line source and a 
vertical area source.

C.2.1. Use o f  the steady-state model

The steady-state flow model applies to rivers whose flow is predominantly 
one-dimensional, i.e. where dispersion due to river meander is not significant.
The river may be stratified or fully mixed. In the case of stratification in the river, 
the depth down to the thermocline is the depth over which dispersion takes place. 
No sediment effects are considered in this model. The model applies downcurrent 
indefinitely from the end of Phase 1. If significant tributaries enter the river, 
dilution of the radionuclide at the cross-section of entrance of each tributary 
must be considered in a separate calculation employing the new (higher) flow 
rate and new distribution of radionuclides computed at the tributary cross-section; 
the steady-state model presented above must then be restarted to compute further 
downstream dispersion.

C.2.2. Data requirements and determination o f  coefficients

For the use of the above model the following input data are required;
— channel geometry
— the cross-stream flow distribution for determining u, and
— the diffusion coefficient at representative cross-sections of the river

downstream for determining Kyud2 (see Annex IV).
It is preferable to calculate u from the distribution of flow in the cross-section 

obtained with current-meter measurements, but u can also be estimated from the 
river flows measured at stream gauging stations. Because of the large expense 
involved in measuring velocities at each cross-section of interest, it has been 
common practice to estimate the u(y) distribution across a river cross-section 
from known stream bottom profiles, and to apply steady-state flow equations, 
such as Manning’s formula.
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Dimensionless downstream distance x = —~

FIG.2. Dimensionless concentration o f  non-decaying radionuclide discharge at the shoreline 
versus downstream distance (adapted from R ef [4]).

C.2.3. Comments on the use o f  the model

If the discharge is located at a shoreline, the near-shore concentration 
decreases as x"°'s as a result of two-dimensional mixing — up to the point where 
the influence of the far shore is felt. The location where mixing is completed 
(‘mixing distance’) may be established directly. In Fig.2, which is for a shoreline 
discharge, both the downstream near-shore and downstream far-shore concentra
tion curves approach each other at the dimensionless downstream distance 
x = 0.7. It may be shown that the mixing distance for a shoreline discharge 
is four times the mixing distance for a stream centre discharge. It is at this 
mixing distance or somewhat upstream that the third phase of dispersion starts.

In conclusion, this steady-state model, based on the hypothesis of a constant 
diffusivity, gives a closed-form solution and is most appropriately applied to cases 
with ideal boundary and initial conditions. In cases where the width, depth and 
velocities are functions of downstream distances as well, the predictive ability of 
Eq.(2) and its solution in Eqs (IV.5)—(IV.7) can be improved through the use of 
values of the pertinent parameters averaged over downstream distance, provided 
field measurements indicate that the concentration profiles at successive cross- 
sections are not subject to abrupt changes. The more complex finite-difference 
or finite-element methods may be used for the more difficult cases (e.g. strongly 
meandering rivers) but these models require the availability of a high-speed
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computer and the expertise to use it. If actual site conditions are not simple, 
these more complex models may be required.

C.3. Time-dependent model

In certain cases radioactive effluents are emitted at infrequent intervals as 
batch releases ^e.g. reference accident or some routine situations). In such cases 
a time-dependent model is needed to evaluate the concentration. The model 
presented below may be applied to a straight rectangular channel with a steady 
flow parallel to the shore and the resultant two-dimensional equation, obtained 
by averaging in the vertical direction, is as follows:

dc ac a2c x a2c ,
-----  +  U -----— Kx f  Kv 2 ~  (3 )at 3x x 3x y 3y

where Kx and Ky are the vertically integrated diffusion coefficients in the x and y 
directions. The variables have the same significance as in Eq.(2).

This equation accounts for turbulent diffusion in the direction of flow, which 
may be important for time-dependent releases, together with longitudinal convec
tion and lateral diffusion. The resulting concentration as a function of x, y and t 
for a straight rectangular channel of width B and cross-sectional area A is given in 
Section IV. 1.2 of Annex IV for an instantaneous release.

C.3.1. Applicability o f  model

The time-dependent model uses as input the results of a Phase 1 calculation, 
and it applies to rivers whose flow may be schematized as unidirectional (e.g. 
non-tidal). The values of the diffusion coefficients should be selected appropriately 
to provide conservative predictions but the fact that the model does not take into 
account the mixing due to river bends contributes to making the model more 
conservative. In general the model is applicable when sediment effects can be 
neglected.

This model (time-dependent) assumes a rectangular cross-section while that 
described in C.2.1 (steady-state) allows for a depth which varies with y. Each 
model includes certain assumptions which permit a closed-form solution.

C.3.2. Input data

The major input parameters are the channel geometry and the flow velocity 
(steady-state or mean value). It is preferable to obtain the coefficient Kx (which 
appears in this transient solution but not in the steady-state solution) from tracer 
experiments at the site. The same is true for Ky . A rough value for Kx can be
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found from the equation presented for Ky. Elder [21] shows that for straight 
rectangular stream channels, (3 = Kx/du has a value of about 5.93 (m2/s). The value 
of |3 is larger for curved channels, but in this case it is better to determine Kx from 
field studies. Alternative approaches to this evaluation also exist. In this model,
Kx and Ky are assumed to be constant; while this is not strictly true, it can be 
usually assumed in a conservative application of the model.

The above models provide solutions for the radionuclide concentrations 
when the sediment effects are negligible. For most evaluations, this is an accept
able assumption and these models suffice. Occasionally, the sediment effects 
cannot.be neglected for siting calculations for one of the following reasons:

(a) The sediment content of the river water is large, and therefore the 
interaction with certain radionuclides (e.g. 137Cs, 54Mn, 65Zn, 60Co, etc.) 
is expected to be important, and significant deposition will result over 
the life of the plant;

(b) There is a large quantity of radionuclides in the river sediment from 
other sources and the radiological contribution of the different sources 
has to be determined; and

(c) The use of simple, overly conservative models, combined with conserva
tive values of the parameters, leads to unrealistic predictions, and a more 
accurate model is needed.

C.4. Consideration o f the interaction between radionuclides and sediments

This section briefly summarizes the state of the art for evaluating the inter
action between radionuclides and sediments. A more detailed discussion is pre
sented in Annex V.

The need to include sedimentation in the model for rivers depends to a large 
degree on the composition and quantity of sediment present in the river and on 
the type of radionuclides discharged. In fast flowing rivers, the sediment effects 
are unimportant and can be neglected. In slower moving river sections or in 
reservoirs outside the stream of the river, sedimentation may be significant. Sedi
ment effects can be conservatively neglected when considering the water phase but 
this is not the case if the concentration of radionuclides in the sediment is 
important for safety. The kind and quantity of sediment existing in the river 
reach, the sediment load transported in the river water, and the importance of 
the sediments as a pathway to man should be established at the site evaluation 
stage and should be used as an appropriate indication of whether a model which 
includes sediment interaction should be selected.

For those radionuclides which are transported mainly in a dissolved form 
(e.g. 90Sr, 51Cr, 124Sb) some of the latest models can adequately simulate dispersion 
for routine and accidental releases provided there is sufficient information to
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model the flow field during the initial convective period and to predict the 
necessary mixing and dispersion coefficients.

For these radionuclides which are easily adsorbed by suspended and depo
sited sediments (e.g. 137Cs, 54Mn, 6SZn, 60Co), some models developed recently 
and partially verified (e.g. SERATRA [22] and FETRA [23]), can describe 
reasonably well the transport, dispersion, deposition and resuspension processes. 
They include the following important mechanisms:

(1) Adsorption and/or desorption of radionuclides by sediments;
(2) Transport, deposition and resuspension of contaminated sediments; and
(3) Radionuclide decay.
Among the different types of sediment (sand, silt and clay) cohesive sedi

ment (especially clay) is a major carrier of nuclides as a result of its great exchange 
capacity. Other recently developed models which include the transport of sedi
ments and of trace contaminants can be easily adapted to simulate the transport 
and interaction of the radionuclide with the sediments. However, the general 
understanding of the deposition is still rather limited and further studies are needed 
in this area. To improve the accuracy of the predictions of the models, adsorption 
and desorption rates and distribution coefficients require further studies.
The processes for direct uptake and desorption of the radionuclides by aquatic 
biota are less well understood than those involving sediments and very few 
attempts have been made to include these effects in the models.

Because of the importance of the chemical and organic interactions, it is 
recommended that any investigation of the behaviour of radionuclides in a water 
system should include a study of their chemical form (valence) and the amount 
of organic material which may become a radionuclide carrier (both particulate 
and dissolved).

C. 4.1. Use o f  the models

Models that include sediment effects are quite complex and require the input 
of many types of data which may not be easily measurable. One example of these 
models is the FETRA code [23], a two-dimensional (longitudinal-lateral) finite- 
element, time-dependent model. Its three sub-programs compute:

(a) Sediment transport for three fractions of sediment of different size 
(e.g. sand, silt and clay);

(b) Dispersion of the dissolved radionuclides; and
(c) Transport of the radionuclides absorbed.

The equations for the transport of radionuclide and sediment are coupled and 
solved simultaneously. The FETRA code has been validated to some degree with 
measurements of Kepone, a pesticide, on the James River estuary. These models 
are seldom required in actual siting situations.
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A much simpler model developed by Schiickler [24] has been used success
fully. It does not predict sediment transport but assumes a fixed sediment distri
bution. Simple relationships are assumed for the interaction between radionuclides 
and the sediment. The ordinary differential equations in the model are solved 
either analytically or numerically. The model has been used to predict radio- . 
nuclide concentrations in the rivers of the Rhein-Maas region in Europe, where 
there are nuclear power plants, enrichment plants, fuel element fabrication plants 
and fuel reprocessing plants [5],

A USNRC two-compartment (free-water, exchangeable sediment) version 
[25] of the original four-compartment (free-water, exchangeable sediment, irre
versible sediment and interstitial water) river model [26] has also been used. It 
has been applied to the assessment of the dispersion of radionuclides released 
from land-based power plants and from off-shore nuclear power plants. In some 
cases the model has been applied to run-of-the-river reservoirs, where sediment 
effects have been included. The USNRC version of the model does not include 
radionuclide sediment interaction in rivers of moderate speed. It does include, 
however, scavenging effects of sediments, burial of radionuclides and radioactive 
decay. The model developed in the Federal Republic of Germany [24] allows for 
exchanges among water, suspended matter and deposited sediments.

C.4.2. Input data

The input parameters to the Schiickler and USNRC models [24, 25] include:
— river flow
— river geometry
— radionuclide distribution coefficients between sediment and water
— radioactive decay coefficients, and
— transfer rates of the radionuclides among the water, suspended sediments and 

deposited sediments (Schuckler model only).
One final comment is that although most situations are covered by the 

models described in this appendix and in Annex IV, there are some special 
circumstances near nuclear power plants where the models may be too 
idealized. The variation of the cross-section of a river is in certain cases so 
large that these models may not completely describe the flow and dispersion. 
Various features of a river morphology (harbours, side rivers, etc.) as well as 
articificial structures used for regulation (dammed water, etc.) can change the 
flow conditions. In plants located in the USA and the Federal Republic of 
Germany it has always been found that fine-grained particles which have a 
high affinity for the sorption of radioactive material are being deposited in the 
zones of low velocity. Close scrutiny should be made of these effects to deter
mine the most appropriate model in each particular case.
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Appendix D

MODELS FOR FAR-FIELD RADIONUCLIDE DISPERSION 
FROM OPEN COASTS

D .l. Introduction

The radioactive material discharged into bodies of water with open coasts -  
oceans, seas and large lakes — is usually released in the near-shore area where 
the mean currents are generally parallel to the shore. This means that there can 
be tidal currents towards or away from the shore on sea coasts, estuaries and bays 
but they are cancelled in the averaging process.

For the study of dispersion in off-shore waters, phenomenological models 
representing the spreading of patches and based on dispersion experiments with 
tracers such as dyes and radioisotopes have been widely used and they are adequate 
for evaluating dispersion caused by instantaneous releases. The concepts on which 
they are based have also been extended to calculations for continuous radioactive 
releases. The dispersion in the near-shore waters is, however, a more difficult 
problem and can require more complex models. Coastal currents, irregular bathy
metry, and tidal oscillations, especially near embayments, complicate the flow 
field and can invalidate the simpler models that are applicable far offshore. Some 
numerical models may be useful close to shore, and if the geometry of the receiving 
water is sufficiently open and unobstructed, semi-analytical models are appropriate.

There is some indication that the reversals of current commonly observed in 
large lakes also occur near the coast of other large bodies of water causing ‘fumiga
tion’ which is responsible for large-scale flushing of pollutants offshore. At present, 
the available models cannot correctly simulate this phenomenon, and hence the 
existing siting models probably lead to conservatively high averages of concentra
tions. On the other hand, current reversals can lead to the temporary enhancement 
of the concentrations as a result of the backwashing of pollutants. Usually, how
ever, the concentrations averaged over time and often over space are much lower 
than those of significance in radiological protection, except in the case of accident 
releases.

The models for disp'ersion along the shores of large lakes and enclosed seas 
are similar in many respects to those used for dispersion along ocean coastlines.
The models describing the radionuclide plume in the near-shore zone and the 
models characterizing the spreading of patches released instantaneously in the near
shore region are similar. The patch-spreading model, if applied over a sufficiently 
long time (of the order of weeks), can predict the spreading of a patch to the 
whole enclosed body of water. This result indicates that a ‘fully mixed’ model for 
the entire body of water (similar in principle to the model for the run-of-the-river 
reservoir presented in Annex V) may be applied for time scales longer than one
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month, because the flushing time of those lakes or closed seas is usually of the 
order of months. Stratification usually limits the depth of effective mixing in 
both lake and near-shore models. Seasonal turnovers, upwelling, and other 
stratification phenomena further complicate the analyses.

Owing to the lower concentration of sediments in the open sea, the effect 
of sediment transport on the migration of radionuclides may be less important in 
these bodies of water than in rivers and estuaries. Waters close to the mouth of 
rivers may represent an exception. Nevertheless, it is recognized that the sedi
mentation in lakes and enclosed seas partially removes some elements, e.g. l44Ce 
and 239Pu. The time scale for sedimentation is, however, long compared to the 
mixing time for a whole lake, so that a fully-mixed model for the entire body of 
water is probably still valid; but if the sedimentation is highly non-uniform within 
a body of water, a fully-mixed model throughout the entire body of water may 
not be valid.

D.2. Model for the dispersion of radioactivity near the shore

The main plume dispersion phenomena in a large lake or an enclosed sea are 
briefly discussed here to help in understanding the models. First, it should be 
noted that near-shore currents in large lakes and enclosed seas are less variable in 
space and time than in the open ocean. Typically, near-shore currents are parallel 
to the shoreiand are also governed by the direction of the wind.

Occasionally, the on-shore currents can concentrate the pollutants near the 
shore, but the compensatory reverse current existing in the lower layers transports 
the pollutants out to the off-shore region. These on-shore currents are short-lived, 
their magnitude is usually small, and the concentrations of pollutants never reach 
a high level near the discharge as a result of these mechanisms; moreover, the water 
intakes are usually located some distance off the shore, where the pollutant is well 
diluted.

As a result of this behaviour of the currents in seas and large lakes, it has been 
common to apply quasi-steady-state models to represent the dispersion that is due 
to the unidirectional current parallel to the shore. Since the stagnation periods of 
these currents parallel to the shore usually involve mass exchange and some dilution 
with off-shore water, such a model is considered conservative for evaluating the 
average concentration in these situations.

D.3. Steady-state models for near-shore dispersion

D. 3.1. Steady-state line source model in two dimensions (X, y)

In this model the plume, after initial mixing, is assumed to be uniformly 
mixed vertically. A model has been developed [27] which assumes a source having
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a width b and depth d over which full mixing has occurred. The source is repre
sented by two dimensions (x, y) and is in fact simply a line of length b in the y 
direction. An increasing diffusivity is assumed as the plume spreads.

The equation to be solved is

A four-thirds power law for lateral diffusivity is used. A summary of lake 
and ocean diffusion studies has been prepared by Yudelson [28] and has revealed 
strong support for the idea that the lateral eddy diffusion coefficient can be 
represented by the following function of plume width:

where A is a dissipation parameter; L is the width of the plume (usually taken as 
2 y '3 o y or 4cry); and Ky is the lateral diffusion coefficient for L = b.

Values of Ain the interval 0.01—0.02 cm2/3 • s"1 seem to fit fairly well over 
the entire range [29], The details of the solution appear in Section IV.2.1 of 
Annex IV.

D.3.1.1. Applicability of the Brooks model 

The Brooks model is applicable when:

— The current may be considered uniform and steady over a period of time;
— The plume depth is constant; and
— The lateral eddy diffusivity may be assumed to vary with a 4/3-power law.

D.3.1.2. Input data

The input parameters required are:
-  dimensions of the area source
-  speed of the current
-  concentration at the end of Phase 1
-  coefficient Ky0, and
-  radionuclide decay coefficient.

(4)

Ky = AL4/3

37

This publication is no longer valid 
Please see http://www-ns.iaea.org/standards/



D .3.1.3. Additional considerations

Yudelson’s analysis [28] of the experimental data shows that the Brooks 
solution using the 4/3-power law seems to yield reasonably accurate results.
The Brooks model has been used for the design of numerous sewage outfalls off 
the western coast of the USA with apparent success.

Yudelson has also provided information on the validity of the 4/3-power 
law for the dispersion in oceans. On the basis of the results of tracer studies 
in an open ocean environment, Yudelson concludes that the agreement of the 
formula Ky = AL4/3 with observed data is particularly good in the middle range 
of L from about 10 m to 10 km. This range is important for practical reasons.
The values indicated for Ky0 (see Section 2.1 of Annex IV) vary from 0.005 to
0.02 cm 2/3 • s '1. Some evidence suggests that the lateral diffusion coefficient Ky 
is reasonably constant for plume width exceeding 50 m, particularly in the near
shore zone.

There are practical difficulties that should be noted in any use of an eddy 
diffusion model dependent on length scale as is the 4/3-power law. First the 
definition of the length scale is somewhat arbitrary: L =  2^/3o (as defined for 
the model in Subsection D.3.2) or L = 4a (as defined for the model in Annex I). 
Moreover, the observable range of the diffusion parameters, e.g. Kyo in Annex IV, 
is usually wide, and substantial deviation in the prediction can be obtained if the 
extremes of the range are used. It has been observed that an improper choice of 
the length scale may result in a diffusivity of almost an order of magnitude too 
high [30].

D.3.2. Steady-state point source model in three dimensions (x, y, z)

The simple analytical point source model described below applies to situations 
of routine releases of liquid effluents along straight shorelines of open water.-The 
convective-diffusion equation that applies is

ac a2c a2c ^u T -  = Ky r r  + Kz —y  -  XC (5)
3x y dy 3z'

where
C is the radionuclide concentration (function of x and y); 
x, y, z are the downcurrent, lateral, and vertical directions; 
u is the average downstream current velocity;
Ky is the lateral (in horizontal direction) eddy diffusivity;
Kz is the vertical eddy diffusivity; and 
X is the radionuclide decay constant.

The boundary conditions which apply are zero flux at the shoreline and at the
bottom of the lake (assumed to be of constant depth d). The point source of
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strength W is located at (0, ys , zs). The x-axis is taken as the shoreline, ys is the 
distance of the source from the shore and zs is the depth of the source below the 
free surface. The current is assumed to be parallel to the shoreline. The model 
treats advection in the direction of the current and diffusion in the lateral and 
vertical directions.

Details of the solution to this problem are presented in Section IV.2.2 of 
Annex IV.

D.3.2.1. Applicability of the model

The point source model is applicable to point releases along straight shorelines 
of open water; it can be applied also under the following modified conditions:

(a) In the open coastal zone, for an extended source (at the end of the 
near field) sufficiently distant from the location of the discharge that 
the discharge may be assumed to be a point source; or

(b) When the current is assumed steady or can be represented by a mean 
current, and the shoreline is approximately straight (no promontory 
affecting mixing or causing areas of recirculation); or

(c) Where the shoreline is slightly curved. In this case the corresponding 
distances in the direction normal to the shoreline are substituted for 
y and ys; but this substitution is not applicable where sharp promon
tories obstruct the flow and cause changes in the direction of the shore- 
parallel current somewhat away from the shore.

D.3.2.2. Input data

Knowledge of the eddy diffusion coefficients Ky and Kz is required in order 
to apply the point source model. In some situations these coefficients may differ 
by some orders of magnitude. The coefficient Ky increases with the scale of 
diffusion, i.e. eddy size, and values up to 107 cm2/s have been used for modelling 
ocean dispersion. The value of Kz is usually in the range of 1 —30 cm2 /s for the 
near-shore zone. Stratification reduces Kz to the lower part of its range and may 
provide an effective boundary to dispersion. This means that the thermocline, 
and not the lake bottom, may be the limiting depth for vertical dispersion.

With the point source model, it may be shown that the dilution down-shore 
due to the unidirectional currents is rather sma.ll even for long distances.4

4 For example, for a current of 10 cm/s, with Ky=  1000 cm2/s, Kz =  5 cm2/s and with 
a point source (52 m3/s flow rate) located 500 m offshore in a lake 10 m deep, a dilution 
factor of 7 is reached 10 km downcurrent. Centreline concentrations decrease as x'1 for the 
first IQ km and x"’ 2̂ further downcurrent. This dilution, of course, is in addition to the dilution 
of initial jet mixing. The dilution factor of 7 might be increased if reversing currents occur 
during the downward transport.
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The input parameters required for the point source model are:
(a) The constant depth d of the body of water;
(b) The source strength;
(c) The distance of the source from the shoreline, ys;
(d) The source depth below the surface zs;
(e) The shore-parallel current averaged over the depth d; and
(f) The values of Ky , Kz and A.
The occurrence and frequency of reversing currents which affect dilution

can be determined only through field measurements.

D. 3.3. Steady-state area source model in three dimensions ( x , y , z )

In Japan, a semi-empirical formula for a continuous area source release has 
been developed (see Section IV.2.3 of Annex IV). Validation experiments on a 
tritium source from a fuel reprocessing plant sited in Tokai-mura showed the 
empirical formula to be quite accurate although there was a small underestimation 
of dilution [17].

D.4. Transient models for the near-shore area

D.4.1. Two point source models for puff releases in two dimensions (x, y, t)

The two models presented here are essentially solutions to the same equation 
of transport. They differ in that the second solution allows for ambient current 
variations with time yet requires the input of puff trajectory data. A discussion of 
each model follows.

For batch releases of a radioactive pollutant in the near-shore waters, the 
longitudinal diffusion must be considered along with the other physical phenomena 
described in the steady-state model. The time-dependent convective-diffusion 
equation to be solved assumes complete vertical mixing and includes longitudinal 
diffusion. It is given by:

ac ac a2c a2c— + u —  = KX— T + K y - r - * C  (6)3t dx dx y dy

In a lake with
— constant depth d
— straight shoreline
— constant diffusion coefficients, and
— constant velocity of the currents along the shores,
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the concentration C resulting from an instantaneous release of M at t = 0 from 
a point source at x = 0, y = ys is given in Section IV.2.4 of Annex IV.

A puff model which is related to the batch release model just discussed has 
been used by Bohet [31] at the Paluel site on the coast of France. As input, batch 
models accept source and flow values that change with time. The model assumes 
a release from a vertical line source at some distance from a shoreline in waters Of 
depth d. The resulting concentration at time t at the point (x, y) in a co-ordinate 
system in which the x-axis is parallel to the shoreline is given in Section IV.2.4 
of Annex IV.

The expression there is the solution of the convective-diffusion equation with 
a boundary condition of zero flux at a straight shoreline. For this model the tra
jectories of the puff have to be given as input to the model representing the current; 
they may be determined experimentally by drogues or theoretically from a hydro- 
dynamic model. The Kx and Ky input of the previous model is replaced here by 
empirical estimates of the parameters, M, N, tx and y  estimated from Okubo data 
by Doury and Badie [32] and by Bohet [31] . This model differs from the pre
ceding one in that it allows for the inclusion of transient flows, e.g. a tidal flow.

Certain differences exist between the dispersion of the plumes of radionuclides 
in large lakes or enclosed seas and in oceans and open seas. In oceans and open seas 
there are tidal currents and large waves; in large lakes and closed seas the effects 
of land boundaries that enclose the body of water are important. Such differences 
affect the use of the models described earlier. The complete equations for the near
shore dispersion of radionuclides allow for the inclusion of the advective effects of 
tides and of meteorological phenomena; complex near-shore geometry can also be 
taken into account.

Instead of through the use of tidally averaged diffusion coefficients (see 
Section E.2 of Appendix E for further discussion of this concept), the advective 
effect of tides can be incorporated by time averaging the governing differential 
equation over the periods of tide variation so that the tidal periods are removed 
from the model simulations.

D.4.2. Continuous point source release in two dimensions (x, y, t)

The solution of Eq.(6) for a continuous release of radioactive pollutant can 
easily be derived from the batch release solution by means of a convolution integral. 
The solution is presented in Section IV.2.5 of Annex IV. The model assumes full 
mixing to a fixed constant depth of the plume to ensure a two-dimensional 
situation.

D.4.3. Shear diffusion model for the near-shore area

In some near-shore oceanic areas, the effects of shear currents can be impor
tant. The effect of a mean velocity that decreases with depth is to cause distortion
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of a vertical column. The combination of the gradient of mean velocity with 
temporal mixing leads to an effective diffusion. Shear effects, in a broad sense, 
may be associated with tidal currents, intertidal currents, wind-driven currents and 
so on.

A model which attempts to account for shear effects was set up by Carter 
and Okubo [33], The model assumes that the mean velocity field is sheared both 
laterally and vertically. A description of the model equations is given in 
Section IV.2.6 of Annex IV.

D.4.4. Continuous point-source release model in tidal flow in three dimensions

In open coasts with notable effects from tides, the following model is one 
which may be used. We solve the equation for radionuclide transport: ^

ac 9c a /  ac \  3 /  ac \  a (  ac 1- u —  — —  j Kx t— ) -I------- (Kv — ) H---- (K ,—at 9x 3x \  3x /  3y V 3y /  3z \  3z

where u = uf + um sin (wt 4- «) is the tidal velocity variation with time. The 
boundary conditions are:

C = 0 at t = 0
c = o at X  = ± o o

C = 0 at y  = oo

! -
at OII>>

at z = 0, z

iand the continuous point source release is at x = y = z =  0. The release is 
considered at the shoreline in this sample case. The notation used in the above 
equation is as follows:

x is the downcurrent distance measured from the point source;
y is the lateral distance (offshore) measured from the point source;
z is the vertical distance measured from the surface (location of point 

source);
H is the constant depth of the tidal waterbody;
C is the radionuclide concentration (function of x, y, z and t);
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uf is the component of the tidal flow in the x-direction, superimposed 
on the periodic tidal motion;

um is the amplitude of the periodic tidal motion;
T (= 2ir/co) is the period of the tidal motion; and
S represents the point source of radionuclides.

The solution is given in Section IV.2.7 of Annex IV along with an example of 
how the model may be used'to solve-a specific problem.

D.5. Application o f  steady-state and transient models

The physical description of the near-shore dispersion of plumes presented in 
Section D. 1 applies to simple situations, and may not apply when irregular features 
are present. For example, a promontory near the site can cause the current pattern 
to alter from a regular flow that is parallel to the shore to a pattern of recirculative 
eddies downcurrent of a promontory. In this example, the near-shore current 
structure will no longer remain uniform and the recirculation of the pollutant due 
to the eddies may invalidate the simple analytical models. Also, in some cases the 
average direction of the plume may change from shore-parallel to off-shore because 
of the action of the promontory. In such cases, a more detailed solution of the 
flow equations may be needed. Measurements of current should then be performed 
at the site over a sufficient time to properly characterize the flow variability. These 
measurements can also determine the extent and frequency of near-shore fumigation 
occurring at the site. Any measurements that have previously been made of the 
characteristics of this body of water can provide important information and should 
be carefully selected. Site-specific field measurements will help in the understand
ing of wind-induced currents, which could be present near the shore in the area of 
the proposed plant. A solution for the dispersion of radionuclides in the near-shore 
zone of oceans and open seas may then be obtained using the models described 
above.

Reasonable values of diffusion coefficients may be obtained by tracer studies. 
Guidance on the choice of diffusion coefficients in applying the above models to 
oceans and open seas can be obtained from Refs [33—39], for example.

D.6. Evaluation o f radionuclide concentrations in deposited sediments

Radionuclides may be concentrated in bottom sediments by direct adsorp
tion from the water. These sediments, when contaminated, may be a source of 
external exposure for individuals who for purposes of work or recreation have 
contact with these bodies of water. This possibility should be carefully considered

(C0 is initial concentration at the point source);
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in the case of inter-tidal, fine-grained sediments, which are characterized by high 
sorption coefficients.

The radionuclide concentration in this type of sediment should be calculated 
by making the conservative assumption that the concentration in the water is not 
affected by the sorption processes. Then the concentration in sediments may be 
evaluated from the relationship

Cs = KdC 
where

Cs is the radionuclide concentration in the sediments;
C is the radionuclide concentration in the water; and
Kd is the equilibrium distribution coefficient of the nuclide between 

sediment and water5.

The assumption that activity is not depleted from the water phase by sedi
mentation is over-conservative in calculating collective doses for nuclides with large 
Kd values, yet that assumption is used in some dose calculations.

5 To a first approximation, the K j values may be taken from the literature. These values 
are low for some elements such as Br, Sr, I, Cs, Ra and U (100 < K j < 500 mL/g);they are much 
higher for transition elements and actinides (Kd > 10 000 mL/g). If the consequences of the 
contamination of sediments are not negligible, it is recommended that more precise data be 
obtained by measuring the distribution coefficients in the laboratory for the sediments and 
nuclides of concern.
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Appendix E

MODELS FOR DISPERSION OF RADIONUCLIDES IN 
ESTUARIES

E.l. Introduction

The dispersion of radionuclides in estuaries is complicated by several hydro- 
logical features:

(a) Estuaries are frequently affected by flows which change direction with 
the tide;

(b) The flushing of radioactivity from estuaries can be a slow phenomenon 
. because the estuary flow volume is large compared with the daily net

fresh water flow into the sea;
(c) The sedimentation rates in estuaries may be extremely high; and
(d) Radionuclides previously sorbed on sediments may be leached in high 

salinity regions.

A large number of models for pollution in estuaries exist in the literature, 
but up to the present time these models have not been fully evaluated. In estuaries, 
the phenomena involved are inherently complicated and at times require the use of 
two-dimensional models, whereas in rivers the dispersion can generally be assumed 
to be one-dimensional. In some cases where the one-dimensional models were 
appropriately used for estuaries, good results were obtained but it should be noted 
that the presence of gravitational circulations induced by salinity intrusions can 
lead to difficulties in applying a one-dimensional sectionally averaged model. 
Therefore the possible field of application of the one-dimensional models is limited 
to the zone upstream of the salinity intrusion region while two- and even three- 
dimensional models have to be used at the lower reaches of the estuary because 
of the two- and three-dimensional circulations existing there. As for, other water
bodies, the Choice of a particular model for estuaries is also very site-dependent.
A review of the models commonly used for radionuclide dispersion in estuaries 
is given in the following sections.

E.2. Simple one-dimensional models

If, in a given situation, it is possible to deal only with values of velocity 
and radionuclide concentration averaged over the cross-sections, the following
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one-dimensional transport equation can be used:

( 8 )

where

x is the longitudinal distance up the estuary;
A(x,t) is the cross-sectional area (the tidal effects lead to dependence on t);
U(x,t) is the sectionally averaged longitudinal velocity;
E(x,t) is the sectionally averaged, one-dimensional longitudinal diffusion 

coefficient containing the effects of velocity as well as of random 
movements. It is a function of velocity and channel geometry and 
thus varies with t as the velocity and geometry vary with t.

To apply this equation, a time-dependent longitudinal velocity and cross- 
sectional area must be specified as input at each distance x. Therefore the 
variation of the flow field in the estuary must be known.

Clearly, the reduction of three-dimensional dispersion to a one-dimensional 
situation is a major simplication, but some of the simulation capability lost is 
recoverable through the variable diffusion parameter. It should be noted that the 
value of E(x,t) that results from calibration of the one-dimensional model by 
unidimensional tracer field data is not a true representation of the longitudinal 
diffusivity physically present in the estuary. A discussion of one common method 
of estimating E(x,t) is given in Section IV.3.1 of Annex IV.

E.2.1. Tidally averaged one-dimensional models

In an even more drastic simplification, the tidal excursions are ‘time-averaged 
out’ by replacing the local velocity U by the advective fresh water flow Uf. The 
purpose of this simplification is the evaluation of long-term values of the concen
tration. However, such, substitution can be performed only when measurements 
have been made of the characteristics of the tidal flow upstream of the discharge 
and of the variation of the salinity intrusion throughout the whole tidal cycle. 
With this substitution, Eq.(8) becomes:

(9)

In this tidally averaged approximation, the diffusion coefficient EL is not 
a very clearly defined physical variable; El is assumed to represent only large- 
scale longitudinal dispersion and it accounts for

This publication is no longer valid 
Please see http://www-ns.iaea.org/standards/



— differences that exist because the cross-section is not fully mixed (the one
dimensional approximation), and

— dispersion due to motions which have a periodicity of the order of a tidal
period or less, which had been time-averaged out in Eq.(9).

Thus, values of the EL for such a model must be quite large to represent 
all these effects in the dispersion.

Annex IV provides the solution to Eq.(9) for two types of problem. The 
first is the case of a continuous time-dependent release from a line source in an 
estuary with constant cross-section. This solution appears in Section IV.3.2.
The second case is a discharge at a constant rate of release over a fixed time 
period. Its solution is presented in Section IV.3.3.

These models are quite simple to apply. However, the usefulness of neglecting 
certain terms in the overall hydrodynamic equation is dependent on the type of 
estuary considered and also on the seasonal characteristics of the estuary.

In those cases where the estuary cannot be schematized to fit the simple 
theory adequately, more complex models for dispersion of a pollutant need to 
be examined (for examples of such models, see Annex VII and Ref.[40]).

E.3. Treatment of sediment effects

The exchanges between the water and sediment phases in an estuary are 
substantially different from those which occur in a reservoir or an open coastal 
area because of the tidal cycle. The water in estuaries moves substantially faster 
than would be expected from the average flow, but the net downstream transport 
may still be relatively small. Such conditions enhance the resuspension and the 
subsequent redeposition of fine sediment during each tidal cycle. Sediment and 
water are thus in greater contact in an estuary than in a reservoir or in open 
coastal areas.

The transfer of radioactive material to the sediment reduces the radioactivity 
in the water. The bounds of this reduction can be obtained in a simplified way from 
a one-dimensional model. The upper limit of the radioactivity of the water is 
obtained if the sediment is ignored, and the lower limit is obtained if complete 
chemical equilibrium between sediment and water is assumed. The following 
relationship can be written for the concentrations (see Annex II):

Cs = KdC 
where:

Cs is the radionuclide concentration in the sediment;
C is the radionuclide concentration in the water; and
Kd is the equilibrium distribution coefficient relating C and Cs.
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An application of the modified tidally averaged model given by Eq.(9) and 
its solution to treat the effects of sediment is now presented (Fig.VII. 1 of 
Annex VII illustrates a model for a one-dimensional estuary with sedimentation). 
The water layer of thickness dt moves with net downstream fresh-water velocity 
Uf and the sediment layer bed of thickness d2 moves with net downstream velocity 
Ub. The model assumes also a uniform sedimentation and burial rate v.

The governing differential equation for the concentration in the water phase, 
with the above assumptions, is given in Annex VII. The simple upper and lower 
limit models are useful especially if the doses calculated with both models yield 
acceptable results, because calculations which take into account the real effects 
of the sediments would lead to values having as upper and lower limits the results 
of these two models. Sometimes, depending upon the values of Kd and other 
parameters, it may happen that the doses computed by the model with no sedi
ment effects and by the model with upper limit sediment effects may be only 
slightly different.

It should be noted that in spite of the difficulties in giving a theoretical 
justification of the validity of the tidally averaged approach, the model has been 
used successfully in studies of pollutants in several estuaries [41, 42], Some 
studies of radioactive pollution have shown a low sensitivity of the resulting doses 
to large changes in the coefficient EL. This suggests that the approximation may 
be acceptable in some siting situations'.

It should be noted that the treatments of'sediment effects mentioned above 
are highly simplified. Indeed, sediment transport mechanisms are more compli
cated than assumed in the sediment sub-models presented. Advanced models 
for estuaries are discussed in Annex VII.

Appendix F 

MODELS FOR FAR-FIELD RADIONUCLIDE DISPERSION 4 
IN IMPOUNDMENTS

F .l. Introduction

This appendix presents four simple models suitable for the prediction of 
radionuclide concentrations within and at the outlet of impoundments, including 
small lakes and off-stream cooling ponds. A methodology for applying these 
models is also given. Each impoundment considered is assumed to have a nuclear 
power plant located either on its boundary or upstream on a river feeding into 
the impoundment.
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The models are:
(a) Completely (or fully) mixed model;
(b) Plug flow pond;
(c) Partially mixed pond; and
(d) Stratified reservoir.

When applied in a conservative manner under appropriate schematization, 
these models provide a satisfactory variety of choices for treating nearly all possible 
impoundment types. Engineering judgment is, of course, required in the choice 
of the model and of the input parameters, particularly in determining the effective 
pond volume. Guidelines for schematization and choice of the parameters are 
discussed briefly.

It is important in all impoundment situations to recognize the potential effect 
of the heated (thermal) portion of the plant release. In most cooling ponds, a hot 
water input results in a layering of the flow and in the production of secondary 
currents caused by density differences. In this situation the heated (thermal) 
discharge flow together with wind and pumping effects may determine flow 
patterns which, in turn, affect the dispersion of radioactive material. The four 
models reviewed are simple but the region of influence of the plume needs to be 
defined a priori. This point is addressed in more detail in the following sections.

Cooling ponds are usually fully mixed only if they are very shallow. Other
wise they are either partially or fully stratified. Natural reservoirs and lakes are 
usually deep and larger than necessary when used to meet the needs of the power 
plant. They are typically stratified and often have a two-layer flow with a turn
over in winter. This turnover phenomenon must be included in the model for 
radioactivity dispersion (see Section F.5).

The presence of heated effluent may increase significantly the seasonal 
duration of the stratification in some reservoirs. It is thus important to keep 
in mind that the temperature distribution in the impoundment has a significant 
influence on the dispersion of radionuclides discharged into it. However, once 
the effect of the temperature distribution is known (estimated or assumed), the 
long-term radionuclide concentrations can be calculated quite simply.

The four models that can apply to the four basic types of impoundments 
are described in Sections F.2—F.4. A discussion of the applicability of these 
models is given in Section F.6; the more advanced models are discussed in 
Annex VIII.

F.2. Model I: Completely mixed pond

The first model simulates a closed cycle pond where full mixing occurs 
throughout the ‘effective volume’ representing the active portion: it ignores 
ineffective branches, connected ponds or stagnant lower regions. Figure 3 (bottom)
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Evaporation

FIG.3. Flow-through cooling pond (a) and closed-loop cooling pond (b) (adapted from 
Ref.[4]),
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illustrates a pond in a closed-loop system where both the discharge and intake of 
the plant are on the body of water. Fresh make-up water is fed in to replace the 
water lost by evaporation or outflow. (Outflow limits the concentration of the 
dissolved matter in the pond water to acceptable levels.) The plant effluent is 
assumed to mix instantaneously and completely with the entire volume of the 
pond. To ensure fully mixed conditions, the pond water is assumed to recirculate 
back into the plant at a much greater rate than the net flow through the pond.

Two parameters are important in this model. The first is the time constant 
associated with the flushing of the pond by the make-up and outflow streams.
It is defined by VT/qb where VT is the effective volume of the pond and qb is 
the outflow rate (equal, except for evaporation, to the make-up flow rate). The 
second is the time constant associated with the decay of the radionuclide of 
interest. It should be recognized that in this scheme completely mixed ponds are 
characterized by a pumping rate which is much larger than the outflow rate.

The derivation of the transient and steady-state equations for radionuclide 
concentration in a fully mixed pond is given in Section IV.4.1 of Annex IV, 
where the potential buildup of concentration is also predicted.

The use of the fully mixed model assumes that the pond (or its effective 
volume as appropriate) is completely mixed or nearly homogeneous. Very 
shallow ponds with high recirculation rates fit this description well.

The input parameters required are:

— the effective volume, VT
— the outflow flow rate, qb
— the rate of radionuclide addition, W, and
— the radioactivity decay constant.

F.3. Model II: Plug flow pond

Figure 3 (top) illustrates a model of a pond that is used as a plug flow system; 
the pond receives the plant effluent and in turn discharges it to a larger body of 
receiving water. It assumes that the water does not recirculate back to the plant 
intake once it is discharged, or that if it does, it is only to an insignificant extent.
A modification of such a model is one in which the nuclear power plant intake 
and discharge are both located on the pond, but

(a) the pond is stratified, and the intake is always in the colder water below 
the thermocline; or

(b) the discharged effluent follows a narrow path from the discharge point 
to the pond exit with no mixing as a result of a large outflow rate.

Other situations may be postulated to fit the plug flow pond schematization.
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Plug flow ponds are usually narrow and well-diked, forcing the plant effluent 
to travel a well-defined path from the plant discharge point to the point of outflow 
from the pond. The plug of effluent is assumed, for the model, not to mix with 
the pond water.

The derivation of the governing equation for the plug flow pond is given in 
Section IV.4.2 of Annex IV. The model predicts the radionuclide concentration 
at the outlet of the pond. Whereas the completely mixed model had two time 
constants to be taken into account, the plug flow model has only the time constant 
of the radionuclide decay.

The input data required for the plug flow model are V, qb and X.

F.4. Model III: Partially mixed pond

This model more closely resembles real ponds and represents an intermediate 
scheme between the extremes of the completely mixed and the plug flow models. 
It assumes that the discharged effluent mixes completely with the water inflow 
at the instant of discharge from the plant, after which the diluted plug moves 
through the pond without mixing, affected solely by the radioactive decay during 
its time of travel. This scenario is actually a special schematization allowing for 
partial mixing in the pond. Details of the derivation of an equation for computing 
the outflow radionuclide concentration is given in Section IV.4.3 of Annex IV.

F.5. Model IV: Stratified reservoir

A simplified model for mixing in stratified reservoirs that are subject to turn
over [42 ] has been used to provide gross estimates of radionuclide concentrations 
in such cases. The water of the lake is assumed to be divided into two layers, each 
fully mixed. Water may flow into and be withdrawn from each layer, but the 
inflow and the outflow must be equal for each layer. Furthermore, no mixing 'i 
between layers is permitted during stratified flow periods. The model assumes 
that the volume of each layer is constant during the period of stratification and 
that the total volume of the two layers is constant during the unstratified flow. 
During turnover, the layers are assumed to mix completely and instantaneously.
Such an assumption is reasonable for systems in which the time for turnover is 
small compared with the residence time of radionuclides in the impoundment.

A schematization of a stratified reservoir along with the modelling equations 
is given in Section IV.4.4 of Annex IV. Equations to be used under stratified and 
unstratified periods are given in Table IV. 1 of Annex IV. The model may be 
applied over many stratified and unstratified cycles by reiterating the application 
of the system of equations presented.
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The input data required in the application of the stratified model are the 
following:

1. For the reservoir as a whole

— the duration of the cycle, t2
— the duration of the stratification, t x
— the decay constant of the radionuclide, X
— the effective volume of the reservoir, VT
— the initial concentration (i.e. at the start of stratification), C0
— the inflow rate (also equals withdrawal rate), q"
— the radionuclide concentration in the inflow, C"

2. For the stratified period (0 <  t <  tj)

— the effective volume of the epilimnion6, VE
— the effective volume of the hypolimnion6, VH =  VT — VE
— the inflow rate (equal to withdrawal rate) in the epilimnion, qp
— the inflow rate (equal to withdrawal rate) in the hypolimnion, qp
— the radionuclide concentration in the inflow to the epilimnion, Cp
— the radionuclide concentration in the inflow to the hypolimnion, Cp

The variables defined above are used in the equations of the model presented 
in Section IV. 4.4.

F.6. General discussion o f  applicability o f  models I—IV and methods 
o f  schematization

The four models presented above assume that there is at least partial mixing 
of the plant discharge and the make-up water before they enter the pond or reser
voir. In the simplest model, this distinction is irrelevant because the concentra
tion is based on the flow through the impoundment and does not depend on the 
location of the inflow. The source of radionuclides may be located either on the 
impoundment or upstream on a tributary of the impoundment. In the case of an 
upstream plant, the source W is the rate of addition of radioactivity entering with 
the flow at the boundary of the impoundment. Where there is direct discharge 
into a pond or reservoir, the precise hydraulics of the pond are not well defined. 
In such a case some engineering judgment is required to determine which of the 
four models above best represents the pond hydraulics. The models, of course,

6 The epilimnion is the layer of water above the thermocline, and the hypolimnion the 
layer of water below the thermocline.
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apply best when the pond hydraulics can be idealized in terms of the simple alter
natives described. Difficulties can arise with these simple models when the pond 
cannot be clearly categorized into one of the four classes. In such situations a 
more advanced model may be needed (see Annex VII).

It should be kept in mind that no pond is either completely fully mixed or 
completely of the plug flow type. The actual performance of any unstratified pond 
is somewhere between these two idealized extremes. With these two models it is 
therefore possible to obtain an upper and lower limit between which the true result 
will lie.

The choice of the effective pond volume is crucial for obtaining correct 
estimates of the radionuclide concentration with these simple models. It is a 
difficult choice for several reasons. First, if the pond has numerous backwater 
volumes, these volumes of water may not take part in the transporting of heat 
and radioactivity. Some portions that are ineffective during unstratified periods  ̂
may be effective during stratified conditions because of the increased strength of 
density currents. Models exist for transport into side arms of the ponds, but these 
models require complex calculations and have not yet been validated with field 
data.

Other problems are the following:
(a) If there is seasonal turnover, the additional mixing cannot be accounted 

for by any of the simple models presented, with the exception of 
model IV;

(b) In a stratified pond the dispersion of the radioactivity may be limited 
to the top layer, leading to greater concentrations in that layer than 
those calculated on the basis of an assumption that there is no stratifi
cation. The depth of the top layer should be estimated in order to 
apply the model to this case.

To make a conservative application of the simple models described in this 
appendix, a worst-case situation is often selected for the calculation. For example, 
the volume can be conservatively chosen as smaller than anticipated. To simplify ^ 
the calculation of the steady-state concentrations of radionuclides whose half-lives 
are long, these radionuclides can be assumed to be stable.

In general, the impoundment models presented should be adequate for dose 
calculations except when very precise concentration predictions are needed, as in 
the case of accidental radioactive releases near a water intake.
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MEASUREMENT OF DIFFUSION COEFFICIENTS

A nnex I

1.1. Diffusion coefficients

The turbulent diffusion phenomenon presents different characteristics in 
different fluid environments. The range of eddy sizes in a river is different from 
that of a large lake or ocean. Also, the turbulence generated by the wind differs 
from that generated by the flow and the difference may have a predominant 
effect in characterizing the eddy diffusion coefficients of larger waterbodies. 
Consequently it is usually advisable to measure the diffusion coefficients for the 
specific waterbody of interest.

1.2. Measurement methods for determining the variance of the spatial distribution
of a contaminant or tracer

Various techniques are used for the direct determination of the standard 
deviations <Jy and az characterizing the spatial distribution of a contaminant in 
water. These are based on the use of different tracers such as fluorescent dyes, 
radioactive substances or stable elements.

Among fluorescent dyes, Rhodamine B is one of the most sensitive and can 
be detected even at concentrations of 0.075 mg/L. Radioactive tracers are 
detectable at concentrations of less than 40 Bq/L. Stable elements, if subjected 
to neutron activation analyses can be detected at concentrations of about 10 ng/L.

For field investigations of diffusion phenomena, other well-known experi
mental techniques can be used, including discrete measurements in water, 
continuous fluorometry or radiometry, and aerial photographic techniques using 
microdensitometers for the evaluation of the dispersion of plumes.

A brief outline is given below of the derivation of the diffusion coefficients 
from measurements of the variance of the concentration.

The lateral eddy diffusion coefficient, Ky, is defined by the equation

(U )

where cry is the variance of the lateral distribution of the tracer concentration 
and can be related to the width of the plume in the steady case.
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For steady conditions, Eq. (1.1) may be replaced by 

Ky = ! £ ( „ > )  (1.2)

where

u is the mean velocity in the direction of the current; 
x is the longitudinal distance from the source.
The quantity Kz is defined as in Eq. (1.2) but with ay replaced by az . 
Inserting into Eq. (1.1) the discrete values of the variance oy computed from 

the measured profiles of the concentration at two distances, we get the following 
relationship:

,  ( E illZ lf S l CU)

where

x2 “ Xjt 2 - t i  = — —  u

In conclusion, the above approximate equation can be written in terms of 
the width of the plume (L = 4 ay) as

U - L ?Kv = — ------—  (1.4)y 32(ta - t , )
Descriptions of field investigation of diffusion phenomena in different 

waterbodies are given by Yotsukura et al. [44] for the Missouri River, Csanady [45] 
for Lake Huron, and Foxworthy [34] for Californian coastal waters.

1.3. Remarks on the measurement programme for the diffusion coefficients

The following points are important in a field measurement programme for 
eddy diffusivities:
(a) Particular attention should be paid to the measurement of the vertical

diffusivity, which is usually significantly smaller than the lateral diffusivity. 
If stratification also prevents vertical diffusion, a diffusion coefficient K 
may be determined as a function of the local Richardson number.
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(b) The use of a tracer of neutral buoyancy with the ambient is strongly 
recommended to avoid complications in interpretation. In fact if the tracer 
has some initial buoyancy with respect to the ambient water, the tracer 
plume will initially spread faster owing to the addition of gravity-driven 
movements to the turbulence effect. After the plume has completed its 
initial mixing and the phenomena due to buoyancy are completed, the rate 
of spread will become the same as for a tracer plume with no density 
differences with the ambient. But the total width of the plume will remain 
larger owing to the initial effects of the buoyant tracer.

(c) Another complication which has to be taken into account in the measurement 
of the diffusion coefficients is the dispersion due to the change of velocity
in magnitude and direction with depth (velocity shear). In fact, the vertical 
gradient of the horizontal component of the velocity produces dispersion 
which varies with depth, although vertical diffusion smooths these differences. 
Csanady [46, 47] has shown that this phenomenon can cause an increase in 
the effective value of Ky which is 2—4 times larger than that due to turbulence 
alone. The changes in the direction of the velocity with depth may also cause 
a substantial increase in the values of Ky determined experimentally. However 
these velocity direction change conditions may be temporary and the assump
tion that such accelerated diffusion would be present on a regular basis may 
not be sufficiently conservative.

(d) The assumption for the measurement programme that the eddy diffusion 
coefficients are constant in space (used in the simple models of Appendix C 
and D) appears to be realistic for flow in an open channel (river) but is only 
approximate in other flow environments.

Annex II 

MEASUREMENT OF EQUILIBRIUM SEDIMENT 
DISTRIBUTION COEFFICIENTS

The equilibrium distribution coefficient of a radionuclide between sediment 
and water', Kd, is defined as:

Kd = CJC

where
Cs is the concentration of the radionuclide in the sediment in terms of 

activity per unit dry weight; and 
C is the radionuclide concentration in water in terms of activity per unit 

volume.
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The dimensions of this distribution coefficient Kd are volume divided by mass, 
for instance [m3/t] or [mL/g],

Careful consideration should be given to the measurement of this coefficient 
■when
(a) there is a potential for significant exposure to man through contaminated 

sediments, or
(b) the concentration of some radionuclide in the water phase may be substantially 

affected by sediment scavenging owing to the chemical nature of the radio
nuclide or the high sediment load. In these cases, a model taking account of 
sediment effects is run as a first approximation, using Kd values taken from 
the literature.
If the model is very sensitive to small changes in these Kd values, the calcu

lation should be repeated with measured Kd values acquired from laboratory 
experiments on sediments and water collected at the site. It should be noted that 
Kd depends on many parameters, including the pH of the water.

These coefficients may be determined as follows. A quantity M of sediment 
is mixed with volume V of surface water in a beaker placed on a magnetic stirrer.
At time zero, a known amount of the nuclide is put into the beaker. Then, at 
specified times, aliquot parts are taken from the beaker, filtered through 
membranes of 0.45 /urn pore diameter, and assessed for radioactivity. The distri
bution coefficient Kd is calculated from the relation

Table III. 1 presents examples of the required accuracy and sensitivity of 
the instrumentation.

where
C0 is the nuclide concentration in water at time zero; and 
C is the nuclide concentration in water when equilibrium has been

established.
Care must be taken to get a sufficiently long contact time so that equilibrium can ^ 
be attained. This determination is repeated for each nuclide of interest.

Annex III

EXAMPLES OF ACCURACY AND SENSITIVITY 
OF INSTRUMENTATION
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TABLE III. 1. EXAMPLES OF INSTRUMENTATION, ACCURACY AND SENSITIVITY

Variable measured
Instrumentation 
or methods usually adopted

Characteristics of instrumentation systems 

Accuracy required Required measurement threshold

Water depth Echo sounder 1 m for shallow water 
3 m for deep water

-

Location Navigation system ±30 m of indicated position -

Current speed Current sensors ±3% 0.1 m • s”1

Current direction Current sensors ±10 deg. -

Water temperature and
water temperature gradient

Thermistor ±1°C -

Water quality Chemical analysis ±10% Different for individual elements

Suspended load and sedimentation 
rates

Basket samplers and weight 
measurements

±10% -

Sediment values Catch techniques ±10% 10'3 m3-kg_1

Background radioactivity Liquid scintillator ±10% 0.3 kBq-m-3
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A nnex IV
EQUATIONS OF SIMPLE MODELS FOR RADIONUCLIDE 

DISPERSION IN RIVERS, OPEN COASTS, 
ESTUARIES AND IMPOUNDMENTS

The purpose of this annex is to present the mathematical equations and, 
where appropriate, additional background material on the individual models 
presented in Appendices C, P, E and F. As noted in Section 4.1, all models in 
Phases 1 —3 may be divided into three categories depending on the mathematical 
approach: numerical, analytical and box type. Most of the simple models presented 
in this Guide are of the analytical type when no interactions occur between radio
nuclide and sediment. The predominant category presented in the Guide when 
radionuclide/sediment interactions occur is the box type. In all siting situations, 
the numerical models are deemed advanced and their use in siting situations is 
the exception rather than the rule. As such, the numerical models are presented 
only in the annexes (see Annexes V—VIII).

In Subsection IV. 1 of the present annex, the equations for analytical models 
of radionuclide dispersion in rivers are presented. The models discussed are:

IV. 1.1: Steady-state point and line source models in two dimensions (x, y): 
fully-mixed conditions are assumed in the z dimension;

IV. 1.2: Time-dependent point source models in two dimensions (x,y): fully 
mixed conditions are assumed in the z dimension: both batch and 
continuous releases are considered.

Owing to the usual shallow nature of most rivers or the presence of the thermocline 
in the summer, the assumption of full mixing vertically (in the z direction) made 
in the models is a fairly reasonable one in most river applications and enables the 
problem to be reduced to two dimensions.

For cases where radionuclide/sediment interactions are important, two box 
models are described in Annex V — the USNRC model [25] and the model of 
Schuckler et al. [24], Both are considered advanced models in terms of this Guide.

In Subsection IV. 2, details on models for open coasts are presented. These
are:

IV. 2.1: Steady-state line source model in two dimensions (x,y);
IV.2.2: Steady-state point source model in three dimensions (x,y,z);
IV. 2.3: Steady-state area source model in three dimensions (x,y,z);
IV.2.4: Two point source models for puff releases in two dimensions (x,y,t);
IV. 2.5: Continuous point source release in two dimensions (x,y,t);
IV.2.6: Puff release model from point source in three dimensions with shear 

flow (x,y,z,t);
IV. 2.7: Continuous point source release model in tidal flow in three 

dimensions (x,y,z,t).
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Fully-mixed conditions are assumed to occur in the third dimension for all two- 
dimensional models. Models of the box and numerical type applicable to open 
coasts are only referenced in this Guide and not discussed in detail. The numerical 
models are discussed in Annex VI.

In Subsection IV.3, two specific analytical models for estuarine dispersion 
are discussed. Section IV.3.1 presents details on one formulation for the diffusion 
coefficient for a one-dimensional estuary model. In Sections IV.3.2 and IV.3.3, 
the following models are discussed:

IV.3.2: Continuous release from a source in a one-dimensional estuary (x,t); 
IV.3.3: Limited time release from a source in a one-dimensional estuary (x,t).

In Annex VII, a box model for estuaries is described [25] together with several 
numerical models.

Subsection IV.4 describes the details of four simple one-dimensional models 
for impoundments. Most siting problems should be satisfactorily handled with 
these models. They are:

IV.4.1: Completely mixed pond model;
IV.4.2: Plug flow pond model;
IV.4.3: Partially mixed pond model;
IV.4.4: Stratified pond model.

The completely-mixed and stratified pond models may be considered box type 
models since they assume completely homogeneous ponds or pond sections.
The other two models are best classified as analytical models. Advanced models 
for impoundments appear in Annex VIII and are all of the numerical type.

IV. 1. River models

This subsection presents solutions and in some cases additional background 
material for the simple models presented in Appendix C.

IV. 1.1. Steady-state point and line source models in two dimensions

These models deal with continuous steady-state point and line source releases 
in a river. The models assume full mixing in the third (vertical) direction and are 
therefore two-dimensional. Presented below is the derivation of the analytical 
solution of Eq. (2) of Appendix C for a point source in a river with full mixing 
in the z-direction.

Let
u be the downcurrent velocity (function of y); 
d the local river depth (function of y); and 
y the cross-stream distance.
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A new independent variable q may be defined — the cumulative flow measured 
from the near shore:

y
q = J (ud)dy 

0
(IV. 1)

Note that as y -»■ B (the full width of the river), then q -► Q, the total river flow. 
If Eq.(2) of Appendix C is written as a function of q, then one obtains

C is the radionuclide concentration (function of x and q); and 
Ky is the lateral eddy diffusion coefficient of the river.

If now it is assumed that u may be replaced by the (constant) mean value u and 
that the variable diffusion factor Kyud2 may be replaced by a constant factor 
KyUd2 defined from the weighted averaged mean value

then Eq. (IV.2) may be transformed into the standard diffusion equation with 
decay and with constant coefficients

Here, X is the decay constant of the radionuclide of interest.
If the source has the form of a point source in two dimensions (or from a 

three-dimensional viewpoint, a vertical line) emitting a constant amount of 
radioactivity W Bq/s and is located at x = 0, y = ys (or equivalently at q = qs), 
and if the boundary condition is that there is zero flux of radioactivity across the 
near-shore and far-shore boundaries, a closed-form solution may be written as

u (IV.2)

Here

Q
(IV.3)

0

(IV.4)

1

OO

wC(x,q) = -  1 + 2 • cos n7rqs
Q

nwq ■ cos ——
Q

e-Ax/u (Iy  5)

n= 1

= X(x,q)e-Xx/iI
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where
q is the cumulative flow between y = 0 and y ;
Q is the total river flow;
u is assumed constant and equal to u, the mean value across the current; 

and
D is the flow-weighted average of Kyud2 and is known as the diffusion 

factor.
Note that the point source is at ys and this corresponds to a cumulative flow qs.

A more realistic case may be that of a continuous line source (area source 
if viewed as a three-dimensional problem) uniformly distributed between the 
distances ysi and ys2 (associated with cumulative discharges qs) and qs2). The 
solution of this case may be obtained by integration between the limits 
q.sl < qs< 9s2 yielding

OO

An alternative steady-state fully mixed model has been developed by 
Krischnappon and Lau [48] for meandering channels. Instructions on the evaluation 
of the lateral dispersion coefficient are given and a computer solution obtained by 
finite differences is presented for the convective-diffusion equation solution in a 
meandering river. The latter model is more cumbersome to apply than the simple 
closed-form solutions given above.

A special case of Eqs. (IV.4) and (IV. 5) occurs for a uniform, rectangular 
channel with flow velocity U. The solution for those two cases may be obtained 
from Eqs (IV.4) and (IV.5) by replacing D/Q2 by Ky/UB2, q by y, and Q by B, 
where B is the river width.

To evaluate Kyud2, a knowledge of the variation of Ky is needed. Elder’s 
empirical formula [21 ] for Ky is often used:

Ky = j3u*d (IV.8)
where

d is the river depth;
u* is the shear velocity; and
/3 is a dimensionless constant.
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The shear velocity u*, is defined by

u*

where g is the acceleration due to gravity and Ch is the Chezy coefficient which 
accounts for river roughness. The formula for Ch is

where Cf is a friction coefficient which depends on the Reynolds number of the 
flow and the relative bottom roughness.

The value of 0 is approximately 0.23 for straight streams [20, 49] but for 
curved channels it is usually larger as a result of increased lateral mixing 
accompanying secondary flows. Values of (3 as high as 0.9 are reported for natural 
streams. A more general treatment of the problem exists in Refs [20] and [49], 
where a scaling factor (metric coefficient) has been introduced to account for the 
variations in width as a function of downstream distance as well as meanders in 
the channel. The works of Fischer [50], Yotsukura et al. [44] and Sayre and 
Yeh [51] provide additional information on the determination of (3. Clearly, for 
rapidly bending streams, Eq. (2) of Appendix C does not strictly apply since the 
flow is no longer unidirectional, but for slightly bending streams it may be used 
as an approximation. The larger values of P result from an attempt to extend the 
model to take into account the recirculation mechanism, but the increase of |3 
alone cannot properly simulate the new mechanism. Fischer [50], for example, 
has shown that the lateral mixing coefficient is increased in bending streams, 
varying inversely as the square of the radius of curvature. In general, to obtain 
realistic transport estimates, it is convenient to determine the values of the 
coefficient for lateral mixing by tracer studies performed at the site. Although 
transverse variations of Ky have not been adequately confirmed in field tests, 
longitudinal variation in Ky in a sharp bend has been reported by Sayre and Yeh 
In an attempt to include the variation of the diffusion coefficient in the direction 
of flow, the quantity Dx in Eqs (IV.5) and (IV.6) may be replaced (but this is only 
an approximation) by

If the diffusion coefficient is known for each cross-section of interest, D may then 
be interpreted as the mean value over the river section under study.

X

Dx = J  D(x) dx 
0
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IV. 1.2. T im e-dependent p o in t source m odels in tw o  dim ensions

The two models discussed in this section present solutions for batch and 
continuous releases to rivers. The models assume full mixing in the third (vertical 
direction) and are therefore two-dimensional.

The solution to the time-dependent dispersion equation in the x and y 
directions for a point source located at x = 0, y = ys is given by

where M is the amount of radioactive material released. This solution is for a 
straight rectangular channel of width B and cross-sectional area A where Kx is 
the longitudinal eddy diffusivity and u is the average river flow velocity.

In this model, Kx and Ky are taken to be constants. Computations for a 
more general time-dependent release may be generated from the convolution 
integral

C(t) is the concentration at time t;
Ck is the analytical solution for the concentration at time t -  r  for an

instantaneous unit release of radioactivity (M = 1 in Eq. (IV.9)) at
t im e t—r; and

f(r) is a function giving the rate of release of the radioactivity as a function
of the time.
Usually, numerical integration is required to solve Eq.(IV. 10).

The infinite series in the equations given above converges rapidly except 
near the source. This is not an important limitation since near the source the 
effect of the far shore is usually not important. As a result, the solution near the 
source may be obtained by using a single image source to give the effect of the 
reflection at the near shore. The effect of the far shore is neglected altogether in 
a simplified solution created solely for near-source distances. This means that no 
infinite series need be evaluated near the source and thus the convergence difficulty 
can be avoided.

OO

X 1 + 2
n = l

(IV. 10)
0

where
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IV. 2. Models for open coastal dispersion

The subsections below provide the details of the solutions for the steady- 
state and transient models presented in Appendix D.

IV.2.1. Steady-state line source model in two dimensions

The model described below treats dispersion from a steady-state line source 
in two dimensions (x,y). Full mixing is assumed in the vertical direction. The 
lateral diffusivity is assumed to follow the 4/3-power law. The solution to Eq. (4) 
in Appendix D (area source case) is given by Brooks [27].

The following terms are used below:
C0 is the initial concentration of radionuclide emission at the line source; ^
b is the width of the line source (fully mixed down to depth d);
L(x) is the width of the radionuclide plume as a function of the downstream

co-ordinate x (L = b at x = 0); and 
ct(x) is the standard deviation of the plume, defined as

Inserting Eqs (IV. 11) and (IV. 12) into Eq. (4) of Appendix D, we have for 
centre-line decay of radioactivity the solution

OO

(iv.il)
_oo

where now L and a are related by

L(x) = 2 V 3 a(x) (IV. 12)

c max(x) = Co erf e-X x /u (IV. 13) 1

and

L(x) 2 x 3/2
u = 1 + . (IV. 14)

where
= 12K*o

(IV. 15)
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and Ky0 is the lateral diffusivity at the line source (x = 0) and is obtained either 
from the literature or from field data.

IV.2.2. Steady-state point source model in three dimensions

Consider now a point source release in three dimensions. The steady-state 
solution is described below for an open coastal area.

Tke solution to Eq. (4) of Appendix D (point source case) may be determined 
by the method of images to be

C(x,y,z) = — ------  f1(az,z,zs,d )f2(a y ,ys)e_Xx/u
2nuOyOz 3

where
OO

f j ^ .z .z s .d )  = ^
m=_0°

(2md + zs — z)2 (2 m d -z s - z ) 2exp 2a2 + exp 2a2z

f2(ffv .y>ys) = exP

/2Kyx

(ys~y)2 (ys + y)2
2a2 + exp 2 a 2y y

/2K zx/ — -—

(IV .16)

As yet undefined is Kz, the vertical diffusion coefficient, taken as a constant in 
this model. The point source is at x = 0, y = ys, z = zs. However, it should be 
noted that Eq. (IV. 16) is generally valid when the flow velocity is much greater 
than the diffusion velocity.

IV  2.3. Steady-state area source model in three dimensions

Nomura et al. [17] present the following semi-empirical formula for down- 
current concentration from a continuous area source release:

W (a  Y0u \

where
x is the distance from the source;
C(x) is the concentration averaged over the depth Z0 on the centre line at 

distance x;
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W is the release rate of the radioactivity;
u is the current speed;
Y0 is the area source width;
Z0 is the area source depth;
a  is an empirical coefficient for diffusion

and

2 f  - ferf (y) = —— / e dt (IV. 18)y/TT J

For downcurrent distances much larger than the size of the source, C(x) in 
Eq. (IV. 17) is approximated by the following (using a  = 0.1415 X 1CT4 m2/s2):

C(x) = 75  — -  (IV. 19)xZ0

IV. 2.4. Two point source models for puff releases in two dimensions

Two very similar models are commonly used for radionuclide dispersion in 
open coastal areas relating to puff releases in two dimensions. Each assumes full 
mixing in the vertical direction. A puff release model presented by Bohet [31 ] is

■1
C(x,y,t) = J We~X(Tf~r)

2iraxay d
exp - ( X - X p )2

2 o2 x

where

exp -y(y-yP)2
2a2 + exp _ (y + yP 2yc)2

2 a2 y
dr CIV.20)

t is the observation time (used in ctx, ay);
t is the time at which a puff is emitted;
Tf is the time at which the last puff is emitted;
W is the radionuclide emission rate at time r;
ox,oy are the standard deviations ax = M(t — r)^ and ay = N(t — t)1';
d is the depth of the radionuclide plume;
xp,yp are the co-ordinates of the puff centre at time r; and
y„ is the ordinate of the shoreline.

The quantities M, N, n, y  are empirical constants which represent diffusion at 
the particular site of interest. Note that longitudinal diffusion is included in this
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model as it should be for transient releases. Fully-mixed conditions are assumed 
in the vertical z direction. A nearly equivalent formulation (except for eddy 
diffusivities) for the problem of a batch release in the near-shore waters is given 
in the equation:

Here, M is the amount of activity released. This equation is the solution to Eq.(6) 
of Appendix D under the boundary conditions listed in Section D.4.1. In the 
above model, Kx, Ky, and u are taken as constants.

IV.2.5. Continuous point source release in two dimensions

Consider the second proposed solution given in Section IV.2.4. That solution 
represents a batch release in the near-shore waters. The convolution integral 
permits a solution for a time-depen dent release of Wf(r):

where Wf(r) is the radionuclide release rate.
The same general consideration given for the steady-state model described 

in. Section D.3 applies to this transient model. In this case, however, the horizontal 
diffusivity and the time-dependent function representing source release must be 
specified.

IV.2.6. Puff release model from point source in three dimensions with shear flow

In some special cases, shear in the lateral and vertical directions may be 
important in describing the behaviour of the mean velocity field with time.
A description of the Carter-Okubo model [33] which accounts for shear effects 
is described below. It assumes that the mean velocity field is sheared both laterally

C = ------ = ^ = — exp47rVKxKy td
M

(IV.21)

t

47r^/KxKy d(t—r) 6XP
Wf(r)

0

dr (IV.22)
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(with coefficient J2y), and vertically (with coefficient £2Z). Thus, the mean velocity 
of the flow u is given by

u = u 0(t) -  £2yy -  f izz

Assuming that the co-ordinate system is moving with the centre of the patch along 
the mean direction of the flow, the basic equation for shear diffusion is

9C dC
(£2y ■ y + n z ■ y) —9y " y 

where, as usual,

Kv 32C
ax2 + K„ a2c

9y
a2c+ k 7 — - -  xc 2 z az2 (IV.23)

x is the mean flow direction;
y is the lateral direction; and j
z is the vertical direction.

The solution for an instantaneous point source of radioactivity release M is given by:

M -Xt Me exp
C

where

- y 2 z 2
x + X-  ( f t yy  + £2zz )

2 '

<

1

W N

1

4Kxt (1  +4>W)
57r3/2 [KxKyKzt3(l + 0 | t 2)]1/2 (IV.24)

Kx, Kv, Kz are the eddy diffusion coefficients in the three directions, and

— (ft2^ 1 + fi2^2 12 \ y Kx Kx. (IV.25)

Carter and Okubo [33] analysed the dye release experiments in the Cape 
Kennedy Area; the results for off-shore and near-shore releases have been 
explained by this shear diffusion-type model.

Although this model takes shear effects into account it has two important 
over-simplifications. First, diffusivities are not constant in the lateral direction; 
they follow the 4/3-power law in ocean environments. Second, the form assumed 
for u is a linear function of y and z instead of the more reasonable parabolic form. 
Depending on the choice of £2y and £lz the model could overestimate the effects 
of shear.

IV. 2. 7. Continuous point source release model in tidal flow in three dimensions

This model takes into account the tidal oscillations directly in the expression 
for the velocity field. The model assumes a continuous point source and three- 
dimensional dispersion in an open coastal area of depth H. The solution to Eq.(7) 
of Appendix D is
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_ C = r  qp 
C0 J V 4^K x( t - r ) exp - ( x - u f(t-r))2 + u,

CO
111 [cos(oot + oi) -cos(w t + a)]2

oo

X V47TKy(t-T)
2 — +H H

1 2 I
,2

i= l

X Kz (t—r) ■ dr (IV.26)

The source was given by

S = C0qp 5(x)5(y)5(z) (IV.27)

where 8 is the Dirac delta function. Eq. (IV.26) is solved numerically. In the 
above expression

H is the constant depth of the tidal waterbody;
qp is the flow rate of the continuous point source release;
Uf is the x-component of the tidal flow superimposed on the periodic tidal 

motion;
um is the amplitude of the periodic tidal motion; and
co = 27r/T. where T is the period of the tidal motion.
An example of the use of the above model is given below. For the Jamesport 

Units I and II plant, on Long Island Sound, in the USA, an accident scenario is 
postulated. The accident is a rupture of all of the site equipment outside the 
reactor containment that contains radioactive liquids. In total, 7140 m3 (80% 
of capacity) is assumed to completely enter the groundwater. A groundwater 
model predicts in a separate calculation that it takes 20 years for the radionuclides 
to reach Long Island Sound (a distance of 530 m away), the nearest waterbody. 
Therefore, an instantaneous volume release is assumed to the groundwater but a 
continuous point source release is assumed to Long Island Sound. Input variables 
for this case were:

uf = 100 m/h 
um = -21 3 0  m/h 
T = 12.5 h
H = 10 m (average depth)
Kx = 3.07 X 104 m2/h
Kz = 6.12 X 10 m 2/h
qp = 2.9 m3/h (groundwater discharge into Long Island Sound).
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If we define minimum dilution factors as F = C0/Cmax, where Cmax is the maximum 
concentration within a tidal cycle, then we get for several downcurrent and up- 
current sites:

F = 2.04 XlO6 at 3.4 km west of plant site (Boys Camp);
F = 1.54 X 106 at 1.6 km west of plant site (beach area);
F = 1.22 X 106 at 4.5 km east of plant site (park area).

To be superimposed on these dilutions is the minimum additional dilution due 
to groundwater dispersion computed to be F = 2.5.

IV.3. Models for estuarine dispersion

The subsections below provide background on dispersion coefficients and 
solutions to equations presented in Appendix E. 1

IV. 3.1. Diffusion coefficient for one-dimensional model for radionuclide 
dispersion in estuaries

For application of Eq. (8) of Appendix E, estimates must be made on the 
sectionally-averaged one-dimensional longitudinal diffusion coefficient E(x,t).

A formulation sometimes used for the longitudinal diffusion coefficient is 
that of Taylor [52]:

E(x,t) = 77 nUtRh6 
where

x is the distance from the mouth of the estuary;
n is Manning’s coefficient;
Rh is the hydraulic radius of the cross-section, a function of x; and
Ut is the rms local velocity.

The t dependence is due to tidal effects.
The above equation is a good first approximation for one-dimensional flows m 

in an estuary where the salinity intrusion is negligible. If the effects of salinity ’ 
intrusion are important, the formula of Thatcher and Harleman [53] should 
provide a better empirical relationship for the specific body of water.

IV. 3.2. Continuous release from a source in a one-dimensional estuary

The solution of Eq. (9) of Appendix E for a general continuous time- 
dependent release of Wf(r) from a line source is:

t

W /* f(r) [ x - U f ( t - r ) ] 2 \ jC = ------ -  / — e x p --------------‘---------------- X (t-r) dr (IV.28)A V 4ttEl  J V t ~T 4EL ( t - r )0
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Model I: Evaporation

Model II: 
plug flow

Evaporation

Inflow »  q L + evaporation 
b

Concentration = C,,
Pond
volume V _

I vT
Travel time = — L

O utflow  = q." I Outfl 

| ConeConcentration = C

Model III: 
partially mixed

Evaporation

Concentration = 0 ,

Inflow = + evaporation

C , = ^ P _1 V ^ p
Plug flow volume V _

O utflow  = q ^ 

Concentration «  C 2

* Cjexp

Plant pumping rate q p

F IG .IV .1. Schematization o f  three types o f  ponds fo r  the com putation o f  in-pond and ou tflow  
radionuclide concentration (adapted from  R ef. [4 \) .
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In this equation W is a constant and f(r) contains the time dependence of 
the source. The release starts when r  = 0 and is zero for r  less than zero. In 
addition, EL is the longitudinal diffusion coefficient and Uf is the fresh water 
component of the total tidal velocity.

In this model, EL, Uf and X are constant. A constant cross-section of area A 
is assumed for the estuary.

IV. 3.3. Limited time release from a source in a one-dimensional estuary

If a discharge of constant rate W (i.e. f(r) = 1) is released over a time period 
t D, Eq. (IV. 28) may be integrated to a closed form containing a combination of 
exponential and error functions. As t and tD approach infinity, the solution will 
approach the following steady-state solution where EL, Uf and X are constant:

This solution was derived by assuming that the cross-sectional area of the estuary 
is constant in time and space and that a source of radioactive pollutant is located 
at x = 0. The solution satisfies the boundary condition that C = 0 at x = °°. The 
positive sign is used for x upstream of the source (x <  0) and the negative sign for 
x downstream (x >  0).

IV.4. Models for radionuclide dispersion in impoundments

The subsections below provide background relating to the derivation and 
final equations of four impoundment models described in Appendix F.

IV.4.1. Derivation o f  equations for radionuclide concentration in a completely 
mixed pond

A schematization of a fully mixed pond is given in Fig. IV. 1.
It is assumed that each parcel of water discharged from the plant into the 

closed-loop pond is instantaneously mixed with the pond water. As a result, 
the radionuclide concentration C (which is also the concentration in the outflow) 
may be obtained from equation:

C = (IV.29)

vt —  = "(qbc) +w-X(c-vx) dt (IV.30)
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Here,

VT is the effective volume of the pond;
qb is the pond outflow rate;
W is the rate of addition into the pond of the radionuclide of interest

discharged from the plant; and 
X is the radioactivity decay constant.

Assuming that C(0) = 0, the following solution can be obtained:

qb
VTX

C0
VTX + 1

1 — exp(— qb
vTx l)Xt (IV .31)

For the steady-state (t -*■ °°) concentration, Css, Eq. (IV.31) becomes

^ss
Co

_ i b _

VTX
qh

vrx

(IV.32)
+ 1

where

C0 =W/qb,the steady-state concentration for a non-decaying substance,
i.e. for X = 0.

For large cooling ponds with small outflow rates and consequently long 
flushing times, the buildup of concentration is of interest. In terms of the steady- 
state concentration Css and of a non-dimensional parameter K, Eq. (IV.31) may 
be rewritten as follows:

C= -  = 1 -  exp
'—'CC

-(K  + In 2) j —
1/2

(IV.33)

where t 1/2 = In 2/X and

Radioactive half-life t 1/2K = ------------------------------  = — IL— (IV.34)Flushing time constant VT/qb
Figure IV.2(a) shows the buildup to steady-state concentration as a function 

of a dimensionless time (time/flushing time constant) for three values of K.

75

This publication is no longer valid 
Please see http://www-ns.iaea.org/standards/



o>CD

id" o5? <J> O) JZu (0 <uoQie

£o

FIG .IV .2. Buildup o f  radioisotopes in com pletely m ixed  pond  with the ordinate normalized to 
steady-state values (a): dimensionless tim e to reach 99% o f  steady-state concentration in j
com pletely m ixed  pond  (b).

Equation (IV.33) is fairly insensitive to K for large t. The time to reach 99% of 
steady-state concentration is easily computed from Eqs (IV.33) and (IV.34). 
Figure IV.2(b) illustrates the buildup as a function of K, showing that for half-lives 
very long compared with pond flushing times, the time to 99% buildup depends 
only on the flushing time of the pond.
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IV. 4.2. Derivation o f  equation for radionuclide concentration in a plug flow  pond

A schematization of this type of pond appears as Model II in Fig. IV. 1.
The equation of concentration can be obtained from

dCVT —  = -XCVx (IV.35)1 dt 1

where VT is the effective volume of the pond; and X is the radioactive decay 
constant of the radionuclide.

The initial concentration C(0) is given by

C(0) = W/qb (IV.36)

where
W is the rate of discharge of radioactivity in the effluent at the point of 

plant discharge, i.e. where t = 0; and 
qb is the outflow rate, which in this model is equal to the plant pumping 

rate.
Whereas the completely mixed model had two time constants to be taken 

into account, the plug flow model has only the time constant of the radionuclide 
decay. However, the effluent travel time, from the plant discharge point to the 
pond outflow, is important. This travel time t is

t = VT/qb
where VT is the volume of the pond that is involved in the plug flow.

The radionuclide concentration decays according to the equation

C= C(0) exp(-Xt) (IV.37)

where t is the travel time from the point of discharge from the plant to the point
of interest. In particular, the concentration at the outflow from the pond is given
by C2 = C(0) exp(-XVT/qb).

IV.4.3. Derivation o f  equation for radionuclide concentration in a partially mixed 
pond

A schematization of the partially mixed pond is shown in Fig. IV. 1 as 
Model III.
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A recirculation factor R may be defined as

R = qb/qP
where qp is the discharge flow rate of the plant and qb is the outflow rate of the 
pond.

The partially mixed model thus treats ponds where plant pumping and 
outflow are of similar importance. The radionuclide concentrations at different 
parts of the partially mixed pond are illustrated in Model III of Fig. IV. 1 for 
steady-state conditions. If evaporation is ignored, the three equations presented 
in that figure for the concentrations Cu C2, C3, may be solved for C2, the concen
tration at the outflow, to yield

C2
C0

R

Here
K

(R + l)exp

*1/2 % 
VT

R
K(R+1)

In 2

In 2

W
C0 = —  

%

(IV.38)

(IV.39)

Three stages may be distinguished.
In Stage 1, the effluent is discharged from the plant and is diluted by fresh 

inflow at the point of discharge. In Stage 2 the plug travels through the pond; 
during this time the concentration is changed by radioactive transformations.
In Stage 3 the radioactivity discharged by the plant is added to the radioactivity 
which re-enters the plant intake. The relative concentration C/C0 as a function 
of K (radioactive half-life divided by the flushing time constant) and R (recircu
lation factor) is shown in Fig. IV.3. The steady-state solution provided by 
Eq.(IV.38) turns into the solution for the completely mixed case when R = 0 
and into the solution for the plug flow case when R = °°.

Fully mixed flow:
KC

C0 K + In 2 R = 0 in Eq. (IV.38) (IV.40)

Plug flow: 
C exp (—In 2/K) R = 00 in Eq. (IV.3 8) (IV.41)

For all values of R, the concentration depends on the half-life of the radionuclide 
with diminishing dependence for long half-lives.

78

This publication is no longer valid 
Please see http://www-ns.iaea.org/standards/



R
el

at
iv

e 
ou

tf
lo

w
 

co
n

ce
nt

ra
ti

o
n

FIG. IV . 3. Comparison o f  predicted ou tflo w  concentration ratios C/C0 as a fu n ction  o f  R  
and K  fo r  partially m ixed  ponds.

Stratified

Unstratified

FIG .IV.4. Schematization o f  M odel IV : stratified lake m odel (adapted from  R ef. [4\).
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TABLE IV. 1. SUMMARY OF EQUATIONS USED IN MODEL IV (STRATIFIED RESERVOIR MODEL)

The stratified period starts a t tim e 0 and term inates at time t] 
The unstratified period starts at time t j  and term inates at time t 2 

The full cycle runs from  0 to t 2

For the epilimnion (upper layer)

0 < t  < t i

CE "
a -  [a-b C (0 )]e -bt

For the hypolim nion (lower layer) 

0 <  t <  ti

a' -  [a' -  b 'C (0)]e_b,t

CpQp t Cp qp

b' = ^  + X

where
Co
CP

is the initial concentration (= C(0));
is the inpu t concentration in the upper layer;
is the inflow to  the upper layer;
is the volume of epilim nion; and
is the radioactive decay constant — In 2 / t 1/2.

where
Cp is the inpu t concentration  to  the lower layer;
qp is the inflow to  the lower layer; and
V jj is the volum e o f hypolim nion.
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When t  = t i  turnover is assumed to  occur instantaneously betw een the tw o layers thus leading to  the single reservoir concentration

t = tl

C-p — VE + V H

During the unstratified condition the reservoir concentration  is

"  i »  u "  n  \ 1  -Va -  (a — b CT)e (t -  t j
CH = ,n  "b

«  C P  <lp  , »  q P  , ,a = — —  t> = —  + AVT VT

where
Cp is the input concentration fo r the to ta l pond ; qp is the  inflow; and VT is the to ta l volume.
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IV .4.4. Equations o f  radionuclide concentration in a stratified reservoir (pond)

The simple stratified reservoir model discussed in Section F.5 of Appendix F 
is schematized in Fig. IV.4. The basic equations to be used during stratified and 
unstratified periods are presented in Table IV. 1.

This model may be applied over many stratified and unstratified cycles by 
repeating the application of the system of equations. To do this, the fully mixed 
concentration at the end of each cycle is substituted for C(0) at the beginning of 
the next cycle, and the calculation as presented in Table IV. 1 is carried out for 
that cycle.

1

Annex V 

ADVANCED MODELS FOR RADIONUCLIDE DISPERSION 
IN RIVERS

This annex describes two models used to predict radioactivity dispersion in 
rivers when radionuclide/sediment interactions are important. The Schuckler 
model [24] has been used for multiple-source releases in the Rhein-Maas region 
of the Federal Republic of Germany and the Netherlands. The USNRC model [25] 
has been used for a hypothesized large release on a US river system. They are 
denoted advanced models in this Guide owing to the fact that their complexity 
(i.e. the accounting of radionuclide/sediment interaction) is not often needed. 
However, for large hypothesized releases or perhaps for a large number of closely 
located sources, these models may be required. If they are not needed but are 
anyway employed, their predictions should be very close to those of the equivalent 
models with radionuclide/sediment effects ignored. i

V .l. Transport model for radionuclides in rivers with allowance for suspended
matter and sediment [24]

This model has been used in the Rhein-Maas region to predict the radiological 
impact of radionuclide release from nuclear power plants and other nuclear facilities.

This model assumes that the river is split into fully mixed compartments 
comprising three components: water, suspended matter and deposited sediments. 
The exchanges between these components are described by a set of coupled linear 
differential equations with constant coefficients. For each section of the river, 
the following set of equations can be written:
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dt ( M j C J  = A ( q C 1) + k 2,1C2 + k3i l C3 - k lj2C 1 - k i , 3C a - A M ^

, (M2C2) - A ( q S C 2) + k u C1 + k3 2C3 — k2 j C2 — k2 3C2 — XM2C2 at
(V.l)

dt (M3C3) -  k lj3Ci + k2i3C2 — k3>i C3 — k3j2C3 — XM3C3

where
A(qCi) or A(qSC2) are advective terms which equate the difference in the

quantity in parenthesis between the section ( i - 1) and the section i
_  of the mass;
Cj is the radioactivity per unit mass of the component;
km n is the transfer constant for transfer m to n;
S is the average suspended-matter concentration;
q is the average flow rate;
X is the radioactive decay constant; and
Mj is the mass of the component j.

The three equations are respectively valid for: (1) the waterbody; (2) the sus
pended matter; and (3) the sediment. The transport of activity by means of bed 
transport along the bottom is ignored, since estimates have shown that this is 
negligible in comparison with the transport of radionuclides via suspended matter.

This model has been applied by Bayer [5] to rivers under steady-state 
conditions, i.e. d/dt(MC) = 0. The system of differential equations is then approxi
mated by a set of algebraic equations. The transfer factors km n can be determined 
from the measurable parameters by means of the relationships

M2 Kh
Mi + KdM2 Tia

^2,1 -
ki,:
Kh

ki,2 -

^3,1 -

MtM3 Kd 
M i + K dM3 r lj3

ki,3

(V.2)

Kd
k2 3 = max (0, qAS) 
k3 2 = max (0, -qA S)
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where Kd is the distribution coefficient of the radionuclide between sediment 
and water, and r m n the relaxation time for the transfer from m to n.

This model was used to assess the radiological impact of discharges in surface 
water under normal operating conditions from nuclear power plants and other 
nuclear facilities in the Rhein-Maas region. The calculations were made over a 
distance of about 2000 km along the rivers and for 17 fission and activation 
products which contribute the major part of the total dose.

V.2. Transport model for radionuclides in river and run-of-river reservoirs with 
allowance for suspended matter and sediment ([25]; after [54])

The model described here [25] is a simplification of the one presented by 
Booth [54]. It has been used to predict the dispersion of continuous releases from 
nuclear power plants in a river/reservoir system. It is presented here as an illustration! 
of a very simple model which treats sediment effects on radionuclide dispersion.
The model represents in a simplified way the Clinch-Tennessee-Ohio-Mississippi 
River System in the USA and covers a wide range of situations, such as dammed 
rivers (e.g. the moderate-sized Clinch and Tennessee Rivers) and undammed main 
streams (e.g. the large Ohio and Mississippi Rivers). Many nuclear power plants 
are located along the system of rivers and reservoirs as illustrated in Fig. V. 1.

Three major assumptions have been made in the development of this model:
(1) The dispersion in the river is fast enough in relation to the rate at which the 

radioactivity source term is changing to allow a steady-state assumption in 
the dispersion analysis. The continuous discharge into the river is therefore 
assumed to be emitted at a constant rate over hundreds of days from specific 
locations on the sides and bottom of the river (see Fig.V.l).

(2) Sediments affect the transport of radionuclides by scavenging them from the 
river water and by burial in the river bed.

(3) Sediment effects are important only in reservoir segments and not in the 
relatively fast flowing parts of the system.
Three separate simulations of component parts of the system are combined j  

to form the complete model.
River sections: In the Ohio and Mississippi Rivers, sedimentation and radio

active decay are assumed to be less important than in the upstream reservoirs so 
that their effects may be neglected. This assumption is conservative since the 
removal by some sediment occurs in parts of these rivers as evidenced by the 
shifting river channels and sandbars. Concentrations are therefore computed by 
dilution alone, assuming fully mixed conditions and taking into account tributaries 
and water usage.

Reservoir sections (fully mixed): For the reservoir, two types of models 
have been developed: one fully mixed and the other of the plug flow type.
Each reservoir in the Tennessee River is modelled as fully mixed. Section V.3
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FIG. V. 1. Example o f  river system  with portions representing fa st flow ing rivers, fu lly  mixed, 
reservoirs and plug flo w  reservoirs (adapted from  R ef. [70]).

Radioactive decay R r

(b)

Burial Radioactive decay

FIG. V.2. Reservoir (or lake) m odel with sedim ent (a): interaction o f  physical processes in 
reservoir (lake) m odel (b) (adapted from  R ef. [70]).
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presents the equation of the model and the terminology. Figure V.2 illustrates 
the interaction within the reservoir (between water and sediment) and the transfer 
between reservoirs. In Fig. V.2 and Section V.3 the parameters characterizing the 
sediment transport are:
(1) The fractional rate Rp of removal of dissolved radioactive material by the 

outflow:

Rf = Q  (V.3)
where

qj is the water flow rate;
Vj is the reservoir volume; and
Cj is the concentration of radioactive material in the water of reservoir i.

(2) The rate Rs at which falling sediments scavenge the water column:

RS = Cj (V.4)dM
where

vj is the sedimentation rate;
Kd is the equilibrium distribution coefficient; and 
djj is the depth of the water column.

(3) The rate RD of direct exchange from the water to the sediment layer, 
occurring by a process similar to molecular diffusion:

KfRd = - r  Q  (V.5)
M

where Kf is the coefficient of direct transfer. ^

(4) The rate RL of direct exchange from the sediment layer to the water layer: 
KfR l ~ v  , '^s i (V.6)Kd ' d]j

where Csi is the concentration of sediment in the bottom layer. In this model, 
it is assumed that R is proportional to the concentration of water immediately 
surrounding the sediment particles which is, in turn, assumed to be in equilibrium 
with the sediment itself.
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(5 ) The rate RB of permanent burial of the bottom layer.

A fraction of the absorbed material deposited in the sediment in the bottom 
layer will be available for releasing radionuclides back into the water column 
through the process of leaching. The sediment closest to the surface will be most 
effectively leached, with effectiveness decreasing with increasing depth. This 
model assumes that the full bottom layer of the sediments is effectively in contact 
with the water column. A combination of the burial of the sediment layer by 
fresh sediment and the radioactive decay in that sediment essentially limits the 
thickness of the effective layer to a depth of the order of centimetres. Thus the 
burial rate of that sediment layer is needed.

(6) The rates Rr and R r§ of change of concentration due to radioactive decay 
occurring in the water phase and bottom layers:

The solutions to the equations in Section V.3 are presented on the basis of 
the following assumptions:

(a) For an instantaneous unit release of radioactivity the water phase

(b) For continuous time-dependent releases, the solution may be generalized 
by the use of a convolution integral.

(c) The steady-state solution is given by

Here X2j has been increased by qj/Vj + X and X4j by A.
Reservoir section (plug flow): A slightly different model for the 

reservoir provides a more realistic representation of the concentrations in the 
vicinity of the source. In this model the radionuclides rather than being fully 
mixed in the reservoir move as a plug through the reservoir considered as a uniform

R r  -  XCjRRS -  XCsi (V .7)

concentration is given by

M [(X4 + S1)eS lt- ( X 4 + S2)eS2t] (V .8)Vi(S,-S2)

where

—(X2 + X4) ± y/(X2 + X4)2 — 4(X2X4 — X3Xi) (V.9)2

(V.10)
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D ow n strea m  fr o m  so u rce  (k m )

FIG. V.3. Predicted concentrations in Clinch-Tennessee-Ohio-Mississippi R iver System  fo r  
core m elt model.

channel (the mixing terms are omitted). Section V.4 gives the details on the 
governing equations. The solution for the plug flow equations is

W(t)C = ------  • exp x/U (V .ll)

where
x is the distance downcurrent from the input to the reservoir: it is 

correlated with t through the velocity;
W(t) is the rate of release of radioactive material at the source; and
q is the flow rate past the source.
A sample of calculation results for the combined river/reservoir model is 

given in Fig. V.3. As input the values of the physical parameters of the real river 
system (reservoir volumes, lengths of reservoirs, surface areas, average depth, 
sedimentation rates and outflows) have been used.
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Distance from centre of Watts Bar Lake (km ) Distance from centre of Watts Bar Lake (km )

FIG. V.4. M odel-prototype comparison fo r  90Sr and 131 Cs sedim ent concentrations in 
Tennessee R iver based on Clinch R iver S tu d y  data (adapted from  R ef. \70}}.

Distance from centre of Watts Bar Lake (km ) Distance from centre of Watts Bar Lake (km )

FIG. V.5. M odel-prototype comparisons fo r  60Cs and 106R u  sedim ent concentrations in 
Tennessee R iver based on Clinch R iver S tu d y  data (adapted from  R ef. [70]).
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The equilibrium distribution coefficients Kd were obtained mainly from the 
Clinch River [55]. Since not all sediment entering the reservoir has proved to be 
effective in scavenging the radionuclides, the model has to be calibrated by 
introducing a new parameter e, the sediment effectiveness factor. The field 
data acquired in the earlier 1960—1961 field study were used to determine e.
That later study involved measurements of radioactive nuclides in the Clinch River 
from discharges from the Oak Ridge National Laboratory. The value e = 0.1 gave 
optimum results and helped to counterbalance the high values selected for the 
sedimentation rates. With e =0.1, the sedimentation rate used in the model agreed 
better with the available sedimentation data obtained on reservoirs and lakes. 
Graphs showing calibrated model runs with the input data of the Clinch River 
are presented in Figs V.4 and V.5.

V.3. Reservoir transport model with sediment (fully mixed)
In view of the definition of different rates and the effectiveness factor e, the following 

differential equations can be w ritten

dC: Qi_ 1 C:_i q:= -  —  Cj -  XCj + CjjXu -  CjX2idt Vj Vj 1 1 51 11 1 Z1

dC"SI 
dt

where
= _ X C s i + C iX3 i ~ C siX4i

Cj is the w ater phase concentration;
Csi is the sediment phase concentration; 
qj_j is the flow from  the previous reservoir ( i - 1 ); 
Cj_j is the concentration from the previous reservoir; 
Vj is the volume of reservoir i;

XH = diiK,l i K d

viKd KfX7i = e -------+
d n  d ti

ViKd + Kf 
hi = e-----------d,;

V i +  K fX4i = e +
d 2i d 2iK d

where
Kf is the coefficient for direct transfer from the water to bottom  sediment;
Kd is the equilibrium sorption coefficient;
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e is the sedim ent effectiveness factor (fitting coefficient);
d jj is the average depth of the w ater layer in the reservoir;
d 2; is the average depth of the effective sedim ent layer in the reservoir;
X is the radioactive decay constant, equal to  In 2 / t ^  ; and
Vj is the sedim entation rate.

The product Q i_jCj_j in the first equation represents the inpu t rate of radioactivity into 
the i ’th  feservoir. For the first reservoir it is replaced by W(t), the rate of release of the pollutant.

V.4. Reservoir transport model with sediment (plug flow): see Fig.V.6

u — = X,Cb -X 2C dx

3̂c b = - cA4

where

Kf
x, =■d-K d

e V K d K fX2 = X + --------- + —d dj

eVKd Kf
A 3  -  +

eV KfX4 = X H------ H------------d2 d2Kd
where U is the average velocity in the channel, C is the concentration in w ater and Cb is the 
concentration in sediment.

r Surface

Water 
moving

L_
Direction of 
flow velocity U

d 2 S  E  D l  M E  N T  S T  A  T IO  N  A  R  Yr ~  B o tto m

FIG. V.6. Plug flo w  river m odel (adapted from  R ef. [70]).
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A nnex VI

VI. 1. Introduction
In some situations such as the cases of sharply irregular shorelines or non- 

uniform flow, the simple models presented previously are not applicable. In these 
cases the three numerical approaches presented below might be useful.

The first is based on the numerical solutions of the convective-diffusion 
equation; it can deal with complex geometry but requires a knowledge of the flow 
field or an estimation of it through measurements. The flow field must however 
satisfy the continuity equation rather accurately. The model by Eraslan [56] is an 
example of this type.

In the second approach, the two-dimensional flow equations integrated 
vertically are developed for the near-shore zone and for the flow conditions which 
can occur along a shore which has arbitrary geometry and variable depth. The 
input includes system geometry, flow boundary, water levels as a function of time, 
and Chezy coefficients. The output includes the water level and the vertically 
integrated velocity at each grid point in the system as a function of time. The 
resulting velocity field may then be used as the advective mechanism in the equation 
for radioactivity dispersion given in Section IV.2. Models of this type for appli
cation to large lakes are those of Leendertse [57]; see also Refs [58-62]. The 
Leendertse model can also be used where tides are present.

Models of the third type have been developed for lake circulation, and they 
provide predictions for the velocity field of the whole lake but are not applicable 
near the shore. Validation studies of such models have shown that they are capable 
of simulating the general physical characteristics of the entire lake flow but are not 
very accurate in predicting small-scale currents.

Grid spacing for all such finite-difference models is rather coarse (up to several 
kilometres) and therefore cannot be used to predict concentrations at short 
distances from the source. A second disadvantage of the numerical models for 
near-shore currents is that they need a large data base as input. For example, the 
lake circulation models which can be used to provide open-water boundary values 
of the velocity field as input to a near-shore model, require specification of the 
wind field over the entire lake. The wind field at each grid location cannot be 
obtained from measurements and has to be extrapolated from stations on land.
This can lead to uncertainty. The need for a complex model must be considered 
in advance, account being taken of the availability of the input data for calculation 
and the potential advantages over a simpler approach.

A DV A N CED  MODELS FO R  RADIO NUCLIDE DISPERSION
IN THE N EA R  SHORE OF OPEN COASTAL AREAS
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VI.2. Vertically integrated equations of flow and radionuclide transport 
for near-shore application in open coastal areas

The equations presented below provide some insight in to  the com plexity of the advanced 
models which determ ine the two-dimensional flow and radioactivity transport in the near-shore 
zone. Digital com puter programs which use finite-difference m ethods for solving these equations 
are available. They need to  be applied only in the rare circumstances where com plex geom etry 
and the presence of currents preclude the use of a simpler approach. The vertically integrated 
equations are:

(1) Continuity

3f 3(H +f)U  3(H +f)V— + ----------+ -----------= 0
9t 9x 9y

(2) M otion

3f U(U2 + V2)1/2
V + y —  + g — j------------  = F(y)

9x cJ(H+f)
au au au— + u — + V —at 3x 3y

3V av av— + u — + v —at 3x 3y
3f V (U 2 + V2)1/2-----+ y — 2 ----------------= F(y)3y c J (H + f)

where U and V are the vertically averaged velocity com ponents defined by

r
i rUdr; V = -------- /  Vdr

H + r  J  - h

In these equations
Ch is the Chezy coefficient (defined in Section IV. 1 .1 );
fc is the Coriolis param eter;
H is the depth of w ater from the bottom  to  the surface;
? is the fluctuating height above an undisturbed level datum ; and

F(x), F(y) are the forcing functions of wind stress and barom etric pressure fluctuations.

(3) Transport (vertically integrated dissolved constituen t transport equation)

3( h c )  a a a /  a c \  3 /  3c \+ —  (HUC) + —  (HVC) = —  H K , —  + —  HKV —  -H X C3t 3x 3y 3x \  z 3x J  3y \  y 3y
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A nnex VII

In this annex two types of models for predicting radionuclide dispersion in 
estuaries are discussed. They are based on Eq. (8) of Appendix E. A simple one
dimensional model is presented. Another solution of this equation leads to 
advanced numerical multi-dimensional models; one example of those advanced 
models is described.

A DV A N CED  MODELS FO R R ADIO NUCLIDE DISPERSION
IN ESTUARIES

Water layer

Interface

Sedimentation velocity v

/ / / / / /  
Sediment layer 

S- - '  '  s '  ' ' ' Z-

Net
downstream
velocity

Bed velocity U f

FIG. VII.1. Sim ple one-dimensional estuary m odel with sedimentation.

VII. 1. Tidally averaged one-dimensional model with sediment effects [25]

This one-dimensional model which may be applied to estuaries includes 
sedimentation (see Fig. VII. 1). The water layer of thickness d moves with net 
downstream velocity Uf over the sediment layer bed of thickness d2 which moves 
with net downstream velocity Ub. The model also assumes a uniform sedimentation 
and burial rate v.

This model may be described by an equation similar to Eq. (9) in Appendix E 
in which the velocity Uf and the diffusivity EL have been replaced by the apparent 
velocity U and apparent diffusivity E^. The governing equation for the water 
phase is

—  + U' —  = El —3t 8x L dx2
—  + U' —  =E'l — -C \  (VII. 1)

where

fU + ( l —f)U hKh fET, + ( l - f ) E LKb
f + (1 — f)Kb ’ L f + ( l - f ) K b

di
----- —  (1 — f)di + d2
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The solution of this equation for a unit instantaneous source of radioactivity 
located at x = 0 is

C = (x -u 't )2
a •v/47rELt CXP CXP[ 4E^T

where
a = f  + (1 —f)Kd

vKh\ '  = X + — ^ ( l - f ) / [ f - ( l - f ) K d]

This solution may be generalized for time-varying releases by means of the 
usual convolution integral:

VII. 2. Advanced one-dimensional numerical models

The analytical one-dimensional models described above cannot take into 
account:

the estuary
— non-uniform cross-sections
— tidal mixing characteristics that vary along the estuary.

The fundamental and most acceptable one-dimensional model is the intratidal 
model. It solves the full one-dimensional equation system and accounts for mass, 
momentum, and concentration variations through conservation equations. The 
equations solved for unstratified estuaries are:

9Qb —  + -------source = 0dt 9x

0

— sources and sinks of radioactive material and flow from tributaries along

(VII.2)

1 9 (AC) 1 d(AUC) 1 8
A 0t A 9x A 0x vA E i T  ~ xc
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where
b is the width of the estuary at the water surface;
Cjj is the Chezy coefficient (defined in Section IV. 1.1);
Rh is the hydraulic radius; and
f  is the water surface elevation above a given level.

In this type of model, the tidal velocity is treated directly as an advective transport 
mechanism and not through an increased longitudinal diffusion coefficient as in 
the tidally averaged models. The longitudinal coefficient now retains its Correct 
physical meaning. The model solves simultaneously for the velocity, the water 
level and the radionuclide concentration. Available models of this type are those 
of Dailey and Harleman [63], Lee and Harleman [64] and Eraslan [65].

A finite-difference or finite-element solution of Eq. (2) of Appendix C can 
deal with variable cross-sections of the waterbodies, withdrawals, and tidally average^ 
longitudinal diffusion. However, it is common in handling these additional com
plexities to employ the tidally averaged form of the equation in the steady-state 
or transient model, with U as the fresh water advective flow.

The treatment of boundary conditions is also more physically realistic than 
in the intratidal model. The upstream boundary condition may be easily specified 
and is usually set to be the concentration at the head of the tide. During ebb tide, 
the downstream boundary condition is set so that the radionuclides leave the 
system by advection. During flood tide, the downstream boundary condition is 
set by the concentration entering the system: for an ocean, this concentration of 
radionuclides may be set at zero whereas if the downstream boundary is in a bay in 
which the radionuclides have not dispersed completely, an approximation for the 
distribution of the concentration in the bay is used.

The intratidal model is generally adequate for testing different design or 
effluent release scenarios. For example, for a release close to an estuary mouth, 
it can be established whether the radioactive pollutant discharged during ebb tide 
will be completely flushed out of the estuary.

The assumption of one-dimensionality and the need for more input information 
than in the simpler tidally averaged model are limitations of the intratidal model. ^

VII. 3. Two-dimensional models
In most applications related to the dispersion of radionuclides from nuclear 

power plants, the one-dimensional models will suffice. However, there are cases 
where the one-dimensional assumption is unrealistic. In such cases, lateral gradients 
may be of the same order of magnitude as the longitudinal ones. The use of a 
one-dimensional model in such a case would require an unrealistically large 
longitudinal diffusion coefficient to provide reasonable downcurrent dispersion. 
Three-dimensional models are available for the prediction of radionuclide dispersion 
in estuaries, but they are still research tools and are seldom used. Usually one
dimensional or two-dimensional models, properly calibrated, should be adequate.
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A nnex VIII

Discussion of advanced models for predicting radioactivity in impoundments 
(see Appendix F) is presented in this annex. Advantages and disadvantages of 
various types of models and limitations in their use are briefly outlined.

The simple models presented earlier can be applied when the assumptions 
made in the model correspond to the flow conditions. Plug flow models can be 
used when the ponds are rather narrow and well dyked with little vertical or 
horizontal mixing. Completely mixed models can be used-for ponds which are 
shallow and well mixed by either wind or pumping. If either the plug flow or 
the completely mixed pond models (including partially mixed extensions) cannot 
be used in a given physical situation or provide too conservative a solution by 
predicting too great a radioactivity concentration where it is evident that the real 
values are lower, then other more advanced models need to be used. To summarize — 
in certain situations the use of simple models may require too many approximations 
or simplifications which lead to significant doubts about the validity of the results.

In most of the cases of power plant siting, the dispersion of the thermal 
effluent and the dispersion of radionuclides will be calculated in parallel. Radio
activity dispersion may be computed as a part of the thermal analysis which 
provides information on the thermal behaviour of the waterbody as a function of 
time. Some examples of time-dependent thermal models which may be used as 
a basis for radioactivity calculations are given below.

For situations corresponding to discharge from a plant into a deep stratified 
reservoir, the Ryan-Harleman [66] one-dimensional dispersion model may be used.
In the simulation of the reservoir the waterbody is assumed to be horizontally 
fully mixed but to have vertically non-uniform distributions of temperature and 
radionuclide concentration. The one-dimensional equations (one for temperature 
and one other for concentration) allow for vertical advection and diffusion with 
special source terms (e.g. solar heating, thermal inputs). The models can account 
for various inflows and outflows such as water derivation from dams, tributaries 
•and discharge outflows to different layers of the reservoir. Validation studies 
have shown the Ryan-Harleman deep reservoir model to be the most accurate of 
the applicable models. The model is most appropriate for lakes oversized for the 
plant situated on it, where the thermal effluent does not significantly alter the 
hydraulic behaviour of the lake. In such cases, it is assumed that the thermal 
input reinforces the lake stratification, the discharge being located at the surface 
while the intake is deep in the hypolimnion, and the vertical gradients are more 
significant than horizontal gradients. This model and others of the same type 
are less accurate for reservoirs that undergo periodic turnover and have unstable

A DV A N CED  MODELS FO R  RADIO NUCLIDE DISPERSION
IN IM POUNDMENTS
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stratification. In these models an approximate treatment of near-field initial 
mixing of the thermal effluent is also included. The deep cooling-pond models 
represent a second type. The most commonly used of these is the Ryan-Harleman 
model [66] (not the same as that just described); this is applicable to more heavily 
loaded stratified ponds. In this model the stratified cooling pond is divided into 
two layers: a lower layer (hypolimnion) which is fully mixed horizontally but 
maintains a vertical distribution of temperature, and the top layer (epilimnion) 
which has a prescribed one-dimensional horizontal flow distribution. The density 
gradients in the main top layer are assumed to spread the heated water and the 
radioactivity throughout the top layer of the pond. The model has proved adequate 
in the validation with field data at the Hazelwood pond in Australia. It treats 
selective withdrawal from the hypolimnion and is most useful for cooling reservoirs 
where stratification is strong. A more advanced version of a pond model developed 
at MIT (Massachussets Institute of Technology) can compute more accurately a  ̂
two-dimensional flow field for the top layer but the computation is expensive even 
for short times.

A third type of model is the United States Environmental Protection Agency 
Reservoir Model (Water Resources Engineers [67]), which can treat reservoirs where 
both horizontal and vertical effects are important. In this model the reservoir is 
divided into horizontal layers, each of which is solved for the horizontal distribution.

Each of these advanced models requires time-dependent weather information 
and plant operating data as input. Computations cover periods of 5—10 years.

Annex IX 

DEPOSITED AIRBORNE RADIOACTIVE MATERIAL 
AS A SOURCE FOR DISPERSION 

IN SURFACE WATERS

A possible source of radionuclides into surface waters that is sometimes 
considered is deposition from an atmospheric plume in the case of accidental 
radioactive releases. Releases from a reference accident usually do not need special 
consideration. However, if the potential for large atmospheric releases to enclosed 
waterbodies of large surface area is considered, a computation of the deposition 
effect on the waterbody and of the resulting impact on potential water uses may 
be required. It is common to assume the following:
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(a) For large atmospheric releases from plants located on rivers the deposition 
onto the river is usually neglected since the area of the river involved is 
small.

(b) For large atmospheric releases from plants located on large open coasts the 
deposition is neglected because the waterbody provides very considerable 
dilution of the deposited material.

(c) For large atmospheric releases from plants located on large enclosed water
bodies the deposition effect may not be negligible owing to the large surface 
area potentially affected coupled with the fact that the waterbody has no 
short-term flushing mechanism.
A method for modelling the effect of deposition of airborne radioactive

material is as follows:
(1) Evaluation of the atmospheric dispersion of the accidental releases over the 

waterbody [68],
(2) Evaluation of the deposition of radionuclides onto the surface water [69],
(3) Assumption of full mixing of the deposited material over a fixed depth, 

e.g. 10 m.
(4) Representation of this source of radionuclides on the surface water as a 

continuous vertical area source in two dimensions. Downcurrent dispersion 
can be evaluated from the models given in Appendix D.

(5) Computation of the time-scale for full mixing throughout the entire water
body [70].
It is possible then to compute the concentration for the major water users.
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DEFINITIONS
The following defintions are intended for use in the NUSS programme and 

may not necessarily conform to definitions adopted elsewhere for international use.

Applicant

The organization that applies for formal granting of a licence to perform 
specified activities related to the Siting, Construction, Commissioning, Operation 
and Decommissioning of a Nuclear Power Plant.

Construction

The process of manufacturing and assembling the components of a Nuclear 
Power Plant, the erection of civil works and structures, the installation of 
components and equipment, and the performance of associated tests.
Nuclear Power Plant

A thermal neutron reactor or reactors together with all structures, systems 
and components necessary for Safety and for the production of power, i.e. heat 
or electricity.

Operation

All activities performed to achieve, in a safe manner, the purpose for which 
the plant was constructed, including maintenance, refuelling, in-service inspection 
and other associated activities.

Potential

A possibility worthy of further consideration for Safety.

Region

A geographical area, surrounding and including the Site, sufficiently large 
to contain all the features related to a phenomenon or the effects of a 
particular event.
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Regulatory Body

A national authority or a system of authorities designated by a Member 
State, assisted by technical and other advisory bodies, and having the legal 
authority for conducting the licensing process, for issuing Licences and thereby 
for regulating nuclear power plant Siting, Construction, Commissioning, 
Operation and Decommissioning or specific aspects thereof.1

Safety

Protection of all persons from undue radiological hazard.

Site

The area containing the plant, defined by a boundary and under effective 
control of the plant management.

Siting

The process of selecting a suitable Site for a Nuclear Power Plant, including 
appropriate assessment and definition of the related design bases.

1 This national authority  could be either the government itself, or one or more depart
ments o f the governm ent, or a body or bodies specially vested with appropriate legal authority .
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LIST OF 
NUSS PROGRAMME TITLES

For the Safety Guides no plans exist to fill 
the gaps in the sequence o f  numbers

Safety Series Title Publication date
No. o f English version

1. Governmental organization

Code o f  Practice

50-C-G Governmental organization for the
regulation of nuclear power plants

Published 1978

Safety Guides 
50-SG-G1

50-SG-G2

50-SG-G3

50-SG-G4

50-SG-G6

50-SG-G8

50-SG-G9

Qualifications and training of staff 
of the regulatory body for nuclear, 
power plants
Information to be submitted in 
support of licensing applications 
for nuclear power plants
Conduct of regulatory review and 
assessment during the licensing 
process for nuclear power plants
Inspection and enforcement by the 
regulatory body for nuclear power 
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Preparedness of public authorities for 
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Regulations and guides for nuclear 
power plants
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Safety Series Title

No.

Publication date

of English version

Code o f  Practice 
50-C-S

Safety Guides 
50-SG-S 1

50-SG-S2

50-SG-S 3

50-SG-S4

50-SG-S 5 

50-SG-S6

50-SG-S7

50-SG-S8
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50-SG-S 10A
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2. Siting

Safety in nuclear power plant siting Published 1978

Earthquakes and associated topics in 
relation to nuclear power plant siting
Seismic analysis and testing of 
nuclear power plants
Atmospheric dispersion in 
nuclear power plant siting
Site selection and evaluation for 
nuclear power plants with respect 
to population distribution
External man-induced events in 
relation to nuclear power plant siting
Hydrological dispersion of radioactive 
material in relation to nuclear power 
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Nuclear power plant siting: 
hydrogeologic aspects
Safety aspects of the foundations 
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Design basis flood for nuclear 
power plants on river sites
Design basis flood for nuclear 
power plants on coastal sites

Published 1979
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Published 1983
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Safety Series Title

No.

Publication date

of English version

50-SG-S 11A 

50-SG-S 1 IB

Code o f  Practice 
50-C-D

Safety Guides 
50-SG-D 1

50-SG-D 2

50-SG-D3

50-SG-D4

50-SG-D5

50-SG-D6

50-SG-D7

Extreme meteorological events in Published 1981
nuclear power plant siting, 
excluding tropical cyclones
Design basis tropical cyclone Published 1984
for nuclear power plants

3. Design

Design for safety of nuclear power Published 1978 
plants

Safety functions and component Published 1979
classification for BWR, PWR and PTR
Fire protection in nuclear power Published 1979
plants
Protection system and related Published 1980
features in nuclear power plants
Protection against internally Published 1980
generated missiles and their 
secondary effects in nuclear 
power plants
External man-induced events in Published 1982
relation to nuclear power plant design
Ultimate heat sink and directly Published 1981
associated heat transport systems for 
nuclear power plants
Emergency power systems at Published 1982
nuclear power plants
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Safety Series Title

No.
Publication date

of English version

50-SG-D8 

50-SG-D9 

50-SG-D 10 

50-SG-D 11 

50-SG-D 12 

50-SG-D 13 

50-SG-D 14

Code o f  Practice 
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Safety Guides 
50-SG-01
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Safety-related instrumentation and 
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Design aspects o f radiation 
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Design o f the reactor containment 
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Reactor coolant and associated 
systems in nuclear power plants
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in nuclear power plants

4. Operation

Safety in nuclear power plant 
operation, including commissioning 
and decommissioning
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and the recruitment, training and 
authorization o f operating personnel

In-service inspection for nuclear 
power plants

Operational limits and conditions 
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Safety Series Title

No.

Publication date

of English version
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50-SG-06

50-SG-07
50-SG-08
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50-SG-010

50-SG-011

Code o f  Practice 
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Safety Guides 
50-SG-QA 1
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Safety Series Title

No.

Publication date

of English version
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