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Preface
In 1977 a meeting of representatives of government departments, utilities and research
organisations was held to discuss methods of calculation of atmospheric dispersion for radioactive
releases. Those present agreed on the need for a review of recent developments in atmospheric
dispersion modelling, and a Working Group was formed. Those present at the meeting formed an
informal Steering Committee, that subsequently became the UK Atmospheric Dispersion Modelling
Liaison Committee. That Committee operated for a number of years. Members of the Working Group
worked voluntarily and produced a seriesof reports. A workshop on dispersion at low wind speedswas
also held, but its proceedings were never published.
The Committee has recently been reorganised and has adopted terms of reference. The
organisationsrepresentedon the Committee, and the terms of reference adopted,are given in this report.
The organisations represented on the Committee pay a small annual subscription. The money thus
raised is used to fund reviews on topics agreedby the Committee, and to support in part its secretariat,
provided by NRPB. The new arrangementscame into place for the start of the 1995196financial year.
During its fust year, the Committee placed contracts for three reviews. The technical specifications for
thesecontracts are also given. The reports from its contractors are attached as annexes to this report
The Committee intends to place further contracts in future years and would like to hear from
those interested in tendering for such contracts. They should contact the Secretary:
Mr A Mayall
National Radiological Protection Board
Chilton
Didcot
Oxon OX11 ORQ
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Dispersion Modelling Liaison Committee

Organisations

represented

on the Committee

Amersham International plc
Atomic Weapons Establishment, Aldermaston
British Nuclear Fuels plc
Department of the Environment Northern Ireland
HM Inspectorate of Pollution
(now part of the Environment Agency)
Health and Safety Executive
Major Hazards AssessmentUnit
Nuclear Installations Inspectorate
Ministry of Agriculture, Fisheries and Food
Meteorological Office
National Nuclear Corporation
National Radiological Protection Board
Nuclear Electric
Royal Naval College, Greenwich
Rolls Royce and Associates plc
Scottish Nuclear
Scottish Office (HMIPI)
Urenco (Capenhurst)
Westlakes Research Institute
The Chairman and Secretary are provided by NRPB.

Terms of reference
To review current understanding of atmospheric dispersion and related phenomena and to
identify suitable models for application primarily in authorisation or licensing, in the context
of discharges to atmosphereresulting from nuclear industry activities.
The Committee shall consist of representatives of government departments, government
agenciesand primarily the nuclear industry. Each organisation representedon the Committee
shall pay an annual membership fee off 1000.
The Committee will consider selectedtopics. These should be selected following discussion
and provisional agreementat meetings of the Committee, followed by confirmation after the
meeting. Where possible, it will produce reports describing suitable models for that topic.
These will reflect either the views of an Expert Working Group appointed by the Committee
or the outcome of a workshop organisedon behalf of the Committee. The Working Group will
determine who should be invited to speak at workshops, and to subsequently review their
outcome and identify suitable models.
The money raised from membership fees and registration fees for the workshops will be used
to support the Working Group, the drafting of reports, and any other matters which the
Committee may decide.
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Reports of the Working

Group on Atmospheric

Dispersion

Clarke, R H (1979). The first report of a Working Group on Atmospheric Dispersion: a model for short
and medium range dispersion of radionuclides released to the atmosphere. Harwell, NRPB-R91
(London, SO).
Jones. J A (1981). The secondreport of a Working Group on Atmospheric Dispersion: a procedure to
include deposition in the model for short and medium range dispersion of radionuclides. Chilton,
NRPB-RI22 (London, SO).
Jones, J A (1981). The third report of a Working Group on Atmospheric Dispersion: the estimation of
long range dispersion and deposition of continuous releasesof radionuclides to atmosphere. Chilton,
NRPB-RI23 (London. SO).
Jones, J A (I 98 1). The fourth report of a Working Group on Atmospheric Dispersion: a model for long
range atmospheric dispersion of radionuclides released over a short period. Chilton, NRPB-R124
(London, SO).
Jones, J A (1983). The fifth report of a Working Group on Atmospheric Dispersion: models to allow
for the effects of coastal sites, plume rise and buildings on dispersion of radionuclides and guidance
on the value of deposition velocity and washout coefficients. Chilton, NRPB-RI57 (London, SO).
Jones, J A (1986). The sixth report of a Working Group on Atmospheric Dispersion: modelling wet
deposition from a short release. Chilton. NRPB-R198 (London, SO).
Jones, J A (1986). The seventhreport of a Working Group on Atmospheric Dispersion: the uncertainty
in dispersion estimatesobtained from the Working Group models. Chilton, NRPB-RI99 (London, SO).
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Specifications

A

Atmospheric

for technical

dispersion

annexes

at low wind speed

A report is to be written for the Atmospheric Dispersion Modelling Liaison Committee
covering atmospheric dispersion at low wind speed. The report is to take account of:
.
.

views expressed at the workshop on this topic which was organised some years ago by the
Committee,
views expressed by two consultants appointed on behalf of the Committee to advise on the
contents of the report.

The report should cover the following situations:
.

.

atmosphericdispersion models for caseswhere there is a very small, but non-zero, wind, over
the period of interest,
atmosphericdispersion for caseswhere the vector average of the wind velocity over the period
of interest is zero. but there are shorter periods where the wind speed is non-zero,
the frequency of calm conditions in the UK, and anemometer response at low wind speeds.

B

Application

.

of computational

fluid dynamics

codas to near-field

atmospheric

dispersion
In order to widen the scope of safety assessmentsand emergency planning to include workers
within the site boundary, there is an increasing need to undertake site specific studies of atmospheric
dispersion within a few kilometres of the release point. In this region, the dispersion and deposition
patterns will be strongly influenced by the layout of buildings and local topographical features. Such
calculations could be undertaken in a variety of ways, for example using simple extensions to the
2

Gaussianplume model or other analytical techniques, computational fluid dynamics (CFD) models or
wind tunnels.
Atmospheric dispersion models based on CFD codes may prove to be a suitable alternative
to analytical models or to physical modelling. Several CFD codesare commercially available and may
be acceptable for use in modelling atmospheric dispersion.
The work principally involves an examination of the adequacy of CFD to atmospheric
dispersion in the nearfield, leading to a recommendation for ways fotward in modelling such situations,
with the following objectives:
.
.
.
.

to review work reported in the open literature on the application of CFD codes to atmospheric
dispersion.
to carry out a critical appraisal of the work undertaken by an Unnamed Organisation on the
adaptation and application of the PHOENICS codes to near-field atmospheric dispersion,
to comment on the applications for which analytical models, CFD codes or physical modelling
would be most appropriate,
to make recommendationson the way forward and. in particular, to recommend priorities for
future modelling improvements.

The work must consider dispersion and deposition from sources located within a group of
buildings. Dispersion modelling both inside and outside the building complex must be considered.

c

Rise of a buoyant plume from a building wake

The Working Group on Atmospheric Dispersion gave some guidance in its fifth report
(NRPB-Rl57) on when a buoyant plume might rise out of a building wake. However, the Group could
give no advice on how to calculate the concentration from the rising plume.
The object of the proposed work is to write a repon identifying those aspectsfor which models
could be recommended at present or with further work.
The repon must include:
.
.

a summary of the advice in NRPB-R157,
a review of experimental and theoretical work since NRPB-RI57 was written.

It must also identify:
.
.
.

.

situations for which it is likely that a simple model could be recommended on the basis of
existing knowledge,
situations for which a model such that calculations can only be undertaken using a computer
program could be recommended on the basis of existing knowledge,
situations where there are reasonable prospects of recommending a model if further
experimental work is carried out-in this case,an indication of the work required should also
be provided,
situations where it is unlikely that a model can be recommended, and for which physical
modelling will be required.
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1

Introduction

The Atmospheric Dispersion Modelling Liaison Committee and its Working Group have
recommendedmodels for a number of situations. The models, described in a seriesof reports of which
the first is NRPB-R91 (Clarke 19791, are all based on the Gaussian plume model of atmospheric
dispersion. This model cannot be used when the wind speed is zero, as the basic equations include the
reciprocal of the wind speed. However, the model is also inappropriate at low, but non-zero, wind
speed as the assumptions on which it is based no longer adequately represent the physical processes
involved. In particular, the model assumesthat dispersion along the wind direction is small compared
to advection by the mean wind. This assumption is not correct at low wind speed, particularly in
unstable atmospheric conditions.
Dispersion behaviour in light wind conditions can be discussed from two different points of
view, centred either on the difficulties of undertaking reasonable calculations or on the underlying
science. This report is concerned almost entirely with the first of these points of view. It discusses
what is meant by low wind speed, gives some information on the frequency of low wind speed
conditions, and describes some dispersion models that can be used in such situations. This can be
considered in two parts, namely the use of the ‘standard’ Gaussian plume model, with revised values
for parameters where necessary, and other relatively simple models that can be used in some
situations. The difficulties of modelling plume rise and the effects of buildings and non-uniform
terrain are also considered.
One possible definition of low wind speeds is provided by the speed when normal
meteorological instruments begin to perform inadequately (Smith 1992). The instruments normally
usedat Meteorological Office sites are designedto be robust in all sorts of exueme weather conditions,
and to record accurately conditions that are important for weather forecasting or for public safety. This
they do well, but at the expenseof not recording well (or even not recording at all) in low wind speeds.
In particular, cup anemometers do not start to record until the wind speed is greater than about
4-6 knots (about 2-3 m s.‘). Wind vanes have a starting speed of about 1-2 knots. An indication of
the wind speed can be obtained at low speedsby the responses of the anemometer and wind vane
over a period of a few minutes. Thus the Meteorological Office classes situations where there is no
movement of the anemometerbut some movement of the wind vane as a speedof 2 knots, and situations
where there is occasional movement of the anemometer with some movement of the wind vane as
3 knots. Situations where neither the wind vane nor the anemometershows any movement are classified
as ‘calms’. The wind speed in these cases is likely to be less than I knot. More sensitive types of
anemometers are available, but they are not generally connected to networks where the results are
ava;lable to other potential users of the measurements.
Most plume dispersion models are basedon the flux balance between the concenuation. wind
speedand releaserate, which can be expressedas
Q = IO- j” - (UC + <U’c’>)
-_

dy dz

(1)

where Q is the release rate, U is the mean wind speed, C is the mean concentration, <U’c’> is the
longitudinal turbulent flux, which represents the effects of variations from the mean in the wind speed
and concentration, and y and z are horizontal and vertical distances, respectively, at right angles to the
mean wind direction.
The secondterm is ignored in the Gaussianplume model as it is assumedto be much smaller
than the tirst term. Plume models are not appropriate when this assumption breaks down.
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Two situations must be considered in dispersion modelling. The first case. which occurs in
unstableatmospheric conditions, is where the mean wind speedtendsto zero but the fluctuations, driven
by thermal motions, do not. In this case, while the wind velocity, averaged over some period, can be
zero the air is not at rest. Convective thermals are continually formed in the surface layers, and vertical
and horizontal turbulent motions are associated with these thermals, and there can be a substantial
amount of vertical mixing. The secondcase,which occurs in stable conditions, is where both the mean
and the fluctuating components of wind speed become very small. In extreme casesit is possible for
the wind field near the ground to stagnatecompletely, even though there is some wind at higher levels.
Material releasedinto the stagnant air can then only be diluted through self-induced mixing, and even
small emitted momentum or buoyancy fluxes could dominate the overall dispersion.
One of the features of low wind speeds is that the wind direction tends to be extremely
variable. This is becausethere is little or no contribution to the flow from any general features and
random turbulent motions may generate what little flow there is. In this context, it is important to
distinguish between the wind speedand the wind velocity. Speed is a scalar quantity, and so considers
only the rate at which air is moving, but not the direction of movement. Velocity is a vector quantity,
and so considers both the speed and the direction of air movement. A sequenceof periods where the
wind speedis not zero but the wind direction is not constant could result in a zero wind velocity when
averaged over a longer period.
Information on the frequenciesof calm conditions can be obtained from Meteorological Office
statistics, as for example summarisedby Smith (1992). This information suggeststhat calm conditions
might occur for up to typically about 3% of the time, and that wind speedscould be less than 4 knots
between 10 and 20% of the time at different sites. It also shows that wind speedsless than 4 knots are
more likely in summer than in winter. Lines and Deaves (1996) have reviewed dispersion at low wind
speed for the Health and Safety Executive (HSE). Their report also comments on the available
meteorological data and discussesthe frequenciesof low wind speedsat different sites and in different
periods of years, showing the variation both between sites and between the different periods at the same
sites. One set of statistics is given which shows that the frequency of calm conditions at different sites
varies between about I and 16%, with a mean of about 5%. A second set, for a different period and a
different group of sites,shows a similar overall range.However, comparing the frequenciesfor the same
site in the two sets ofdata shows differences-for example, at one site the frequencies of calms in the
two periods are 8.5 and 13.6%. This variation shows the importance of obtaining information on the
particular site for which concentration calculations are being undertaken, rather than relying upon
generic data. It also suggeststhat there may he difficulties in using frequencies from historic data in
analysesof the concenuations of future discharges.

2

Dispersion

models

This section gives comments on methods which could be used to calculate concenuations in
low wind speed conditions. Concentrations must be calculated allowing for the wind speeds and
stability conditions that occur while the material is carried to the point in question. As material cannot
travel far from the releasepoint in low wind speed conditions, the models are only appropriate for use
near the releasepoint. The section is divided into separatesubsections which relate to calculating the
conce~wrationfrom short releases in periods where there is a small, but non-zero, wind and where the
averagewind velocity is zero. A further subsectioncomments on the calculation of the contribution of
low wind speed conditions to the average concentration over an extended period.
8

2.1

Conditions

where there is a non-zero average wind velocity

The Gaussianplume model, in the form adopted in NRPB-R91 (Clarke 1979). represents the
air concentration at ground level, C. by equation 2.
C(x.y,z)

=

24
*~“,o~~o,

ex

where U,, is the ten metre wind speed, D,, and oz are the standard deviations of the cross-wind and
vertical concentration distributions, respectively, Q is the amount of material released, and

F(h,z,A) = a{

-$]

+ exp( - (*4;;

h)2) + exp( - (“A2;; “)‘I

(3)

This cannot be usedat zero wind sped as it includes the reciprocal of the wind speed. Hanna
(1990) has suggestedthat the Gaussianplume model can be applied if oy’ the standard deviation of the
distribution of material at right angles to the wind direction, is replaced by the product o8 x, where oB
is the standard deviation of the wind direction and x is the travel distance. He also suggested that at
low wind speeds, calculations using a polar rather than a rectangular coordinate system are more
appropriate. In other words, the Gaussian model should be used with oe to give the distribution of
concentration with direction away from the average wind direction along an arc at a particular distance
from the release point.
Hanna reported measurementsof plume widths, sampled over a period of one hour. from low
level releases. He suggestedthat the measurementsare broadly consistent with the assumption that the
cross-wind plume spread in light wind stable conditions is given by
00 = AN

(4)

where A is a constant with a value of about 0.5 m s-‘, when the angle 0 is given in radians.
The denominator of the Gaussian plume model expression for concentration contains the
product oy LJ. Replacing oy by o0 x and using equation 2 leads to
oy u = 0.5 x

(5)

and so the concentration at a particular distance becomes independent of the wind speed at low wind
speeds. Hanna also pointed out that the assumption that the horizontal distribution is Gaussian breaks
down as o, increasesbeyond about 60” as there is then material in all directions from the release point.
However, Hanna suggestedthat his simple formula, usedwith a Gaussianmodel, will adequately predict
the peak concentration on an arc.
Smith (1992) has also examined data for the variation of wind direction at low wind speeds.
He concluded that the standarddeviation of wind direction for a one hour period can be represented by
o; = (5”)> + (6O”A#

(6)

This expression can also be used in Gaussian plume models, and predicts that concentrations increase
as the wind speed decreases.
9

This discussion suggests that the NRPB-R91 model could be used with some simple
modifications to calculate the peak concentration at a specified distance. The product o,, x would need
to be used in place of oy’ and one of the expressions above adopted for oO.
Hunt has also suggesteda model for use in unstableconditions where there is a small, but nonzero, wind velocity. This was originally described in a note prepared in 1987 for the Working Group,
which was not published, but it is included here as an appendix. The model considers the source to be
a series of instantaneousreleasesand usesthe Gaussianformula for the concentration distribution from
an instantaneousrelease. The concentration from the continuing releaseis then obtained by integrating
the concentration from a series of instantaneous releases. Hunt gives the general formula for the
concentration from a point source and from a line source at right angles to the wind direction.
Asymptotic solutions are included for concentrations at distances large compared to the release height
and for conditions of strong turbulence. There are also formulae for the concentration at ground ievel
along the plume centreline, and for the variation of concentration with height above the ground. The
model predicts that the concentration is non-zero upwind of the source.
Some authors (for example, Apsley 1987 and Sharan et al 1996) have given solutions of the
diffusion equation for low wind speed conditions, which assume that the relationships between the
standard deviation of plume size and the diffusion coefficient used at higher wind speeds are still
appropriate. Both Apsley and Sharan et al showed that the standard Gaussian model can be obtained
from their models in certain limiting conditions. These models can be used to investigate properties
such as the extent of plume spreading upwind of the source. Sharan ef al considered the ratio between
the Gaussian limit of their model and their exact solution, for a range of values of two dimensionless
parameters in the model. This ratio lies within the range from 0.9 to 1.4 for reasonablevalues of the
parameters. Sharanera1 also compared their model with observed concentrations within 200 m of the
releasepoint. They showed that the ratio of predicted to observed concentrations lies in the range from
0.5 to 2 for the majority of the casesconsidered.
2.2

Conditions

where the average wind velocity

is zero

Smith (1989) hasdeveloped a model for usein unstable,convective conditions, where the wind
velocity averagedover a short period is either zero or has some very small, but unknown, value. The
model was presented for a release of neutrally buoyant material from a stack. Although the wind
velocity averaged over some period is zero, at any instant there is likely to be an effective wind in a
random (horizontal) direction. There will also be a turbulent vertical component of wind. The model
aims to calculate the probability that material will be carried to the point of interest, by considering the
probability distributions of horizontal and vertical wind speed. The model gives the concentration in
terms of the probability distributions of the horizontal and vertical winds, and the intennittency, and
so gives the probability distribution for the concentration at a point, required for analyses of the
consequencesof short releasesand for toxic releaseswhere the responsemay not increase linearly with
the concentration. Smith presented a number of diagrams showing the probability distributions of
concentration at a series of distances from a source and the variation of the distributions with source
height and averaging time. He extended this model to the situation where there is a mean wind, but it
is insufficiently large to be measured with any accuracy by the instruments on site.
Three figures, taken from his paper, are presentedhere as examples of the model results. The
results arc presented in terms of normalised quantities. rather than actual distances or concentrations.
In all the results presented, distances are expressed as the ratio of the actual distance to the depth of
the mixing layer, and the concentration is expressed in terms of zi2w,clQ, where 21is the depth of the
mixing layer, w. is the convective velocity, c is the actual concentration, and Q is the source strength.
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Figure 1 shows the cumulative probability distribution of concentration at six distances from
the sourcefor zero averagingtime, for a source whose height is one-tenthof the boundary layer height.
The importance of source height is shown in Figure 2, which gives the probability distributions of
concentration at one particular distance for three different release heights. Finally. the effect of
averaging the concentration over different periods, from a continuous release, is shown in Figure 3,
again for only one distance and one releaseheight.
An indication of the average concentration from a release in unstable conditions could
be obtained by considering that the dispersing material expands equally in all directions. The
concentration then dependson the distance, but not the direction, from the source. The radius of the
disk can be taken as ou t, where t is the travel time and (J”. the standard deviation of the wind speed, is
approximately equal to 0.5 w,. The vertical dispersion could be described using the normal variation
of oz. the standard deviation of the vertical distribution of material. with distance from the source.
2.3

Calculating

the annual average concentration

A frequent useof the models recommendedby the Working Group is to calculate the average
concentration over an extendedperiod, such as a year, using data on the joint frequency of occurrence
of the different stability classes and wind speed bands. Such data generally include a category
described as ‘calm’, for which no information on wind speed or direction is given.
Smith has developed a version of the model described in Section 2.2 which calculates the
averageconcentration as a function ofdistance from the site. This is a version of the model described
above which averages over the horizontal wind directions. It refers only to those calms which occur
in unstable conditions.
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Hunt’s model could also be used for calculating the annual averageconcentration by averaging
his formulae over direction from the site.
An alternative, and very simple, method of calculating concentrations is to add the periods of
calm conditions into one of the higher wind speed bands. This is reasonable as the material cannot
travel far away from the site during calm periods, and so must travel under the influence of the wind
following the calm period. The travel is more likely to occur with a low wind speed than a high wind
speed, and so the most reasonablemethod is to include the calm periods in the band representing the
lowest non-zero wind speed. This method would underestimate the concentration at distances which
could be reached by material travelling in conditions of effectively zero wind velocity, and so should
only be used beyond such distances.
2.4

Summary of dispersion

models

This section has reviewed the dispersion models available in the literature for dispersion in low
wind speed conditions. Most of the work described relates to dispersion in unstable conditions. The
models of Hunt and Smith are explicitly stated to be for use in unstable conditions. Only the work of
Hanna explicitly considers low wind speed, stable conditions, and his work is limited to descriptions
of the horizontal spread of the plume. The models basedon the solution of the diffusion equation could
apply in either stable 01 unstable conditions, but the validation described in the papers is restricted to
unstable conditions.
A number of simple methods have been suggestedfor calculating the contributions of releases
in ‘calms’ to annual averageconcentrations from continuous releases. The very simple nature of these
methods must be stressed.
A major difficulty in any modelling of dispersion in low wind speedconditions is to determine
the achxd conditions at the time and position of the release. In particular, the models require estimates
of the wind speedand turbulence levels. Lack of detailed information on the atmospheric conditions
may be a major contributor to the diff?culty in attempting to predict the air concentration in any
particular situation.

3

Other effects

3.1

Plume rise

The Working Group has previously recommended models for plume rise (Jones 1983) based
on work by Briggs (1984) and Moore (1980). The plume rise formula recommended includes the
reciprocal of the wind speed,and so predicts an infinite rise at zero wind speed. Briggs considered what
he termed ‘vertical plumes’ and ‘bent-over plumes’. Vertical plumes refer to plumes rising in
conditions of zero wind speed. while bent-over plumes refer to the normal situation of plumes rising
in conditions with a non-zero wind. He considered the rate at which plumes rise near the source,
together with a variety of situations which terminate the rise, giving equations for both vettical and bentover plumes where necessary.
Briggs discussedseveral cases where the rise is limited by stable stratification, covering rise
through a constant density gradient, through a density jump and tix rise into an elevated stable layer.
The models and equations given in these sectionscould be usedfor most aspects of the rise of a plume
from a point source in low wind speed, stable conditions. The case where the rise is limited by
convective turbulence was also considered. Although Brig@ did not explicitly give formulae for the
case of zero wind speed, the metbcd described would be appropriate for calculating the rise of a plume
in low wind speed,unstable conditions.
13

As statedin Section 1, the wind speedwell above the ground is unlikely to be zero when the
wind speed at ground level is zero. Therefore, although a plume may start to rise in a region with
zero wind speed, it is likely that the rise will carry it into a region of non-zero wind speed. This can
be seen by observing plumes which remain visible for some time, such as those from power station
cooling towers. They are sometimes seen to rise vertically before reaching a layer with a non-zero
wind speed when the rise terminates and the plume travels horizontally. Brig@ did not consider
this situation explicitly. He did, however, consider the case of a plume rising into an elevated stable
layer and into irregular stability profiles. The methods described there could be adapted to the case
of rise into elevated layers of non-zero wind speed. In any specific case, it would be important
to know the temperature structure of the atmosphere above the release point, as the rise will
terminate when the plume encounters an elevated inversion of sufficient strength, but could penetrate
weak inversions.
Recentdevelopments in plume rise modelling are the so-called integral plume rise models, in
,which the basic equations describing the trajectory of the rising plume, and the spread around that
trajectory, are solved numerically. These models explicitly consider the vertical profiles of wind speed,
temperature gradient and other conditions, and so naturally apply to situations where plumes can rise
into or through regions in which the atmospheric conditions change. The problem, however, is to
determine the profiles, as in near-calm conditions the similarity theory approach, appropriate at higher
wind speeds, may not be applicable.
3.2

Non-uniform

terrain

Non-uniform terrain can affect the airflow in a number of ways, with the major effects
occurring in stableconditions. One such effect is the katabatic wind. This occurs when the temperature
on the higher parts of a hill or valley is lower than that at the bottom of the hill or lower down the
valley. In this situation, which often occurs at night, the density of the air at the top of the hill is greater
than that of the air at the bottom of the hill, and so the air can sink under gravity from the top to the
bottom of the hill. This airflow is known as a katabatic wind, and can be particularly strong in long
valleys with hills on three sides of the valley. In some cases, the flow in the valley can decouple
completely from the flow above the valley, and the wind direction within the valley is then not governed
by the general flow patterns above the valley system. The slopes involved do not have to be large katabatic flows have been recorded with mean slopes of only 1%.
The airflow near an isolated hill can be very different in stable conditions and in neutral
conditions. In neutral conditions, air approachinga hill tends to flow over the hill, so that even material
dispersing close to the ground is carried over the hill. The distance between the centreline of a plume
and the ground is reduced as the plume passesover the hill, but the plume centreline does not touch the
ground. The concentration at ground level on the hill is greater than that at ground level in the absence
of the hill. In very stable conditions the whole of the airflow cannot rise over the hill. Material which
is travelling at some height above the ground will rise and pass over the hill, but material travelling
below a critical height is unable to do so. and passesaround the hill. The plume centreline can be
brought very close to the ground on the hill, and the concentration at the ground can equal that on the
plume centreline after the same travel distance over flat terrain.
The flow around hills in stable conditions can be described in terms of the Froude number,
a stability parameter related to the temperature.g;at!ient, wind speed and hill height. Large stability
effects are seen when the Froude number is less than about one, and this value can be attained
relatively easily.
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3.3

Buildings

Airflow around buildings in low wind speed conditions has not been studied extensively.
Some comments on flow round buildings can be made from the experiencewith stable flow around and
over hills, and from the few studies which have been carried out.
Building effects are unlikely to be very important in strongly convective conditions, as the high
ambient turbulence levels quickly dissipate special flow feahlres generatedin the vicinity of an obstacle.
However, it is unlikely that the flow in extremely stable conditions is similar to that in neutral
conditions, and building effects can persist for long distances. This can also be demonstrated by
considering the virtual source model for building effects (see, for example, Smith 1989). Simple
calculations show that, in unstable conditions, plume sizes a few hundred metres from typical buildings
are similar to plume sizes at the same distance from a source in the absence of a building. However,
in category F and G conditions, the plume size about I km from a point source is around IO m, and so
comparable to the likely initial plume spread behind a typical building. This suggests that building
effects in theseconditions could persist for distancesof this size. Analysis suggeststhat the near-wake
may grow in slightly stable conditions, compared to neutral conditions, due to reduced atmospheric
turbulence. It will then contract as the stability increases.
Section 3.2 described the flow over and round an isolated hill in stable conditions. Similar
effects can oxur nearbuildings, hut Froude numbersof around one or less are only possible in extreme
conditions. No consistentand significant stability effects for souxes below roof level are observed in
field studies,although they are readily apparent for more elevated emissions. In an aerodynamic sense,
buildings are much more severe than most terrain features: for example, they usually have sharp edges
and vertical faces. As a consequence,there is generally a stagnationpoint on the upwind building face
and plumes from close upstream sources may well impinge on the building. In such cases, the air
concentration on the building face is typically that which would have occurred on the plume centreline
at that fetch in the absenceof the building.
Material can only leave a source if it has a non-zero exit velocity or is sufficiently buoyant to
rise from the immediate source location. The plume rise induced by this initial motnenhun or buoyancy
becomes more important as the wind speed reduces, and could eventually make an important
contribution to the subsequent dispersion of the material. Low wind speed, stable conditions often
occur at night in conditions with little cloud. In these situations the temperature outside the building
is likely to be much lower than that inside. No building is perfectly insulated. and in conditions where
the outside temperature is low the normal heat losses from a building could be sufficient to cause
plumes emitted directly from the building face or roof to rise out of any wake.
Robins (1994) reviewed those field experiments which were carried out in low wind speed
conditions. He concluded that the experimental results show that the concentration in the near-wake
is consistent with that predicted assuming neutral conditions, and that source location and wind
direction are more important than stability effects in all cases. Robins also reviewed the available data
on concentrations in the main wake. Again there is very little evidence that stability has any marked
impact on the concentrations. for releases from sauces below roof level. However. such effects are
apparentfor higher emission points. These observationssuggestthat the normal models for dispersion
from buildings can be used in low wind speed conditions for releasesat and below roof level.
It should be noted that buildings and other large items such as trees are very effective at
draining momentum out of the lowest hyers of the air in rather light wind speed, stable conditions. It
is not uncommon in these circumstances to have a virtual calm below the height of the buildings or
trees, while the wind above can be quite significant. The two layers are often separated by a turbulent
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zone severalme@esthick. The flow within the roughnesselements,although very light, can be detached
from that above, and may carry plumes gradually away in a direction other than that of the prevailing
wind, particularly on slopes.
3.4

Dry deposition

A number of papers describe the theory of dry deposition, and show how the deposition
velocity can be calculated from a knowledge of the turbulence structure in the lowest layers of the
atmosphere. Underwood (1987) reviewed the theory and commented on the likely variation of
deposition velocity with wind speed in neutral conditions. He showed that the deposition velocity of
particles which do not fall under gravity is likely to increase approximately proportionally to the wind
speed. Although he did not explicitly consider the situation in low wind speed conditions, his analysis
suggestedthat the deposition velocity would become very low as the wind speedapproachedzero. This
is reasonablein stable conditions where the lack of vertical turbulence inhibits the flow of pollutant to
the ground. However, in unstable conditions the situation is less clear since vertical turbulence may
persist. Underwood also considered the variation of deposition velocity with stability category for the
same wind speedat some height above the ground, concluding that the deposition velocity is unlikely
to differ by more than about a factor of two across the whole stability range.
The argumentsabove suggestthat the deposition velocity might tend to zero as the wind speed
tends to zero. This does not, however, mean that the deposition would also tend to zero. as the
concentration increasesinversely with wind speed. The deposition rate could tend to a limiting value
independent of the wind speed.

4

Summary

and conclusions

This report has described particular features of the atmosphere which occur when the wind
speed is low, and considered how these features affect dispersion. Models for use in calculating
concentrations in some low wind speed conditions, particularly for releases of non-buoyant material
from point sources, are given. There are no simple methods for calculating dispersion in stable
conditions as the wind speed drops to very low values. Further work on the likely importance of
such conditions should be carried out. Remarks are also given on other aspects of dispersion, such as
releasesfrom buildings or plume rise, in low wind speedconditions.
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Introduction

The current Gaussianplume models are basedon the assumption that the mean wind speed is
greater than the turbulence velocities. This is not a good assumption when there is strong thermal
convection and a weak wind speed. For example, therms vertical turbulent velocities at a height of
30 m might be about OS m s“, so that if the mean speed is less than OS m s-‘, the conditions for the
existing model would not be satisfied.
A simple modification of the usual Gaussianplume model is developed in this note to account
for such conditions. For simplicity it is assumedthat the mean wind speedand turbulence are constant
with height, but also that the observed values of oz and (lYcan be inncduced into the model to account,
in an approximate way, for these variations.
There are other low wind situations, where there is neither turbulence nor a mean wind. These
situations usually occur in very stable atmospheric conditions, and the proposed model is not suitable
for these conditions. Under these conditions, most of the dispersion results from the fluid motions
caused by the ejection process, whether it is a chimney or an accidental explosive release, or by
buoyancy forces in the ejected material.

2

Results

for a line source

perpendicular

to the wind

direction

If homogeneous Gaussian turbulence, a uniform wind, and a steady source at ground level
emitting Q units per second per unit width are assumed.then

C(X,Z) =

s’

24 e+(

x - u(t - t’))*/2o: + z2/20:l

-_

dt’

2mlX0~

where ox and oz are the turbulence-induced displacements in the x and z directions of a fluid
element after uavelling for a time (t - t’). This solution is effectively an addition of many elemental
puffs released at time t’ at x = z = 0. Near the source it can be assumed that 0, = oU(t - t’) and
oz = o,(t - t’). For points far from the source, provided that the wind is not exactly zero, it can be

Note prepared far the Working Group on Atmospheric Dispersion in June 1987
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assumed that ox and oz have their usual forms. Then, assuming or = ou(t - t’) and oz = aw(t - I’),
equation Al gives

where p = Ul(./? (1”). For computational purposes erf x - x for x < 1 and erf x - ?I for k~ > 1.
(4

Thus when x/z s 1 for finite U f 0

C-

Q exp[-z2/(2xZ&lJ*)]

(1 + erf !a

(/2nUowXIU

(A3)

If we write ozm a, .xN. substituting in equation A3 gives

c = Q exp(-z’/2o:)

(1 + erf PI

(A4)

Jr;; or u
When o,N < 112,this agreeswith the standard Gaussian formula to within 5%. Tabulated values of
oz could be used.
(b)

For very weak wind, where U/o, CC1

C-

Cc)

Q
J2n (x*0; + z’ay”

W)

The ground-level concentration is given by

c=

fi:,

(1 + erf p,

1x1

for : 2 ;

(‘46)

As with Gaussian formulae, this expression should only be applied outside the source itself which
always has a finite diameter. The expression A6 shows that diffusion upwind extends over a
similar distance to that downwind when the mean wind speed is very weak. When U increases
So if U = 1 m s-t
the concentration is multiplied by a factor [I - erf(U/&J]/[l
+ erf(UIfioJ]
and ou = 1 m s-‘, the concentration upwind is on average about 20% of the value at the same
distance downwind.

20

(4

Thevariationof concentration
with heightabovethesourceis givenby
c = Q ev-P2)
Jr;; O”Z

3

(A7)

Results for a point source
For a pointsource,theassumptions
usedin Section2 nowyield

x v20;

2Q ex

(x924

l

y*/20:

G(P)
+

z’/202,)

(A8)

c=

(2@3RO”O”OW
(x2/20: + y=/20: + z’/zo;)

G(p) = + exp(-p2) * 1fi
and

(a)

P=

p(1 + elf p)

xp*nJ
(x*/20: + y=/20: + Z217N2,)‘n

Whenx/z, x/y D1,downwindof thesource,

so wheno,AJ < l/2, againtheerror is lessthan5%. As in point (a) of Section2, we havewritten
cly-o,xlLTando,-a, x/U. Tabulatedvaluesof oyandO,couldbe used.
(b)

For veryweakwindwhereU/o, n 1, in the vicinityof thesource,
C-

(cl

Q
(2ll)‘” 0Y0Y(Iv (xV2dy + y’l20: f z=/2a:)

(Al’3

Theground-levelconcentration
on theplumecentrelineis givenby

lPO”O,
x2 I

fi P(1 + erf P)
Q @ 0” [+ =P(-P’) + -yjc=

(All)

Note:p = (xU/20~)l(x2/20~+ ~‘120: + z~/~o:)‘~ sothatat groundlevelontheplumecentreline.we
havep = p signx.
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Cd)

The variation of concentration with height above the source is given by

This is a more rapid decreasewith height than for a line source
4

Estimation

of the turbulence

In strongly convective conditions. the components of turbulence are determined by the ‘heat
flux velocity’ we, which is defined in terms of the surface heat flux H, the boundary-layer depth h, the
gravitational acceleration g. the density p. and the absolute temperature T,,
C.413)

Values of H are given in NRPB-R91. (Note: C, - lo3 J kg-’ ‘K’ and p - 1.2 kg m-3.)
For the horizontal components (if the shear turbulence is included)
*
0” I 0.3~: + 6.3”:
P.14)
2
0” _ 0.3w; + 4.0”;
For the vertical components
2
0, - 1.8~;(dh)~”

+ 1.7~;

(A151

I would recommend using a value of ai at a height equal to about (I~, so this might require some
iteration to obtain a realistic value.
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1

Introduction

1.1

Background

In modelling atmospheric dispersion for use in safety assessmentsand emergency planning,
there is an increasing need to undertake site specific studies of atmospheric dispersion within a few
kilometres of the release point. In this region, the dispersion and deposition patterns will be strongly
influenced by the layout of buildings and local topographical features. Such calculations could be
undertakenin a variety of ways, for example, using simple extensions to the Gaussian plume model or
other analytical techniques,computational fluid dynamics (CFD) models or wind hmnels. There are now
several commercially available CFD codes which might be suitable for dispersion modelling. This
report describesan appraisal of tbe adequacyof CFD for modelling near-field atmospheric dispersion.
1.2

Objectives

and scope of work

The objectives of the study were:
(a)
(b)
Cc)
(4

to review work reported in the available literature on the application of CFD codes to
near-field atmospheric dispersion,
to carry out a critical appraisal of work undertakenby an Unnamed Organisation to adapt and
apply the PHOENICS code to near-field atmospheric dispersion,
to comment on the applications for which analytical models, CFD codes or physical modelling
would be most appropriate,
to make recommendationson the way forward and, in particular, to recommend priotiries for
future modelling improvements.

Sources within a group of buildings, and their dispersion and deposition both inside and
outside the building complex, have been considered.
The study has examined the issues which are considered to determine whether CFD is an
acceptable tool for modelling dispersion. These considerations are the capability of the method for
representing realistic cases, the practicability of carrying out the work, the accuracy which should be
achievable and the uncertainty of the results in practice due to the way in which the technique is used.
1.3

Terminology

It is recognised that some of the terminology used in CFD modelling is rather specialised and
may not be familiar to everyone in the more broadly based atmospheric dispersion community. A
glossary of the terms used in this report is therefore included in an appendix,

2

Review of literature

The dispersion of toxic and hazxdous gasesin the vicinity of buildings and in complex terrain
is the subject of a current Health and Safety Executive (HSE) researchprogramme. It was recognised
that CFLJ modelling provided a potential means of improving the understanding of building and
topographical effects on dispersion. HSE therefore initiated research to evaluate the capabilities of
current commercial CFD codes for this application, the accuracy which could be readily achieved and
the sensitivity of the results to numerical and physical modelling aspects.The first phaseof this research
involved a literature review and was reported by Lines et al (1994). The second phase involved CF’D
modelling of a number of relevant test casesand was reported by Hall (1996) and Gilham et al (1996).
Another relevant researchproject in which WS Atkins has been closely involved is the Evaluation of
25

Modelling Uncertainty (EMU) project. This was funded by the European Commission and, at the time
of tinting, was due to be completed at the end of September 1996.A preliminary description was given
by Hall ef al (1996). These two projects have been used as the starting point for the present review of
scientific literature, with additional recent published work being identified by undertaking a search at
the Science Reference and Information Service, London.
2.1

HSE research: Phase I - literature

review

The fust phaseof the HSE work repotted by Lines et nl(1994) involved a review of scientific
literature relating to this subject area. Information was obtained both for CFD modelling and for
full-scale and model-scaletests. A few of the most interesting papers and the overall conclusions from
the review are summarised below.
Numerous papers were identified describing CFD modelling of wind flows around buildings.
Most dealt solely with wind loading, ie the prediction of surface pressures.and included comparisons
between CFD predictions and wind tunnel data for simple building shapes. The two-equation
high Reynolds number k-e turbulence model was generally used. This involves the solution of
transport equations for the turbulent kinetic energy, k, and the dissipation rate. E, in order to
determine a locally varying eddy viscosity. The model assumesisotropic turbulence. Many papers were
found to give consideration to turbulence modelling and/or appropriate boundary conditions for
atmospheric simulations.
A few papers described comparisons with full-scale data. The Texas Tech building and tbe
Silsoe Structures building are both full-scale buildings which have been extensively instrumented in
order to provide realistic data for the validation of CFD and wind tunnel modelling. Selvam and
Konduru (1993) predicted wind loads on the roof of the Texas Tech building for wind directions
at 20” intervals over the full 360” range. The computed mean pressure coefficients at upwind
corners of the rosf were undelpredicted by as much as 60%. and it was concluded that other
turbulence models needed investigation. Richards and Hoxey (1992) found that their CFD model
(k-e turbulence model) failed to reproduce the ‘delta wing’ vortices near the gable ends of tbe
Silsoe Structures building in oblique winds, but in general adequately reproduced the variations of
surface pressure with direction.
A relatively small number of papers presentedpractical site applications. One of these was
a paper by Laurence and Mattei (1993) which included some details of a study relating to a site in the
city of Nantes. The finite element code N3S (k-e turbulence model) was used to model an area
of the city which included a domed church with five streets leading to the square situated in front of
the church.
In contrast to wind loading applications, relatively few CFD studies of near-field dispersion
were identified. Two significant studieswere those of Benodekar ef a[ (1985, 1987). The first of these
involved the development of two- and three-dimensional CFD codes for predicting the flow and
dispersion in the vicinity of buildings, taking account of release buoyancy and atmospheric
stratification. The three-dimensional code employed the k-r turbulence model and a second-order
accurate differencing scheme modified to suppress spurious numerical ‘wiggles’. An analytical
Gaussian plume model was embedded within the code to represent the initial stages of plume
development downwind from a point source. The wind tunnel experiments of Robins and Castro
(1977a,b), involving dispersion in the vicinity of a cube, were studied. Benodekar ef al focused on a
number of cases,including a passive releasefrom an area sotmx and releasesfrom stackslocated at the
centre of the roof, with the wind blowing normal to the front face of the cube. Some attention was given
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to modelling the anisotropic nature of the real wind environment, by modifying the turbulence model
and ‘tuning’ it using the wind tunnel measurementsof the turbulence properties around the cube. Some
aspects of the predicted results compared poorly with the experimental results, such as the velocities
over the roof at its upwind edge. Insufficient mesh retinement (only about 15,OiX cells were used) and
inadequacyof the turbulencemodel were thought to be responsible for this. Quite good agreement with
the experimental results was shown for the concentration fields in the stack release cases.The second
study re-examined the cube problem for the stack releasecasesusing a finer mesh (about 60,000 cells).
There was some improvement in certain aspectsof the predicted flow behaviour, but it is significant that
the predicted surface pressuresnear the roof leading edge and the concentrations in the wake appeared
to agreeless well with the experimental results. Scenarioswith the wind blowing obliquely to the front
face of the cube were also considered. The code was also applied to a more realistic reactor building
shape.The wind tunnel measurementsof Hatcher er al (1978) carried nut for the Engineering Organic
Cooled Reactor (EOCR) building in Idaho, USA, were considered for this. Three scenarios were
studied: an area source at ground level, a point source release at roof level, and a stack release (above
building height). In each case. the peak ground-level concentrations were ova-predicted in the cavity
region downwind of the building. The accuracy of the CFD predictions was reported to be within a
factor of two to three of the wind tunnel measurements.
A more recent application, using a commercial code (FLUENT), was described by Mores eJa[
(1992) involving predictions of fugitive hydrocarbon emissions from oil storage tanks. In such tanks,
the roof floats on the oil, thus when the oil level is low the roof settles below the level of the rim of the
rank wall, Forminga cavity. The tanks in question were 20 m high and 25 m in diameter. Three different
levels of the roof below the top of the tank rim were examined. It was demonstrated that the detailed
flow patterns in the cavity and the height of the roof with respect to the rim of the tank were important
parameters in estimating the emissions from open floating roof tanks.
2.1.1

Conclusions

The review identified a large number of relevant papers and reports, most involving the use
of research-based CFD codes and most incorporating the k-e turbulence model. It was generally
reported that modelled results agreedqualitatively with experimental data, but that the turbulence model
was the main cause of discrepancies. To improve the predictions, a number of alternative turbulence
models and wall boundary conditions were tested, but there was little agreement over such
improvements. Deficiencies in mesh resolution were acknowledged in a few cases but most authors
appeared to consider their meshes to be sufficiently Fine.

2.2

HSE research:

Phase

II - CFD modelling

The second phaseof the HSE research,described by Hall (1996), involved the application of
a commercially available CFD code, STAR-CD, to a range of test problems of varying complexity. The
emphasisthroughout was placed on the capabilities and performance of a commercially available CFD
code, rather than on what could be achieved using academic and researchcodes, such as that employed
by Benodekar ef al (1985, 1987). Three validation test cases were studied: a continuous passive gas
release in the vicinity of a cube (Robins and Castro 1977a,b), a continuous release of dense gas from
a ground source (McQuaid 1976). and a large-scale instantaneousreleaseof dense gas interacting with
a semi-circular impermeable fence (McQuaid and Roebuck 1985). The cube test case in particular was
used to examine the sensitivity of dispersion results to different modelling strategies. The key points
which arose are discussed below.
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Meshes and numerical aspects
The domain needs to be large enough so that the results in the region of interest are
not affected by the positions of the boundaries. Following the examples of other researchers such
as Benodekar et nl(1987). the inlet and lateral boundaries were placed at about five building heights
away from the edge of the building. The downwind (outflow) boundary was placed at sixteen
building heights downwind of the rear face of the building. For the upper boundary. since relatively
low level, non-buoyant releaseswere being considered,the boundary was placed at five building heights
above the roof.
The most critical regions for modelling the local wind environment around a building are the
sharp leading edgeswhere the flow is most likely to separate.Fine mesh resolution is therefore needed
in theseareasto capture the flow details accurately. The nature of the wall boundary conditions needs
to be considered too when choosing the mesh spacing next to walls. Fine mesh resolution is also needed
in the vicinity of gas sources or ‘instantaneous’ gas clouds to capture the large gradients of velocity,
turbulence and scalar quantities. Coarse meshes result in numerical diffusion and excessive plume
spreadingrates. For site safety studies,it is usually important to be able to determine gas concentrations
and doses at distances from a couple of hundred metres up to one or two kilometres from the sowx
Attention must therefore also be given to mesh resolution in the wake region, even though the velocities
and gradients in general are likely to be lower and the required mesh resolution consequently less
refined than that required near buildings and sources.
In practice, it is unlikely that the optimum level of mesh refinement can be achieved
everywhere. The best compromise will depend primarily on the nature and magnitude of the release.
For example, a high momentum jet releasemay dominate the local wind effects around a building, thus
requiring finer cells near the jet in order to capture the spreading mte and trajectory, with coarser
meshing being acceptable at the building walls. In contrast. the trajectory and spreading rate of a
small-scale passive discharge will depend largely on the local wind effects around the building.
Accurate numerical schemes are needed to avoid excessive numerical diffusion. Most
CFD codes incorporate a selection of differencing schemes such as the first-order accurate ‘upwind
differencing’ scheme and some higher-order schemes. The upwind differencing scheme is
computationally cheaperthan higher-order schemesbut is less accurate and introduces false diffusion.
The most accurate schemesmay be ‘unbounded’ and can introduce non-physical under- or over-shoots,
for example. negative concentrations near a source. Alternatively, most CFD codes have a
‘blended’ scheme which combines a higher-order accuracy scheme with the upwind differencing
scheme, the blending factor being derived from local gradients. Such schemes are designed to be
bounded and so do not introduce non-physical behaviour, but they are less accurate than the pure
higher-order schemes.
2.2.1

2.2.2

Inlet and ground boundary conditions
Usually only the lower 200 m or less of the atmospheric boundary layer is of interest. In such
circumstances,it is common practice for CFD modellers to treat the flow as pan of the constant stress
surface layer and specify turbulence profiles accordingly. The following expressions were therefore
used fork and e:
k = u:/C:”
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where u+ is the friction velocity, K is the van Karman constant, and the constant C, describes the ratio
of turbulent kinetic energy to the magnitude of the Reynolds stresses.
In some other applications, such as those involving releases of buoyant gases or when the
boundary layer depth is relatively small, the height range of interest may well extend beyond the surface
layer and it may be better to specify more realistic profiles.
An important modelling consideration is that equilibrium boundary layer conditions should
be maintained across the mesh to a reasonable degree. Failure to do this might otherwise cause
significant flow field changesquite independently of building and gas release effects. Such a situation
would lead to a loss of accuracy and, perhaps,incorrect interpretation of results. For the cube case, the
equilibrium nature of the prevailing flow conditions was checked by carrying out CFD rum for the
meshes without the cube and then comparing the inlet and outlet profiles for the mean velocity and
turbulent kinetic energy. In these tests it was demonstrated that the turbulence profiles showed a
fair degree of sensitivity to the choice of roughness parameter, whereas the velocity profiles were
insensitive. It is interesting to note that the dispersion results obtained with the k-E turbulence model
with C, values of 0.09 and 0.03 are quite similar (the standard value used in the k-e model is 0.09,
while 0.03 is more representative of real atmospheric flows). Although the levels of turbulent kinetic
energy prevailing in the two scenarios were dissimilar (about 0.78 m* se2compared with 1.37 m2 se2,
respectively), the eddy viscosities were similar, suggesting that, for the k-e model, the precise nature
of the vertical turbulence profile may not be critical for dispersion applications.
Turbulence and dispersion modelling
When predicting atmospheric dispersion around buildings, the main issues for turbulence
modelling are the effect of the building on local velocity and turbulence regimes, the prevailing
anisotropic effects of the atmospheric surface layer, and the effect of density stratification (due to
molecular massor temperatureeffects) on turbulence regimes. The first two aspects were important in
the cube test case, while the last was important for the dense gas cases. For the cube case, three
turbulence models were compared: the standard k-e model, the renormalisation group theory (RNG)
model and a Reynolds stressmodel (RSM).
Most of the cube simulations were carried out using the k-e model, which is the most widely
used in industry Its shortcomings are well documented (see, for example, Boysan 1993). When used
to model flows with significant normal stmining rates (eg large &I/&), spuriously high generation rates
of turbulence energy are predicted. This excess of turbulence energy is then convected downwind and
can seriously degrade the solution. In wind engineering, this translates into an overprediction of
turbulence energy where the wind impinges on the upwind face of a building. This was demonstrated
by the predictions.
The RNG model is reputed to perform well in separated flows: for example. in the simple
backward facing step problem, the RNG prediction agrees quite closely with experimental results,
whereasthe k-e model underpredicu the length of the recirculation zone by about 20%. In the cube test
case, there was a significant improvement in flow field predictions, with flow separationbeing predicted
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at the leading edge of the roof using RNG, unlike the predictions of the k-e model. There was little
difference. however, between the concentration predictions.
The RSM model predictions of flow were also better than the k-e results. The predicted flow
separationat the leading edge was similar to that predicted in the RNG results, but the velocities in the
reversed flow were stronger.The predicted concentration results were better than those of the standard
k-e and RNG turbulence models, but there were still significant differences compared with the
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experimental results. The RSM model overpredicted the peak ground-level concentration by 80%. This
may have been due to the differencing schemes used (whilst a second-order differencing scheme
was used for flow and turbulence. a less accurate blended differencing scheme was used for the
concentration equation) and the approximate nature of the boundary conditions used for the inlet
turbulence profiles.
2.2.4

Anisotropic diffusion
Turbulence and diffusion in the atmospheric surface layer are markedly anisotropic,
being characterised by turbulent velocity components in the along-wind, cross-wind and vertical
directions (u’ : v’ : w’), typically occurring in the ratio 1 : 0.68 : 0.45 (Cook 1985). The anisotropic
behaviour results in increased lateral spreading of a plume and reduced vertical spreading near the
ground. The k-e and RNG turbulence models provide only an isotropic treatment and therefore tend to
give similar spreading rates in the along-wind, cross-wind and v&tical directions. The net effect, shown
by some of the cube results, is primarily an underprediction of the rate of decay of concentration in the
streamwise direction.
‘Ibe RSM model representstheseanisotropic effects, since transport equations are solved for
the full set of turbulent stresses. The RSM results were better, but the computational effort was
considerably greater due to the extra equations to be solved and the increased model size due to the
extra variables.
Bencdekar er al (1987) achievedbetter dispersion results for the cube casethan those obtained
in the HSE study with any of the turbulence models. One possible reason for this could be the use of
an anisouopic dispersion model with anisotropy ratios (ie ratios of the turbulent stresses in the
along-wind, cross-wind and vertical directions) ‘tuned’ according to the Castro and Robins experiments.
The approach involved retaining the standard isotropic k-e turbulence model, but modifying the
transport equation for scalarconcentration to include anisotropic eddy diffusivities. The eddy diffusivity
in the vertical direction was obtained from the standard k-e turbulence model. The ratios of the
along-wind and cross-wind diffusivities to the vertical diffusivities were taken from the measured
turbulent stressesin the longitudinal and lateral directions with respect to the main flow.
2.2.5

Conclusions
On the whole, good qualitative and reasonablequantitative agreement was achieved for the
three validation test cases.except where atmospheric turbulence was the dominant mixing mechanism.
For example, better results were obtained for the momentum-dominated phase of a large-scale dense
gas release than for a small passive release. It was shown that the accuracy varied quite significantly
with mesh resolution, inlet and ground boundary conditions, and turbulence modelling.
Predictions were also made for accidental releasesat an actual industrial site. Botb neutral and
stable atmospheric conditions were simulated. Validation for realistic sites and non-neutral stability
atmosphereswas not addresseddue to the absenceof good experimental datasets.
Since the accuracy of predictions for realistic sites and scenarios could not be confirmed, it
was concluded that it was not appropriate to apply CFD routinely within safety cases.However, it was
acknowledged that CFD could be used to provide an insight into the detailed effects of buildings,
release conditions and atmospheric conditions on gas dispersion. It was recommended that further
research was needed on turbulence modelling for atmospheric dispersion applications. For example,
the RSM model needs to be investigated rather more extensively, far stable as well as for neutral
atmospheric conditions.

2.3

Project EMU

The EMU (Evaluation of Modelling Uncertainty) project is concerned with the uncertainties
associated with CFD predictions for near-field atmospheric dispersion problems. The validity of
such predictions is generally uncertain for two important reasons. Firstly, the way in which a
CFD code is applied to a specific problem depends on the constraints on staff costs, timescales and
computer resources, and can have a critical impact on the final results. Secondly, there is a disparity
between the generally simple scope of model validation studies and the complexity of the actual
industrial conditions.
The EMU project is funded by the European Commission, through its environment
programme. A preliminary description was presented by Hall er al (1996). The main objectives of the
project are to evaluate the spread in results due to the way in which a CFD code is applied, and to
evaluate the accuracy of CFD predictions in large, complex gas dispersion situations. The general
approach has involved:
.

realistic industrial situations involving complex terrain and buildings,

.

all four partners in the project using the same CFD code,

.

realistic constraints on modellers,

.

recording modelling decisions (to relate the differences in results to the different modelling
strategies),

.

wind tunnel modelling of selected test cases,

.

quantitative evaluation of uncertainties.

CFD modelling was carried out in three stages of increasing complexity. The first stage
involved a single L-shaped building on flat terrain with a neu’ad stability atmosphereand a 5 m se’ wind
speed (at IO m above ground). A continuous release of neutrally-buoyant gas, a semi-continuous
buoyantjet and an instantaneouslarge-scalereleaseof dense gas were considered. In the second stage,
the complexity of the site geometry was increased to include a second building, a cliff and a trench. A
stably stratified atmospherewith a 2 m s-t wind speed(at 10 m above ground) was also represented for
some cases.The releasescenariosincluded a continuous high momentumjet release of chlorine and an
instantaneousreleaseof I tonne of chlorine represented by a vapour cloud (28%) and an evaporating
pool (72%). The final modelling stageinvolved an actual industrial site, which is located adjacent to
cliffs at the coast, with low hills and a gully on the landward side of the site. The site itself slopes down
towards the cliff and has numerousbuildings. Two particular scenarios,both involving chlorine releases
in a neutral atmosphere,were modelled: a steady 50 kg se’jet releaseand an instantaneousva.pourcloud
following the catastrophic failure of a 27 tonne storage tank.
Wind tunnel modelling has provided some useful data for the validation of CFD models.
Of particular interest are the results for the industrial site. These include a passive release, a
neutrally-buoyant jet releaseand a densejet release (but CFD modelling has been carried out only for
the densejet case).The first of thesecorresponds to a vinually momentum-free release, while both the
jet releasescorrespond to initial velocity ratios of about 15.
Regarding the CFD modelling strategies,it was interesting that during the first two stages,the
different modellers tended to follow certain ‘rules of thumb’ for aspects such as the mesh distribution
over the height of a building or at a source. It was apparent, however, that for the site application, the
scale and complexity of the problem had generally forced the modellers to relax their ‘rules’ because
they were simply no longer practicable.
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2.3.1

Preliminary conclusions
Some preliminary conclusions of the EMU project have been published (Hall er al 1996,
Cowan 1996, Cowan er al 1996). Firstly, the range of geometric scales of interest currently forces the
usa to compvxnise between accuracy and computational cost when designing the computational mesh.
The resulting variation in numerical accuracy is the main causeof variation betweenthe results obtained
by different users. Computing power is therefore a key issue.
There is some evidence that the ‘improvements’ which one modeller might obtain, by
modifying the turbulence model or details of the atmospheric boundary layer simulation, will lie within
the typical spread between users. This suggests that the ‘general’ emphasis on the importance of
physical modelling issues, such as the suitability of different turbulence models, may be rather
misleading in the context of dispersion modelling.
The agreement between results of different modellers was better for a continuous release of
densegas in a neuual atmosphere,than when dealing with more difficult situations such as a transient
gas release or a stably suatified atmosphere.
Reliable dispersion results require not only expertise in gas dispersion and CFD, but also
familiarity with the use of the specific CFD program for the specific application of interest. Such
familiarity can take a considerable time to achieve. The importance of quality assurancewas stressed
on several occasions.
The preliminary conclusions from the project are relevant for the present study, although they
should be considered in the context of the general emphasis in the EMU project on large-scale dense
releases. The scenarios of interest in the present study are not dominated by large-scale releases of
dense gas; rather, low momentum releases of buoyant or neutrally-buoyant gas are also of interest. It
is possible that the turbulence model would have an increased impact on the variability of results for
such scenarios.
2.4

Open literature on CFD applications

A brief literature review was carried out to supplementthe information gained from the studies
described in Sections 2.1 and 2.2. A computer databasesearch was carried out at the Science Reference
and Information Service, London, concentrating on papers published in relevant journals and
conference proceedings during the last three years. Selected relevant examples are described below
under four headings:dispersion in the vicinity of buildings, urban pollution, topographical applications
and turbulence modelling. The intention is to give an indication of current CFD activities in theseareas,
rather than a detailed account.
Dispersion in the vicinity of buildings
GGtting ef al (1995) used a CFD model to simulate the dispersion of a passive pollutant
emitted from the stack of a power plant. The influence of the site buildings and the buoyant plume of
an adjacent cooling tower were considered. The simulations were performed with the MIMO model,
which employs the k-e turbulence model and a finite volume structured mesh, adapted to follow the
nature of the underlying terrain. The cooling tower has a height of 115 m and an outlet diameter of
69 m. The stack is 200 m tall. The highest building on the site is the 120 m high boiler house. Wind
tunnel studies were carried out using a 1 : loo0 scale model under neutral stability conditions. The
tracer SF6 was used to investigate the impact of the buildings and the interaction between the two
plumes. Results from the CFD and wind tunnel testing were presented as longitudinal ground-level
concentration profiles between 1 and 3 km downwind of the site and cross-wind profiles at 1.5 and
3 km. These CFD simulations are noteworthy in a number of respects: the large downwind extent
2.4.1
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of the domains used (ie greater than 3 km downwind of the source), the large size of the models
(120 x 64 x 48 = 368,640 cells and 100 x 96 x 48 = 460,800 cells) and the relatively short computing
times (from 75 minutes with just the stack present to 4 hours for the most complex casewith all the site
buildings) achieved using a powerful vector computer. In comparison with the experimental results, the
CFD model tended to ova-predict concentrations downwind from the stack. The biggest discrepancies
occurred when the plumes from the stack and the cooling tower dispersedside by side. In this situation,
the stack plume becomes affected by the double vortex nature of the cooling tower plume. ie velocity
vectors point upwards in the middle of a cross-sectionthrough the plume and downwards at both sides.
The ground-level concentrations were overpredicted by CFD by about 30% at 2 km downwind from
the stack and by about 50% at 3 km downwind. The paper does not give any details of the plume results
above ground level.
Zhang et al (1996) compared CFD and physical modelling results for atmospheric flow and
dispersion around a cube under stably stratified conditions. The CFD code, TEMPEST, used the
standard k-e turbulence model with a first-order accurate numerical scheme. The mesh was the same
as that usedfor an earlier study under neutral stability conditions, reported by Zhang et al (1993). The
physical modelling results correspondedto a uniform velocity profile upwind of the building, and were
obtained from towing tank experiments. The Froude number was decreasedfrom - (neutral stability)
to 3 (moderatestratification) and then further decreasedto I (very strong stratification). The dispersion
results compared well under weakly stratified conditions (Froude number L 3), for a source located
within the recirculation region behind the building, but poorly under strongly stratified conditions. It
was argued that, becausethe Froude number will rarely be less than about 3 in the night-time stable
boundary layer, stratification will rarely be a significant factor in influencing the flow structure in the
Neal vicinity of a building.
The dispersion of dense gasesat industrial sites was the focus of an earlier literature review
outlined in Section 2.1. Following this review, other studieshave been published in the open literature.
For example, Perdikaris and Mayinger (1994) described comparisons between CFD and wind tunnel
modelling of a continuous dense gas release from a short stack on top of a cuboid building. It was
commented that ‘agreement appears to be good’. Predictions were also shown for a time-dependent
chlorine releaseat an industrial site. The effects of different wind directions and atmospheric stabilities
were examined. It was concluded that the CFD method was flexible but that the computational effort
was ‘huge’. It was suggested therefore that CFD should be used for site planning rather than for
emergency response predictions.
Fire and smoke modelling is anotherarea of application for which CFD codes are increasingly
being used. and numerous papers can be found in the open literature. Most are concerned with tires
inside buildings, but a recent example of an external application was reported by Christolis et al (1995).
They used the PHOENICS code to model the dispersion of pollutants around buildings on tire. A
parametric approach was used to investigate the influence of wind speedon plume lift-off. The results
which were presented included ground-level concentrations for distances of up to 8M) m from the
30 m x 70 m x 8 m high building. No comparisons with experimental data were shown.
2.4.2

Urban pollution
There are several recent papers describing the use of CFD for modelling aspects of urban
pollution. For example, Sini er al (1996) used the CHENSI code to study pollution in street canyons.
The code, which uses the k-e turbulence model, was previously validated for a series of thineen
reference cases including diffusive transport in circular and planar jets, plumes spreading in uniform
and stratified atmospheric conditions, and recirculations in boundary layers over backward- and
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forward-facing steps, and two- and three-dimensionalrectangular blocks. A two-dimensional approach
was usedto model the flow over and within a street canyon of 20 m depth and width varying between
6.6 m and about 300 tn. Cell sizes ranged from 1 m x 1 m up to 1.5 m x 7.5 m. The domain extended
100 m upwind, 180 m downwind and up to 200 m above street level. The results were compared with
wind tunnel data and good qualitative agreement was observed.
Eichhom ef al (1996) presentedan example of dispersion from a point source at the centre of
the open courtyard of a U-shaped building. The MISCAM code was used. The code employs the
k-e turbulence model, with a modification to the wall boundary conditions to achieve more
realistic predictions of flow separation at building edges. This involves setting a zero longitudinal
velocity at the upper front edges of buildings. Sedimentation and dry deposition can be taken into
account. A comparison with some wind tunnel results was shown and ‘almost exact agreement’
was claimed. A traffic pollution case was also shown, but without any details of the CFD modelling.
Delaunay et al (1996) presented CFD predictions for traffic exhaust dispersion from road
tunnels. They used the PHOENICS code with the ‘dual time-scale’ variant of the k-e model (Chen and
Kim 1987). This was intended to prevent the overprediction of turbulent kinetic energy in impinging
flows. The mesh representedthe region around the portal of a four lane road tunnel. A mesh resolution
of 2-3 m was used in the horizontal directions and 1 m in the vertical direction. The resulting mesh had
about 150,000 cells. Similar results were obtained using both first- and second-orderaccuratenumerical
schemes, suggesting that the resolution was adequate for the purpose. The results were found to be
similar to those of the RNG model, but rather dissimilar to those of the standard k-e model. Similar
applications were presentedby Jaeschkeef al (1996) and Jicha ef al (1996).
2.4.3

Topographical applications
A comparison between CFD and wind tunnel results for wind flows over and through model
forests on two-dimensional hills was reponed by Kobayashi er n/(1 994). The k-c turbulence model was
used,with non-standardconstants.The effects of vegetation on airtlow and turbulence were represented
by inclusion of an additional drag force CDaulul in.the momentum equations (where C, is a drag
coefficient, a is the plant areadensity and u is the local velocity vector), together with additional terms
in the k-e turbulence model. A second-order accurate numerical scheme was used. The wind tunnel
experimentsused a 0.2 m high hill with 0.05 m high trees and the length of the hill was varied. Although
the Reynolds number basedon the hill height was only 8ooOand therefore not comparable to that in the
full-scale environment, it was judged that the flow was fully turbulent, so that the turbulence model
performance could be studied. The suitability of the k-e model for this application was discussed in
some detail. The pronounced flow curvature over the hill and the ova-prediction of turbulent kinetic
energy near the crest on the upwind slope where the wind tends to impinge on the hill were both
perceived to be problems for the model. The lack of a universal, physically sound second-order
turbulence model suitable for canopy flows was noted, together with the significant uncertainty in the
description of forest properties, such as CD values for trees. It was concluded that the model tested in
the study was ‘globally satisfactory’.
Tinarelli ef al (1994) reported the development of a three-dimensional Lagrangian particle
model. and presenteda comparison with the US Environmental Protection Agency wind tunnel results
for tracer dispersion in the lee of a two-dimensional hill.
A databaseoftest casesfor CFD validation is maintained by the University of Surrey on behalf
of ERCOFTAC (EuropeanResearchCommunity for Flow, Transport and Combustion). This includes
some test casesfor wind flow over hills. namely those of Thompson and Lawson (1990) and Almeida
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er al (1993). These have been used by some commercial CFD vendors to demonstrate the capabilities
of their codes.
It is interesting to note that all the above applications involve smooth, symmetrical hills. There
do not appear to have been any validation cases for more realistic, complex terrain.
Turbulence modelling
There is continuing basic research into flow and turbulence conditions in dispersion-related
scenarios. For example, a recent paper about plumes in crossflows was presented by Savory ef al
(1996). This included a comparison between experimental and CFD results obtained with a Reynolds
stresstransport model and the k-e model. The model used a second-order accurate numerical scheme
and a scheme to prevent non-physical solutions in regions with rapidly changing conditions. The k-e
model was criticised for failing to predict the diffusion of vorticity in the longitudinal direction. Another
point stressed was the importance of providing sufficient cells in the nozzle exit region in order to
capture the local conditions reasonably accurately.
This paper is perhapstypical of a large number of theoretical papersproduced in recent years,

2.4.4

in which the standard k-e model has been compared with alternative turbulence models and has been
found inadequate.The published research can be divided broadly into two types. Firstly, efforts have
been made to improve the k-e model in some way, recognising that it is the most widely used model
in industry. The secondtype of researchhas involved the development of more sophisticated techniques
such as Reynolds stress modelling
Examples of improved k-e models include the use by Cowan ef al (1996) of the preferential
dissipation modification (PDM) (Leschziner and Rcdi 1981). the dual time-scale model (Chen and Kim
1987), the non-linear k-e model (Basara and Younis 1992). and dx RNG model (Boysan 1993). There
seemsto be no consensuson what improved k-e model should be used.Another aspect which has been
examined is the tuning of the constants in the k-e model for a particular application. For example,
Richards and Hoxey (1993) considered the constant C, which is related to the turbulent kinetic energy,
k, in the atmospheric surfacelayer and the friction velocity, u*, by the expression, k = u’./C~. For the
real atmosphere, appropriate values of k/u: range from about 5.5 to 9. In comparison, the standard
value of C, of 0.09 leads to k/u:= 3.33, while the value for C, of about 0.03 suggestedby Richards and
Hoxey leads to k/u:= 5.8. It is recognised that other constants should also be tuned for atmospheric
flows (see. for example, Sutton et al 1986).
The alternative approachto extending the k-e model has been to develop more sophisticated
techniques,such as algebraic stressmodelling (ASM), Reynolds stxss modelling (RSM) and large eddy
simulation (LES). Relatively few of the reported studies.however, are as directly relevant to dispersion
applications as the study by Savory ef al (1996) mentioned above and the earlier study by Goddard er al
(1992). One of the more relevant benchmark problems is the flow past a surface-mounted cubical
obstacle in a plane channel. Comparisons between k-e, ASM and LES models for such a case were
reported by Murakami ef al (1992) and Murakami (1993). It was indicated that ASM or RSM were
effective when the flow field was highly anisotropic and for predicting surface pressuresor turbulence
statistics, while LES provided greater accuracy at the expense of much greater computing times.
More recently, Breuer et nl (1995) described the comparison of k-e (standard model and other
variants) and LES results for a case involving flow past a surface-mounted cube, for which detailed
experimental data (Re = 40,ooO) are available. The k-e model calculations were carried out on a
grid comprising 110 x 32 x 66 = 232,320 cells. while the LES calculations used a finer mesh
comprising 165 x 65 x 97 = 1,040,325 cells. The smallest cell in the mesh used for the k-e model
simulations had a size of (0.01h)3, where h is the height of the cube, compared to (0.0125h)3 for the
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LES mesh.It was reported that the LES computing times were about 200 times greater than those for
the k-e model for the meanquantities, and about 400 times greater for some of the turbulence statistics.
As a consequence, LES simulations can still only be contemplated on powerful vector or parallel
computers, whereas most other simulations (k-e, RSM, etc) can be performed on workstations.
Considering commercial CFD codes, Freitas (1995) described a series of benchmark
simulations which were completed using a variety of commercial codes by the vendors themselves.Two
of the benchmarks involved turbulent flow problems. The paper highlighted the issues of mesh
dependency and the accuracy of numerical schemes, but also illustrated an example of marked
differences in details of flow field predictions obtained with the standard k-e model. the RNG model
and the RSM model. It was noted that, historically, it has been assumed that a series of simulations
would at least identify the correct trend in spite of the limitations of the turbulence model. The
differences between the results shown, however, prompted a warning that if insufficient attention was
given to numerical accuracyand the useof an appropriateturbulence model, the trends predicted by one
model might be different from the trends predicted with other models.
2.4.5

General comments
CFD modelling has been ‘successfully’ applied to large, complex industrial and urban sites,
to topography and vegetation, neutral and stable atmospheres,and a wide variety of release conditions.
The size of models has grown dramatically, up to over l,CG0.ooO cells in one study, reflecting a
growing confidence in tbe usefulnessof CFD as a dispersion tool. In contrast to the EMU project, little
attention has been paid to the possibility of different users obtaining different results. Instead, most
papers have focused on the turbulence model as representing the main area of difficulty.

3

Review of feasibility

study

This section reviews a study undertaken by an Unnamed Organisation (1995), into the
feasibility of using CFD for modelling near-field atmospheric dispersion. The study dealt with a site
comprising numerousbuildings ,spreadover an areacovering about 600 m x 600 m and predictions for
tive accident scenarios were presented.
It should be noted that the study was intended to demonstrate that CFD is able to model nearfield dispersion adequately.For this reason,a coarse resolution model was considered to be acceptable.
However. for the present review. the purpose of the study has not been taken into account, and some
critical comments have beermade. No criticism of the quality of the work is intended; rather, the study
has been usedas a convenient basis for a discussion of some of the key issuesaffecting CFD modelling
of near-field dispersion.
3.1

General approach and problem specification

The CFD modelling was carried out using the PHOENICS code. Details of how to operatethe
software are described, including examples of the various input and output datafiles. plotting and
run command scripts, and the user-specified subroutines for implementation of application-specific
processessuch as aerosol deposition and dose uptake calculations. It is interesting that this application
makes quite extensive useof user-specified scripts and programming. The current trend is towards the
use of a ‘graphical user interface’ GUI), but while this can greatly ease and speed up some aspects
of the model preparation process, it can make it difticult to check input data. Quality assurance is
straightforward and therefore probably mcxe reliable when using text tiles.
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The computational approach for simulating dispersion involved two stages. Firstly, the wind
field was solved for a number of different wind directions, in turn, and each of these solutions was
stored in a library. In the second stage. the transient dispersion was simulated using the existing wind
field solutions ‘linked’ together according to a specified time-varying wind pattern. The ‘decoupling’
of the wind and dispersion calculations assumesthat the release has no effect on the wind field. As
pointed out in the feasibility study report, this will not be valid for releases with significant source
momentum or buoyancy effects. This will be very important in relation to the computational costs of
simulating realistic scenarios.
3.2

Domain and mesh design

The main region of interest at the site measured580 m x 570 tn. The site was on two levels,
the upper level being about 15 m above the lower level. Buildings of up to 30 m in height were located
on the upper site level. This site region was placed at the centre of a mesh which extended I000 m
further away in each direction. Overall, the domain measured 2580 m x 2570 m x I75 m. The size of
the domain should be large enough so that the exact positions of the boundaries have no significant
effect on conditions in the region of interest. For dispersion applications, such as this one, the
requirements for concentration and dose information at significant distances downwind of the source
will generally lead to sufficiently large domains as a matter of course.
The mesh comprised 28 x 3 1 cells in eachhorizontal layer. The central region was represented
by 18 x 22 cells, with lateral cell dimensions varying from about IO m up to 80 m. In the vertical
direction, 15 cells were used, with uniform 5 m thick cells up to 50 m and then expanding upwards for
a futher 125 tn. The various building heights were allocated to lie in 5 m bands.Considering this mesh
distribution, there are several unsatisfactory features.
The meshis very coarse.Large cell sizes will lead to excessive spreadingof contaminants and
dilution of contaminantconcentrations, particularly in the near-sourceregion where the spatial gradients
of concentration are large.
The coarse mesh resolution would be inadequate to resolve the velocity and turbulence
gradientsnear the ground and the complex behaviour in the vicinity of the buildings. Recommendations
for the minimum numbers of cells neededto ensure‘adequate’ modelling of the flows around buildings
typically require IO-15 cells over the height of a building, with the smallest cells at the roof edgehaving
a dimension of roughly h/15, where h is the building height (see, for example, Sutton er al 1986). It is
recognised that this may be difficult to achieve in practice, but it is important to be able to model
realistic flow conditions, particularly around the buildings closest to the source.
There are insufficient cells between buildings. The boundary condition at a wall affects the
flow conditions in the adjacent cell. There will be a problem if there is only one cell between the walls
of two buildings. There should really be some ‘free’ cells which are not directly modified by the
presence of walls.
The expansion of cell sizes is too abrupt. The ratio of adjacent cell dimensions should be
kept as close to unity as possible. The upper limit usually recommended for expansion ratios is about
1.2 to 1.3. Large values such as 2 or 3 should be avoided, except in regions where the variables do not
change significantly.
The mesh distribution corresponds exactly to the plan dimensions of buildings but not their
heights. It would be,more consistent to decide on the desired accuracy for representing buildings, eg
ti m. and then apply this criterion everywhere, but also ensure that the building volume and position
are representative.
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3.3

Boundary

conditions

The atmospheric inflow boundary was located loo0 m upwind of the cenual region. A uniform
velocity profile was specified at the boundary and allowed to develop naturally over the ground. Default
‘friction factors’ were used for all the solid surfaces, but no details of these friction factors were given
and it is assumed that they corresponded to smooth walls. The new boundary layer, driven by the
velocity fixed at the top of the domain, would grow upwards from the ground up to the top of the
domain, a height of 175 m. In the real atmosphere, a distance of loo0 m would be insufficient for
the boundary layer to develop fully over this height. A fetch of over several kilometres would probably
be neededto ensurethis (Cook 1985). The approach normally taken in wind engineering applications
is to specify the boundary layer profiles for the velocities, turbulence properties and temperature at the
atmospheric inlet boundaries.An important check which should be canied out is to ensurethat the inlet
and ground boundary conditions and the atmospheric turbulence model together give equilibrium
conditions in the region of interest in the absenceof buildings. This is usually done by undertaking a
simulation without the buildings present. and checking whether the boundary layer profiles change over
the region of interest (see, for example, Hall 1996).
3.4

Sources and concentration

calculations

Two types of release were considered. The first of these was a noble gas release and the
second was a release of aerosol particles which were assumedto settle at a constant rate. The field
concentration units were Bq kg-‘. For results purposes,the concentrations were multiplied by the local
density to convert them to Bq m-l. In addition, the dose was integrated, with units of Bq s mm3.Evacuee
uptake was calculated using the concentrations at the start and end of each time step. A breathing rate
of 3.3 IO4 m3 se’ was specified. An evacuation route was specified in terms of specific cells and the
times at which the site worker passed through them. Unfortunately, in view of the coarse model
resolution. the accuracy of such dose estimatesis likely to be poor. Concentrations and doses could be
underestimated near the source due to excessive dilution in the large computational cells.
Regarding the release of aerosol particles, the settling of particles was carried out as a
post-processingstageat the end of each time step. Cells located immediately above a horizontal surface
were assumedto deposit an appropriate proportion of their contents, corresponding to the fixed settling
velocity of IO3 m se’ for dry deposition or IO-* m se’ for wet deposition. No account was taken of the
local flow behaviour and inertial effects of particles. This approach for wet deposition only removed
material at the ground and relied upon diffusion to move material from above into the bottom layer
of cells.
3.5

Turbulence

modelling

Turbulence was accounted for using a fixed eddy viscosity, Y, = 10q3m2 s.‘, compared to a
laminar (molecular) viscosity of 10-j m2 s-t. This differs from the ncxmal approach of calculating
the local distribution of eddy viscosity using the k-e turbulence model, say. The assumption of a fixed
eddy viscosity is inconsistent with realistic profiles of turbulence and turbulent length scales in the
atmosphere and neglects the effects of increased turbulence in the vicinity of buildings, which is
particularly important in this type of application. For comparison. in the cube test case described
in Section 2.2, the eddy viscosity near the ground and in the vicinity of the building was around
10-z In2 s-1,
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3.6

Other modelling

issues

No details are provided in the report regarding the differencing schemeused and it is assumed
that it was a first-order accurate upwind differencing scheme. It is important that at least second-order
accurate differencing schemesare used to minimise excessive numerical diffusion.
The computational approachfor simulating dispersion involved two stages.Firstly, the steadystate wind field was solved for different wind directions, and each of these solutions was stored in a
library. In the secondstage,the transientdispersion was simulated using the existing steady-state wind
field solutions ‘linked’ together according to a specified time-varying wind pattern. Time steps of
I hour were used for the concentration calculations. With a wind speed of 5 m s-’ and a typical
horizontal cell dimension of 50 m, the time step should be around 10 s. which is the time taken for an
‘air parcel’ to traversethe cell. A time step of 1 hour would give inaccurate results for the development
of the concentration field.
3.7

Near-field dispersion

examples

The first accident scenarioinvolved a constant releaseof gas over 50 hours and then a release
of aerosol for a period of 3 hours. The specified wind pattern was 5 m s“ from due south veering to 20”
west of due south after 2 hours. In the second scenario, the aerosol deposition velocity was increased
to IO-* m s-’ to representthe effect of rain. The third scenario was the same as the first, but incorporated
a southerly 1 m se’ wind throughout the calculation, and a simple representation of an inversion. For
the fourth scenario, the wind speed was set at 3 m s-t blowing initially from 10” north of east and
veering after 6 hours to blow from 30” south of east.In the last scenario, gas and aerosol releaseswere
specified for a period of 3 hours, with a 5 m se’ wind blowing initially from 30” south of due westerly
and shifting to IO” south of due west after 1 hour.
The key feature of thesescenariosis the time-varying wind pattern. A time step of I hour was
used, but as discussed in Section 3.6, time-accurate results would require much shorter time steps.
Treatment of a veering wind might then be less satisfactory than as shown in the feasibility study. Either
solutions would have to be obtained for more wind directions or large step changesin direction would
have to be accepted.The alternative, much costlier approach would be to solve for the time-dependent
wind flows as well as for dispersion.
The representation of an inversion by a Frictionless ceiling in the third accident scenario is
rather crude. Apart from any considerations of the realism of the upwind boundary layer profiles, the
ceiling approach would artificially increasethe speedof the wind blowing past the site, since no account
is taken of the blockage effect of the buildings, which would causean increase in the height of the flow
streamlines over the site.
The results are discussedin some detail in terms of the local flow patterns,concentrations and
deposition, although they are obviously dependent on the resolution of the mesh. Whilst a finer mesh
would be used in practice, due to the size and complexity of site models and the heavy computational
burden of transient calculations, it is extremely likely that the results would still be mesh dependent.
Great care would be needed in using and interpreting the results.
Another aspectwhich needsto be.considered is the accuracy of small concentrations and what
should be regarded as the working loser threshold. This is a similar problem to instrument accuracy.
For example, a gas sensor might have a stated lower limit of resolution of 0.1% for concentrations less
than 2%.
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3.8

Future modelling

improvements

The feasibility study report briefly deals with some aspects which would need to be included
in a proper study. namely ground roughness, temperature inversions and radioactive decay. Failure to
represent surfaceroughnessadequatelywill prevent equilibrium boundary layer conditions from being
achieved as discussedin Section 3.3. For stable atmospheric conditions. tbemul effects would also need
to be accountedfor, including the heat flux boundary condition at the ground. Both these aspectswere
considered in some detail in the HSE and EMU projects described in Section 2.
3.9

Validation

Two approacheswere suggestedfor validation. Firstly, it was suggestedthat if simulations of
dispersion around simple geometries wae shown to correspond well to tield trials, then it may be
expected that CFD will also simulate other geometries well. The availability of acceptable datasets is
the main problem with this approach.There are several relevant datasetsavailable, but most have some
shortcomings for CFD validation purposes. More information is required for validating CFD models
than for simple Gaussianplume models, since flow data as well as concentration data are needed.For
example, detailed information about the prevailing atmospheric boundary layer conditions is needed,
including vertical profiles of velocity and turbulence properties.
The secondvalidation suggestion was that field trials could be undertaken using tracer gases
under stable weather conditions. The use of field trials would be preferable to the use of wind tunnel
data, due to the potential scaling issues of model-scale experiments, but could prove to be frustrating.
The variability of wind conditions and the large instrumentation requirements for a meaningful
CF’D-orientateddata gathering exercise are important issues. If the field trial conditions were not well
characterised, then comparison with CR) results would just lead to uncertainty.
3.10

General comments

The feasibility study demonstratedthe functional capabilities of CFD for near-tield dispersion
modelling. The practicability of obtaining realistic and accuratesolutions was not proven, since a ccarse
resolution model was employed.
It could be argued that the accuracy required of CFD simulations for near-field dispersion need
only be equivalent to the accuracy currently achieved by analytical flat terrain models. Simpler
CFD models might then be justifiable and the computational costs would be much lower. The major
problem with such an approach is the current variability of CFD results between different modellers.
Significant differences have been shown to occur even for moderately tine meshes. CFD modelling
allows far more degrees of freedom than do analytical models and the potential for differences
between the results of different modellers, and hence organisations, would be great if coarse
resolution models were used.

4

Choice of modelling

techniques

This section considers the applications for which analytical models, CR) codes or physical
modelling would be most appropriate. For the present purposes, the ADMS model (Carruthers er al
1994) has been taken as representative of the capabilities and performance of analytical models. The
different methods are discussed below in terms of four key issues: the capability of the method for
representing realistic cases, the practicability of carrying out the work, the accuracy which should be
achievable, and the uncertainty of the results in practice due to the way in which the technique is used.
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Regxding buoyant or dense gas releases,CFD and anaiy~icalmodels have an advantage over
wind tunnel models in being able to use data and models derived from a wide range of experiments
including tield trials. Full-scale conditions are modelled directly and scaling problems are avoided.
Wind tunnel scaling remains an issue for buoyant or dense releases. Complete scaling, involving
conservation of the emission density ratio, emission velocity ratio and Froude number, leads to the
following requirement for very low wind tunnel operating speeds:

where e is the geometrical scaleratio, U is a characteristic wind speed, and L is a characteristic length
scale (suffix m denotesmodel scale). An alternative approach for scaling is to relax the requirement to
cons.xve the density ratio, instead focusing on conservation of non-dimensional source buoyancy and
momentum fluxes. This has been shown by Robins and Obasaju (1996) to be successful for a range of
apphcations, although they stressed the need for the user to demonstrate that the results were
independent of the distortions applied to particular parameters.
Where source momentum effects are important, CFD and analytical models have the advantage
over wind tmmel modelling. CFD has greater flexibility in terms of release location, orientation and
complex interactions, eg with adjacent buildings or other discharges. The shortcomings of physical
modelling include practical aspectssuch as the tubing requirements for achieving a certain discharge
flow rate. Time-vaying releasesare also more complicated to deal with in wind tmmels. Usually, a
large number of repetitions have to be undertaken in order to achieve accuntc ensemble mean values.
For example, mound IN-ZCKI releases may be needed in situations where the dispersion is strongly
affected by atmospheric turbulence.For certain applications such as dense gas rebxses, fewer releases
may be necessary.The repetition of releases is automated in some wind tunnels and this obviously
simplities the problem.
Stable atmospherescan b? dealt with readily by analytical models. Some cart is needed with
CFD due to the isotropic nature of the k-e model, since the anisotropy of the atmospheric turbulence
is accentuated by the stratification. Physical modelling of stable atmospheres requires special wind
tunnels, such as that at the EnFlo Research Centre (University of Smrey), capable of supplying the
necessaryheating and cooling fluxes to achieve the thermal stratiiication.
Deposition modelling is an area in which little work appears to have been done using CFD
mcdels. The feasibility study adopted a constant settling velocity of IV’ m s.’ for dry deposition and
IO-* m s-t to represent the effects of min. Local flow effects on deposition were not considered. The
approach taken for wet deposition only removed material at the ground and relied upon diffusion to
move material from above into the bottom layer of cells, This strategy could be improved upon by
introducing a sink term into eachcell, irrespective of height above ground, to remove material from the
whole plume. Eichom et al (1996) mentioned the implementation of deposition modelling into the
MISCAM code, but no details were given. Most (nowCFD) dispersion models use simple, empirical
dry deposition velocities. A few models use the more sophisticatedresistanceanalogy approach for dv
deposition in which account is taken of tk effects of atmospheric turbulence, swface type and particle
size. For wet deposition, the standxd approach involves empirical scavenging ratios and uniform
removal over the whole depth of the plume. Although these deposition modelling techniques could be
easily incorporated into CFD codes, they an not really consistent with the approach taken in CFD
modelling, becausethe simple deposition velocities represent global avxage transpon rates, whereas
CFD is used to model local conditions. An alternative stmtegy might be to use a Lagrangian aerosol
transport model; most commercial codes have this capability. Provided that the particles have no effect
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on the flow field, the aerosol transport calculations can be decoupled from the main flow calculations.
It tray then Lx feasible to consider calculating the transport of very large numbers of particles. Particle
size distibutions can be specified and gravitational settling and aerodynamic effects are implicitly taken
into account. Blackmore (1996) demonstrated such an approach for modelling precipitation, with
calculations of the individual trajectories of up to 900,OCOdroplets.
4.2

Practicability

The issue of practicability takes account of the staff costs, computing requirements and
timescalesfor mcdelling an actual site in an appropriately detailed manner. Models such as ADMS have
a clear advantagein terms of tkir low cost and rapid calculations. However, if detailed account needs
to be taken of the actual geometries or complex interactions, then the choice of methcd lies between
CFD and wind hmnel mcdelling. For simpler sites with only a small number of buildings, the cost and
timescalesof setting up a CFD tncdel will generally be smaller than those for wind tunnel mcdelling.
As the site becomes snore complex, the effort required for both approaches may rise towards perhaps
34 weeks for a large model.
The number and orientation of the wind directions to be studied is important. With CFD
models, most of the mesh generation effori will be focused on the site buildings and immediate
surroundings. The outer regions of the mesh, including topographical features only, can be generated
and regenerated easily to cater for different wind directions. For example, in the EMU project, sane
mcdellers experimented with meshesbasedon the ‘turntable’ principle commonplace in wind tunnels.
The site was included within a fixed inner turntable mesh and the outer mesh was rotated for different
directions. In wind tunnels, when the terrain model extends txyond the edge of the hmtable, a physical
rcanangetnent of terrain panels or utilisation of new panels in the wind tunnel till be necessary for
large changes in wind direction. Currently, CFD probably has a small advantage in this respect. This
advantagewill undoubtedly grow as snoreexperience is gained and better mesh generation techniques
are developed.
Regxding CFD computing times, an indication of run times was given by Hall (1996) for the
test cases described in Section 2.2, using a DEC 3000 AXP Model 6CGworkstation with I28 Mb of
ccxc memay. For smaller, simpler problems such as a cube mcdel with about 32,000 cells and a passive
gas release, the run times were less than I hour. For the larger, complex models, such as the sample
industrial site model, with about l75LK)O cells, run times of 34 hours were involved in obtaining the
initial steady wind field and a further IO-15 hours of computing per minute of ‘real time’ during the
transient dispersion phase. The steady-state simulations involving a jet release of dense gas required
roughly 20 hours of computing.
4.3

Accuracy

Only a relatively small number of near-tield dispxsion applications have &en reported in the
open literature. and, in view of this, it is not possible to make any comprehensive statements of the
accuracy currently attainable with commercial CFD programs. However, the results generally do show
good qualitative agreement. The accuracy of CFD modelling, in the absence of numerical errors, is
governed largely by the ability of the turbulence model to represent the &xnplex fluid dynamics
processes present in the atmosphere. The standard k-e model has been shown many times to have
significant shortcomings, such as its ova-prediction of turbulent kinetic energy, its assumption of
isotropic turbulence, and its inability to predict flow separation at the upwind edges of roofs without
extremely tine meshes.For dispnion applications, the k-e mcdel seemsto overpredict consistently the
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ground-level centreline concentrations downwind of the source. Extended k-e models and snore
advanced techniques such as RSM and LES have been shown to perfom~ better in certain cases.
Validation for realistic sites (multiple buildings, non-flat terrain, etc), non-neutral stability atmospheres,
and downwind distancesof up to l-2 km need to be addressed. Some information will be provided by
the EMU project, while the datasetsused by Gdtting .S al(l995) are also quite relevant, but the general
accuracy of CFD codes can only be evaluated properly on the basis of a large number of validation
cases.Other good experimental datasetstherefore need to be identitied, particulxly for full-scale trials,
and comparisons made between the experimental results and CFD predictions.
Simple mcdeis can be usedto predict near-field dispersion due to low momentum sources in
the vicinity of a single building. For ADMS, comparisons with two experimental studies have shown
accuracy to be within a factor of three for such simple cases (Robins et al 1996). Further comparisons
would be needed to obtain a reliable indication of accuracy, and as the complexity of the scenario
increasesin tams of site geometry, topography and releaseconditions, the accuracy would be expected
to become increasingly uncertain.
The accuracy of wind tunnel mcdelling of dispersion depends on a range of factors including
model scaling, the nature of the simulated atmospheric boundary layer and the release, and practical
issues such as instrumentation. The most straightforward scenarios to model ax probably passive
releases near buildings in neutral boundary layers, and for those casts, wind tunnel modelling is
accurate to better than a factor of two. For stable atmosphere cases,the repeatability of experiments
becomesmore difticult due to the lower operating speeds,forced by scaling laws, and the problems of
maintaining constant cooling water flow rate and temperature. Averaging times increase and
compromises inevitably have to be made to ensurepracticability.
4.4

Uncertainty

due to modellers

Whichever modelling technique is used, the results will probably vary to some extent on the
precise way in which the technique is applied. For CFD codes, this issue has been the subject of recent
research in the EMU project, which has demonstrated the degree of variability that can occur even
within a small group of experienced modellers. The main causes of the variation in results are the
different meshes and numerical schemes. Very few, if any, modellers arc likely to be able to obtain
mesh-independentsolutions for wax-tield dispersionproblems in the near future. Faced witi constraints
on project costs and timescales, a modeller has to make compromises on the sizes of meshesand the
distribution of cells. The vwiability is smxgly linked to computing resources, which vay signiticantly
from organisation to organisation.
Regarding wind tunnel modelling, there have been no recent comparison exercises between
wind tunnels for dispersion applications, akhough some efforts are being made to develop standard tat
caseswhich each wind tunnel facility could undertake in order to demonstrate capability. There have
been comparison exercises focusing on wind loading, ie surface pressures and overall forces, and
although these highlighted some significant discrepancies, the results obtained by the different wind
tunnel facilities still agreedto within +ZO% (Cook 1990). For dispersion modelling, the variability may
also tend to be lower because of the small number of facilities and the relatively high level of
experience of the staff.
For analytical models, such as ADMS, there are far fewer degrees of modelling freedom. The
variability between wxs is therefore likely to be smaller. However, one area in which considerable
judgement may be involved is in the choice of the dominant building within a group of buildings.
Anottw key point with all three modelling techniques is that there is ahvays a danger that the
techniquesare used beyond their limits of applicability. This probably affectx anal&al modelling more
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than the complex methods becausethe calculations are very quick and easy to underI&, and it may not
be possible to use more sophisticated models within the available timescales and costs.

Conclusions

and recommendations

Conclusions
The feasibility study provided a useful demonstration of the capabilities of CFD for modelling
near-field dispersion and deposition, although it was not really representative of a ‘real’
application because an extremely coarse resolution model was used and the boundq
conditions were inappropriate for simulating realistic atmospheric flows.
Several applications have been reported for large, complex industrial and urban sites, thus
continning the feasibility of wing CFD for practical near-tield dispersion applications.
The cost and timescales involved in CFD modelling are high compared to those for ‘simple’
models, but of a similar order to those for wind tunnel testing. CFD probably has a small
advantage over wind tunnel testing for larger problems and this advantage will undoubtedly
increaseas more experience is gained and better mesh generation techniques are developed.
The main benefit provided by CFD, compared to analytical and physical modelling, is the
capability to mcdel arbitrary combinations of complex effects, including real site geometries,
different stability atmospheres, and buoyant or dense gas releases with significant source
momenturn effects. There are no scaling problems, and detailed predictions of flows and
concentrations are automatically obtained throughout the region of iWere% not only at a small
number of monitoring locations.
Fine mesh resolution t~earbuildings and sources,accuratenumerical schemesand appropriate
boundary conditions for CFD modelling of near-iield dispersion are important requirements,
as demonstrated by recent HSE research and other studies.
Once numerical errors are minimised, the accuracy of CFD predictions becomes limited by
the turbulence model. The standard k-e model is used in most cases, but has important
shortcomings. There is no consensusregarding modifications to improve the performance of
the k-e model. More sophisticated turbulence models, such as RSM, have been shown to
provide greater accuracy in certain cases, but have generally not been applied to practical
dispersion applications. For the future, LES has great potential but requires substantially
greater computing resowccs.
Validation for realistic sites (multiple buildings, non-flat terrain, etc), non-neutral stability
atmospheres, and downwind distances of up to l-2 km is limited. Some information will be
provided by the EMU project, while the datasets used by CStting et al (1995) are also quite
relevant, but the general accuracy of CF’D codes can only be evaluated properly on the basis
of a large number of validation cases.
The EC-funded EMU project has demonstrated the variability of CFD results for near-iield
dispersion due to the way in which a cede is used. The main causesof the variation in results
are the different meshesand numerical schemes.Available computing power is one of the key
issues. This could be a major problem since there is the potential for significant differences
between the results of different modellers, and hence different organisations. Some form of
sensitivity study should always be undertaken.
The EMU project also highlighted that a ‘dispersion expert’ still needsto have expaience of
the spaitic CFD code being applied to avoid ‘mistakes’, and that familiarity with a new code
takes several months to achieve.
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Recommendations
The variability of results clearly needs to be reduced. One way to address this would be to
develop and adopt detailed, strict guidelines (for example, in the form of a voluntary code of
practice) covering all aspectsof applying CFD to a real site including, in particulx, aspects
such as meshdesign. The adoption of strict criteria might lead to limits on the scale of problem
which can be tackled corresponding to the available computing power.
The accuracy of CFD modelling for this application can only be evaluated properly on
the basis of a large number of validation cases. Good experimental datasets need to be
identified, particularly for full-scale trials, and comparisons made between the CFD and
experimental results.
Further work is needed on turbulence modelling for atmospheric dispersion applications.
Particultu aspects which need to be addressed include anisotropic diffusion, atmospheric
stability and building effects. The performance of ‘improved’ k-e models should be
investigated for practical dispersion applications.
Further work is needed to develop and validate appropriate deposition techniques for
CF’D modelling.
Research and development are continuing in the key areas of automatic mesh generation
and numerical error estimators, and will eventually help to eliminate the differences in
numerical accuacy. The effectiveness of such measures will need to be evaluated in the
context of near&Id dispersion.
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APPENDIX

Glossary

of CFD Terms

This appendix aims to provide some brief definitions for the CFD terms used in the text, since
they may not be familiar to everyone working in more broadly based atmospheric dispersion
applications.
Algebraic stress modelling ASM is a particular form of approach to turbulent flow calculations which
attempt to combine the benefits of two-equation models without the limitations of the eddy viscosity
hypothesis, or the complication of solving the full Reynolds stress transport equations.
Boundary conditions The solution of all equations in CFD requires the spaitication of the behaviour
of flow vxiables at the extremities of the computational domain. These boundary conditions may be
implemented in a number of ways depending on the form of boundxy condition to be applied, the
location of the grid nodes for each variable relative to tie boundary and other factors related to the
solution scheme or general approach.
DitTerencing scheme Differacing schemesapproximate the derivatives in the conservation equations.
Eddy viscosity (hypothesis) This states that the effect of turbulent eddies on local shear stressesis
equivalent to imposing an additional (local) eddy viscosity to the fluid molecular viscosity.
First-order schemes This is the generalterm given to either finite difference formulae or tinite volume
approximation functions in which the leading (dominant) error term is of the order of 6x, where 6x is
the local cell dimension. The numerical errors may therefore be signiiicantly larger than in second-order
xcume schemes.
Higher-order schemes This is the general term given to either fmite difference formulae or tin&
volume approximation functions aimed at more accurate,stable representationsof the convective terms
in the Navier-Stokes equations. Such schemes generally require the use of data from snore distance
ncdes in their formulation, and as such require special care in the application of boundary conditions.
Large eddy simulation LES is a simulation technique for the solution of the Navier-Stokes equations
in which large-scale turbulent fluctuations are computed directly on the mesh, and small-scale eddies
(smaller than the scale of the mesh) xe represented with a so-called subgrid scale model.
Renormalisation group theory RNG theory represents a branch of physics and mathematical
mcdelling in which the representationof small-scale, apparently random processeswithin discrete forms
of the conservation equations for a continuum may be formulated. It has been used to reformulate the
k-e turbulence model.
Reynolds averaging This is the basisof the formulation of many turbulence mcdels. It is based on the
assumption that a turbulent flow can h charactetised as having mean cotnponents of velocity, pressure,
tent~rature, pollutant concermation, etc, and small, random fluctuations about that mean, Substitution
of expressions for the instantaneous velocities into the Navier-Stokes equations gives rise to the
so-called RANS (Reynolds Averaged Navier-Stokes) equations, along with further transport equations
for the Reynolds stresses.
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Reynol& straws The Reynolds stresstensor is a 3 x 3 symmetrical matrix, each term of which is the
mean of the product of two of the fluctuating pans of the velocity components. The gradients of
the Reynolds stressesappear in the RANS equations, and represent a loss of fluid momentum due
to turbulence.
Second-order schemes This is the general term given to either finite difference formulae or finite
volume approximation functions in which the leading (dominant) error term is of the order of (6x)*,
where 6x is the loal cell dimension. The numerical errors may therefore be significantly smaller than
in ftrst-order accurate schemes.
Structured gri& S~~~toredcomputational grids are characterised by the property that the number of
nodes used in each direction on each grid plane is always the same. This structure tits in well with
programming data army structures, and is efftcient. The main disadvantage is the restriction that
computational domains nut be (notionally) hexabedral in shape and the need for grid refinement can
lead to an excessively high level of mesh resolution in unimportant areas of the flow.
Truncation error The ~~ncation error is (formally) the leading order error term in a tinite difference
approximation to a partial derivative.
Unstructured grids The term unstmctured implies the use of a finite element type mesh, in which the
relationship between node and cell numbers is deiined explicitly, giving the freedom to iii1 a
computational domain with arbitrarily ordered cells.
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1

Introduction

Many current practical models for building-affected dispersion assume passive plume
behaviour. This is often justified on the grounds of being a conservative approach to the calculation
of gmund-level concentrations, deposition and doses, However, passive dispersion is unlikely to
describe actual behaviour at all wind speeds. In the vat majority of situations the emitted buoyancy
and momentum flux will become important as the wind speeddecreaes - in some cases they will be
important at all wind speeds. The objective of this report is to review this subject from the point of
view of current practical dispersion modelling and likely future developments. The review deals with
source heights ranging from ground level to a little above roof level, and both lighter and heavier than
air emissions, although excluding the specific dense gas clouds topic of gavity-driven spread and
dispersion at the ground.
We begin with sonx illustrative examples before going on to review current modelling
procedures, We then review the physical processa involved and the available experimental and
theoretical evidence which might be used to test and develop modelling techniques. Possible
approachesare then discussedand promising lines of development identitied b-zzforewe conclude with
a number of recommendations to put these into effect.

2

Examples

The assessmentof gammadose due to the argon41 content of the shield cooling air discharge
from Hinkley Point A Nuclear Power Station (Macdonald et al 1988) illustrates very well the
importance of phnne rise from a building wake. The shield cooling air is released from a roof-level
stack with significant emission speed and heat content and the plume rise which results plays an
important role in the dispersion process. Gas tracer observations revealed zero ground-level
concentrations when the wind speedwas less than about 5 m s-’ and approximately passive dispersion
conditions in stmng winds. This information was incorporated in a dose calculation, leading to
significantly lower dose levels around the site than previously calculated through conventional methods
based on passive dispersion.
The rise of plumes from building w&es can also play a very important role in the dispersion
and deposition of sane accidental emissions, providing much reduced xxx-site conceneations and
doses, particularly in light or moderate wind conditions. Calculations of the consequences of the
Chernobyl accident start after the plume rise phase, using observations to provide phmx heights
(typically in the range from 300 to ISCil m). Heat emission rates were very high and wind speeds
moderate (about 5 m s-’ at IO m), so the plume escaped from the building wake and rose freely in the
atmosphere. The situation might have been different had there been strong low level winds. Simple
critetia for estimating when a plume may lift largely clear of a building wake are given by Fackrell and
Robins (1981) and Hall er al (1980) and estimates of the Chernobyl heat emission rates by Sorensen
(1987). Gale force winds would probably have been required to ‘ground’ the plume when emissions
were at their hottest. Heat releaserates for severe ~UC&II reactor accidents are typically assumed to
be in the range from about 10 to 150 MW, generally much smaller than at Chernobyl. These will
escapefrom reactor building wakesin light winds but not in mcderate winds, eg for a 1lX MW emission
the transition will occur a.twind speeds between about 6 and 12 m s-t.
Robins (1994) points out that plume rise may be a crucial factor in light wind conditions, even
for relatively weak emissions. We can see this, in admittedly a rather naive manner, by considering a
standardGaussianmodel applied to a ground-level emission (neglecting for the moment the effects of
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buildings). The NRF’B-R91 model (Clarke 1979) predicts the centreline, ground-level concentration
to lx
C = Ql(~UoYoz)
where Q is the sowcc strength, U is a reference wind speed, and oy and oz are the plume’s lateral
and vertical dimensions, respectively. There are two components to the lateral spread, one due to
hubulence and one due to wind diiection unsteadiness,and in light enough winds the latter dominates.
We then have

so concentrations increase as U-In for fixed or However, the atmospheric state is likely to be either
unstable or stable in such light winds and oz is much less in the latter than the former and we conclude
that light wind, stable conditions prcduce the greatest ground-level ccmcentsations. However, if the
plume is elevated then the ground-level concentration distribution becomes:

where 5 is the plume height, and now the unstable case will produce the highest concentrations if

are vertical spread in stable and unstable conditions, respectively.
wtxx%.stite
=tvj%mmt,te
We conclude that a mcdest amount of plume rise, AZ, changesthe stability conditions leading
to the highest concentrationson the ground as well as greatly reducing the concentrations themselves.
Another interesting point to note is that in many light wind cases the plume rise will determine the
plume spread (ie self-induced dilution will dominate, seeJones 1983) and since plume rise is inversely
proportional to wind speed we tind

C = QUIR
All of which goes to show that the highest ground-level concentrations will arise in moderate rather
than light winds. Including buildings in the discussion complicates proceedings without affecting the
conclusions. Transferring the debate to the evaluation of gamma dose weakens it somewhat, chiefly
hy moving the threshold for signiticant reductions in ground-level dose rate to lighter wind speedsand
hence greater plume rise.
These examples provide a clear demonstration of the case for providing a practical model for
treating building-affected plmne rise and dispersion. However, the processesinvolved are complex,
being the interaction between plume dynamics and the disturbed flow around and in the wake of a
building, and the solution is unlikely to b+ simple. There are other, more complicated approaches
involving expximentation at mcdel and full scaleor computatiottal fluid dynamics (CFD) calculations
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and theseto” deserveconsideration. The objective the” is to evaluate the ability of cwrent models to
handle plume rise and dispersion in building wakes and assessthe potential for developing or further
reiining such models. We begin by swnmarising current methods and their limitations.

3

Current standard

approaches

-the

NRPB-Fi91 model

Relevant advice for users of the NRpB-R9l set of models is given in Section B3 of Jones
(1983). This deals with both sowce momentum and buoyancy fluxes, discussing their signiiicance in
tents of the non-dimensional pxa”Mers, FM and FB,
FM = PsWQ/p$J;H2

where

Q = AW
g’=g(p

8 -PYP
3 a

and p is the density, lJh is the roof-level wind speed, W is the emission speed, A is the sowce area,
H is the building height, g is gravitational acceleration and d is moditied gravity, and the suffices ‘a’
and ‘s’ denote ambient and source conditions, respectively.
Threshold values xe defined for the two parameters such that if neither is exceeded then
the emission can be assumed to be passive. The threshold values, d&tired
from wind tunnel
expermlents, are given as
FM = FB = 0.05
A fwmula is provided for estimating momentum rise, AZ, from a stack of height h, where h 2 H,
AZ = 3@D(WKJh)d
=o

when WIIJh > 1
otherwise

where b is the density ratio, pJpa, a”d d is the so”rce diameter, d = (4A/r)“.
However, this is a ph”“e
rise relative to the mea” stramline through the source and hencegenerally of little value as streamlines
are displaced in passing around buildings. Wind tunnel experiments are reco”““ended should it be
necessary t” evaluate concentrations o”ce either threshold is exceeded, No method of calculation is
given for such circumstances.
As will become apparent in Section 5, a simple threshold treannent is a very crude
approximation indeed. Taken a step further, the thresholds would become functions of distance
downstream of the building, then perhaps building dimensions and orientation, and so on. The
thresholds ax really screening criteria and as such should perhaps be kept simple. The real problem
lies in the absenceof” recommended calculation procedure ““ce. a threshold is crossed.
We see that for a given an&ion FM-I/$, and FB- l/U;, so the threshold criteria will be
crossedas the wind speedfalls. Put another way, sowce effects, particularly plume rise, will dotinate
in light enough winds. Surface concentrations may well then tend towards zero.

4

Physical

processes

The motion of a plume departs from that of the mean streamline through the source by virtue
of the emission’s excess momentum and buoyancy fluxes, both of which create motion relative to the
local airflow and in so doing generate mixing between the phxne and its environment. This leads
to an increasein the mass flux within the plume, dilutes the material originally released, and may also
modify the buoymcy force acting ou the plume (eg in stratitied ambient conditions). Conservation of
n~ome.ntumdictates that the plume’s excess speed decreasesas a result of the increased mass flux,
so that momentum rise is very much a near-source process. The buoyancy force, while it lasts,
continuously increases the plume momentum flux. There may be a region of accelerated motion
close to the source, although mixing generally dictates that the excess plume speed decreasesas the
motion proceeds. The motion effectively comes to an end when the coherence of the plume structure
is destroyed by ambient turbulence and shear, or an equilibrium level is reached in a stratified
ambient condition.
The plume rise theories of Moore and Briggs (see, for example, Jones 1983) model these
processesin an analytical fashion and are consequentlywidely used, However, they are only applicable
to standardboundary layer conditions sod therefore of little value in treating rise from a building wake.
More recent methods are more general in nature (eg the integrai model used in ADMS, see Apsley and
Robins 1991) and hence offer the prospect of application to the case in hand. These are integral
models. simple expressions of the bulk equations of motion and thermodynamics, witten in terms of
relatively arbitrary external conditions. Beyond this level we have full solutions of the basic equations
(with some level of modelling), namely CFD approaches. Theseare potentially powerful, but extremely
time cons”mi”!&
We have talked in terms of excessrnotnentum to emphasisethe point that we are dealing with
motion generatedrelative to the ambient flow which in the vicinity of a building departs siguiticantly
from the simple horizontal flow assumed in the boundq layer upstream The basic features of flow
around buildings are adequately understood (see, for example, Hunt JXal 1978). Suffice it to say that
the flow is displaced around the building, and that there are regions of retarded flow upstrewn and in
the wake, reversedflow in the near-wake and elsewhere, and accelerated flow ahove and to the sides.
Relatively strong streamwise vortices may be created in the flow over the roof which persist
downstream and generate impormnt secondw flows. These, together with the mean flow into the
decaying wake, continue to affect streamline patterus some distance downstream from the building,
the distance depending on the nature of the ambient flow, being greatest in stable conditions and
least in unstable. Turbulence levels are also changed and, in particular, the near-wake is a zoue where
mixing is rapid and the main wake one where levels are higher than ambient. the excess decaying with
distance downstream.
Sofa, we have discussedthe emission and the wake in isolation, but we should note that the
dynamics of the wake, particularly the recirculating flow region, will be changed once the volume flux
from the emission, Q, become significant. The recirculation region can be chzuacterisedby its effective
volume and residencetimescales, which together form a volume flux or mixing rate scale, Qe Using
expressions for these scales given by Jones (1983) we have, for a cuboid of height H,
Q&H2

- 0.2

and the condition that the wake behaviour is not changed by the emission is that

QIQR” 1
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which suggeststhat wake modification due to emissions is not uncommon.
The point in saying these things is not simply that the flow is very complex but that a flow
model must be an essential part of the solution we seek to predict plume rise from building wakes.
Empirical models may avoid this but there seemslittle value in pursuing them as generality will be very
elusive indeed. However, they perhaps have some role when used in a very mu-row site speciftc sense,
say to translate wind tunnel data into a calculation procedure. Very few practical dispersion models
contain building effects flow models but those that do (eg ADMS) are candidates for handling the
plume rise problem. At the more complex level, well beyond practical modelling, we have CFD
methods and these may deserve serious attention for some applications, with wind tunnel simulations
as an alternative.

5

Experimental and theoretical evidence

The critical buoyancy and momentum flu parameters discussed in Section 3 for the onset of
significant reductions in ground-level concentration are based on a number of wind tunnel studies.
However, the concept is linked to Brigg’s (unpublished) lift-off criteria (see Jones 1983) for
gmund-level buoyant emissions. This is expressedthrough the parameterB, Brigg’s lift-off parameter,
defined as
B = g/D/u;

where D is the plume thickness and u. is the friction velocity. We can see the link with FB by witing
Q - UD2 and taking D = H, thus giving

When B exceeds a critical value in the rage from 20 to 30 the plume is assumed to lift clear of the
ground. However, experiments reveal a rather more complex pattern of events, as illustrated by
Figure 1, taken from Robins (1994). Basically, we seeintermediate stagesof enhanced vertical growth
and intermittent Iii%off between the passive and fully lifted plume regimes. We can expect a similar
picture when a building is present.
There are relatively few experimental studies dealing with the behaviour of non-passive
emissions from or near buildings. This contrasts markedly with passive dispersion which has been
widely researched and reported; see, for examples, the reviews by Hosker (1984) and Foster and
Robins (1985).
Robins and Castm (1977a,b) describe a wind tunnel study of dispersion in the vicinity of a
surface-mounted cube. Although primarily concerned with passive or stack emissions, their work
contains some information on the effects of source momentum on an emission from the centre of
the roof. The effects of emission velocity ratio, W/Uh, in the range from about 0.5 to 6 are
discussed,generally with reference to the maximum ground-level concentration. At the ‘passive’ end
of this range the maximum concentration occurs in or near to the recirculation region (say, x/H < 3),
moving steadily downstream with increasing velocity ratio. The details depend on the orientation of
the cube, with the role of emission momentum being most pronounced for the O0 case (ie wind normal
to the front face).
s7

Momentum flux
The source diameter, d, is used as the characteristic length scale
F,., = ~$“ip&J:,

FB = g’dW&

FIGURE 1 Characteristic behaviour of a ground-level release into a deep turbulent
boundary layer as a function of the non-dimensional
source momentum
and buoyancy fluxes, FM and Fa

Additional information of this sort can be found in a number of publications, but it is generally
of little additional value. This simply reflects the fact that the focus of the research is elsewhere. The
work of Koga and Way (1979) deservesmention, even though they were primarily concerned with stack
releases. They present a number of simple diagrams showing how plume downwash for roof-level
emissions depends on the source location and emission rnotnentum. Ground-level concentration
pattems arc also plotted.
Fackrell and Robins (1981) undertook a wind tunnel study of the behaviour of a variety of
ground- and roof-level emissions from a typical AGR power station. The work addressedsuch issues
as the effects of emission tnomentutn flux, buoyancy flux and duration on tnean and fluctuating
concentrations in the vicinity of the reactor buildings, Results were analysed to give ground-level,
centreline concentration attenuation factors as a function of receptor position and emission
characteristics. An attenuation factor, e, is detined as

where T is the non-d;mznsional emission duration, TStJt+ with TSthe emission duration. Each of the
source properties was analysed in isolation, so that three separate factors were derived (eM, eB and
eP attenuationfactors for emission rnomentutn, buoyancy and duration. respectively); eg for momentum

the idea being to relate concentrations in general to the passive emission concentration by writing

Concentration fluctuation levels in building wakes were included in the study and another factor
introduced to estimatemaximum short duration concentrations. The tnean concentration data were used
in setting the threshold buoyancy and mornenturn flux parameters recommended by Jones (1983).
Fackrell(l983)

reports a similar analysis of data obtained during a wind tunnel study of the

dispersion of emissionsfrom the then proposed Sizewell B Nuclear Power Station, although in this case
only concerned with the effects of emission momentum. Conclusions are rather similar to thosereached
in the AGR work.
The investigation carried out by Macdonald et al (1988) of the dispersion of shield cooling
air releasedfrom Hinkley Point A Nuclear Power Station hasalready been mentioned in Section 2. This
was a comprehensive piece of research involving gamma-dose monitoring in the vicinity of the site,
field studies of the dispersion of chemical and smoke tracers added to the emission, and wind tunnel
simulations. Measurementz were taken up to 4 km from the point of emission. The work clearly
demonstrates the increasing importance of the emission momentutn and buoyancy as the wind speed
diminishes, with ground-level concentntions eventually falling to zero. An interesting and important
point which emerges from the work is that wind tunnel simulations, and for that matter CFD
calculations, are likely to indicate a more obviously sharp ‘cut-off than iield experiments because of
the dependenceof lateral spread on wind speedand the likelihood of changes in atmospheric stability
in light winds.
In contrast to these CEGB projects dealing with point sources, a number of wind tunnel
studies were carried out at the Warren Spring Laboratories concerning the behaviour of area sources
of buoyancy and simple block shaped obstacles. Hall ezal (1980) and Hall and Waters (1986) treat
emissions from the walls of buildings, showing how ground-level, cameline concentrations depend
on the non-dimensional buoyancy flux, F*, the source area, AM’, and the building geometry and
orientation relative to the oncoming wind. Roof, upstream face, downstream face and groundlevel sources were investigated. Summay plots are given showing the variation in ground-level
concentration at fixed downstream positions with buoyancy flux. The authors emphasise that there is
no sudden transition between an entrained and an elevated plume and that ground-level concentrations
fall steadily and smoothly with increasing plume buoyancy. These stodies were also used in setting the
threshold buoyancy and momentwn flux parameters recommended by Jones (1983).
More recently, Hall et al (1995) report comprehensive wind tunnel simulations of the
behaviour of warehouse fires, modelled as releases f?om area sources in the roof and doorways.
Emission buoyancy and momentum were varied in a systematic manner, for a variety of source and
building configurations (with H ~ IO tn at full scale), and the mean concentration tield mapped to
downstream distancesaround 4OH-SOH. Most attention was focused on ground-level concentrations,
with tnany of the data plotted as non-dimensional concentration C(X,O,O)U,~H*/Q as a function of
distance x :m) for rangesof emission and source conditions. Overall behaviour is summarised by sets
of iigures showing non-dimensional ground-level concentrations at x = IO and 300 m (x/H = I and 30)
as functions of FB and FM, together with plume heights and plume centre concen:r:,::~~:!sat 3CKlm,
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again as functions of FB and FM. The report includes numerous flow visualisation pictures. As well
as providing an important data source, the work highlights a number of important issues,as follows.
.

Source con&xmhm

-roof emissions from single and multiple vents were studied at tixed

overall FB or FM. Attenuation of ground-level concentrations is much less for the multiple
vent cases than for the single ones.
.

.

Bui&ng shape-a number of building shapeswere studied, differing in plan only and each
with a shallow, pitched roof. Stzeamwisevortices, created by the airflow over the roof, were
much less pronounced than commonly found in the wake of sharp edged, block shaped
buildings. Consequently, the variation of plume behaviour with wind direction is different.
Door emissions - the behaviour of these emissions wxs very sensitive to wind direction, a
conclusion supportedby other investigations of low level emissions (eg during the AGR study
reported by Fackrell and Robins 1981).
The subject of the dilution and re-amy of non-buoyant emissions from roof vents has been

extensively investigated by Wilson (1985). The work, primarily concerned with the interests of air
conditioning and ventilation, deals with surface concentrations on single buildings of vaious shapes
(ie the vents and intakes are on the same building). The analysis is based around wind tunnel studies
and the development of simple models for interpolating and exrmpolating results.
The downwash of cooling tower plumes has kcome a topic of considerable interest in recent
years with the proliferation of arrays of short cooling tower units at recently constructed gaz-fued powa
stations. Downwash brings the watt vapour and droplet laden plumes to ground level, leading to
potential fogging and icing problems. One aim of the researchhas ban to determine a critical velocity
ratio, WNh, for downwash as a function of installation geometry and orienmtion to the wind. The work
has been lxgely confidential, although the resulting critical wind speedsare applied in some m&Is
used to assessthese issues for presentation in ‘environmental impact’ assessments,
CFD simulations of building-affected dispersion initially and quite properly concentrated on
passive emissions. Benodekar er al (1985) undertook calculations of the Hall et a/ (I 980) wind tunnel
experiments using a standard turbulence model, but paying particular attention to numerical and grid
design questions,although by present-day standwds their meshes would be judged to be quite coarse.
Agreement with the data was acceptable in the passive emission limit but was at best only modest
once source buoyancy effects became significant. Time has moved on and it is now becoming more
common for calculations of this sort to be carried out for all types of emissions. Such work is
generally associated with site specitic safety studies and risk assessmentsand is not really suited to
our purposes, even when it is not contidential.

Furthermore, w cannot really claim that Did

design and numerical issues have been resolved, or that the optimum level of turbulence modelling
has been decided.
Recent research undertaken as part of the European Union Environment F’mgramme (see,
for example, Cowan 1996) illustrates the current potential of CFD calculations with the standard
k-e turbulence model. A number of test cases have been defined and solved using a commercial
CFD system and, in some cases, wind tunnel simulations. Emissions ranged from instantaneous
to continuous, and heavier than air to lighter than air, and the surroundings progressed from a
single block shaped building to a genuine industrial site, The accuracy of the calculations, where
comparisons with data are possible, is best for passive emissions and tends to degrade with increasing
plume buoyancy.
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6

Modelling

approaches

The frst level of modelling is to treat all emissions as passive and only pursue something more
complex if the overprediction becomes an issue of any kind. This approach can be justitied when the
passive plume calculation can k relied upon to overestimate actual concentrations, This will generally
hold in casessuch as
.
.

jet dischxges with significant upward momentum,
buoyant discharges with little or no momenmm,

providing the plume motion is not directly affected by impact on to building smfaces, etc. Weak
emissions, as detined in Section 3, can also be handled in this way. However, for obvious reasons
others cannot be dealt with in this way-the list includes
.
.
.

jet discharges with a signiticant horizontal momentum component,
jet discharges with a significant downward momentum component.
heavier-than-air releasesdominated by buoyancy.

The cm-rentlevel ofpractical mcdelling has already been discussed. It is generally expressed
through critical values of the source parameters, FM and FB. At present the recommended calculation
procedure ends at this point. Macdonald et al (1988) showed that is possible to continue by
assuming passive conditions up to a Ii&off point and then add plume rise in the method used beyond
that point. The lit?off criteria need to lx set with the modelling procedure in mind. This is obviously
a very crude approximation and cannot be expected to express any detail of the real world - but its
virtue is simplicity.
A somewhat more detailed approach is set out by Fackrell and Robins (l9Sl), using
attenuation factors which are a function of position. However, this is best viewed as a site sp&tic
means of generalising wind tunnel results for inclusion in wider assessmentsof the consequencesof
emissions. It has value in this context, but not xs a basis for a generalised prxedure.
Practical models which contain a reasonably detailed representation of the modifications to
flow and dispersion brought about by large buildings, together with an integral model for phme rise,
arc potentially suitable for the task in hand. One such model is ADMS (see,for example, CERC 1994).
Other potential candidates might be further developments of the American EPA model MDNB
(Genikhovich and Snyder 1994) or the Russian model OND86 (Bayland et a1 1987). To a degree
thesemethods adopt a somewhat similar approach to ADMS, but no detailed evaluation can be made
as a full description of MDNB has yet to be published and the OND86 reference is rather old and
in Russian.
ADMS has recently been applied to the Hinkley Point A shield cooling air discharges
investigated by Macdonald et a/ (1988). Figure 7. shows predicted centreline, ground-level
concentrations as a function of wind speed at 6CUlm and 2 km from the releasepoint. Concenuations
are non-dimensionalised as CUH’IQ, so that they should become constant in the passive limit or, in
other words, at high wind speed. There is a factor of hvo to three difference between the observed and
predicted passive limit concentrations, although that is not the main point to be noted. The important
thing is the prediction of a suddendecreasein concentration levels as wind speedsfall from about 6 and
4 m s.‘, and zero concentrations in lighter winds. This agrees very well with the da& (both field
and wind tunnel), althcukh there are differences of detail. No increase in wind speed or other wind
speed change over or around the building is modelled and this will certainly be responsible for some
of the differences.
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We noted in Section 4 that the wake dynamics may be changed by the emission once the
inequality
QAJH2 cs0.2
is not satisfied, We can write this in terms of FB and FM as
Q/UH* = (F#)(U,,/W)
QKJH* = F&*/dH)

” 0.2
” 0.2

where p is the density ratio, pJ& The clex implication is that in many cases the emission will alter
the wake flow. There is no way of treating this within models such as mMS, so we must expect some
imprecision to arise as a consequence. This may or may not be a signiticant issue - only model
evaluation will decide.
ADMS modelling is likely to be most successfulfor emissionsat or nca~roof level. These are
much less susceptibleto details of building geometry and orientation than, sayI ground-level discharges.
The latter are sometimes upwind of the building, sometimes to the side and sometimes downwind
and behave quite differently as a result. Small-scale building or site details near to the source may
deflect the plume or the local mean flow, introducing important dispersion features at a scale well
below that which the model can be expected to handle. Clearly, less can be expected of the model in
such circumstances.
The ADMS plume rise m&l assumesthat the plume boundaries are clear of the ground and,
at the moment, that the emission is directed vertically upwards. The treatment of gradual lift-off
from a wake, increased vertical spread due to emission buoyancy, or sideways-directed discharges
implies something more sophisticated. Progress is possible in these axes. There are some potential
difficulties, chiefly relating to cases where plumes may be blown back on themselves and the plume
trajectory model (ie the developed plume rise model) becomes invalid. However, these could be
quite easily trapped and we&d in some other way! so there is no fundamental reason why ADMS
cannot be developed for general application to emissions from buildings. How well it might perform
is another question.
We have alreadycommemed that CFD models xe increasingly used by the safety assessment
community to calculate the dispersion of hazardous materials near buildings. Figure 3 (from Cowan
1996) compares wind tunnel measurementsand CFD calculations of concentrations downwind of a
buoymt jet emission from the wall of an L-shaped building. The agreementbehveenthe two is certainly
adequatebut we should note that the solution is not a iinal one, This means that the solution is not yet
indeFndem of the grid on which it is calculated, or for that matter the turbulence model employed in
its calculation. There is no guaranteethat the ‘true’ solution will be ‘better’ than the one shown. With
that said, we should note that the calculations used a standardhvo-equation turbulence m&l, a secondorder spatial differencing scheme, and a carefully designed, locally refined mesh with approximately
l20,OCQcells. The calculation took about a day to run on a mid-range Silicon Graphics workstation.
A more complex simulation, involving a heavier-than-air jet from the L-shaped building impinging cm
a tall downwind building and using l5O,K@ cells, was less successful.
There are a few more comments to be made about CFD solutions. What might be termed
‘practical 0D modelling’ is almost invariably basedon two-equation turbulence models (usually k-e,
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or something even simpler). Most researchers would recommend more complex models, capable of
predicting the individual turbulence components, &bough these are considerably more demanding of
computer resources. Some pertinent deficiencies in k-E modelling are
.
.
.
.

the turbulent viscosity and diffusivity arc scalar, so the vertical and lateral diffusivities must
be set equal to or, at best, proportional to each other.
excess turbulence enwgy is created in some regions of the flow, notably the upstream faces
of buildings,
the responseto buoyancy forces is not well simulated,
the wall botmdaq conditions arc not treated in a vety sophisticated manner.

Nevertheless,the k-e model, sometimesmcdified to reduce its deiiciencies to sotne degree,remains the
practical standard.
That leaves something to be said briefly about wind tunnel modelling, or tnore broadly
physical mcdelling. This is actually beyond of the scope of the present review and all we need to note
is thawthere are thxe uses to be considered:
.
.
.

fundamental studies of speciiic physical processes,
generic studies of issues affecting a range of practical problems,
site specific or otherwise problem specitic simulations.

In the tint two casts the aim is chiefly to improve the basis, range and validity of practical
models. The third case is aa alternative to practical modelling where the issuesbecome too complicated
and too significant to handle in other ways. Even so, the results will normally be used in conjunction
with such a m&l to complete an assessrncntprocedure. We should co”centsate on the first two when
considering the development of practical m&Is.
The expzimental studies summarised in this review
provide data at the second level. These ale probably not suffxient, chiefly becausethe most extensive
(Hall et al 1995) deals with inappropriate building geometry and they all are effectively restricted to
neutral atmospheric conditions. We probably also need more at the first level (eg exploring wake
structure and development) to support underlying theoretical developments.

7

Further development

We have discusseda number of levels of mcdelling and illustrated where development might
proceed with reasonable expectation of success. These xe summarised below.
7.1

Extension

to current methods

The methcds usedby Macdonald et al (1988) deservesome further consideration. Their virtue
is their simplicity, although they might well have limited applicability as a result. Definitions for the
lift-off parametershave to be sought which arc optimum with respect to whole calculation procedures.
This suggeststhat they will not be universal, so we need to establish if their definition can be expressed
in a relatively straightforward way3 or if it will it remain a matter for ‘expert’ judgemat.
7.2

Development

of practical

models such as ADMS

There are good pounds for expxting this to Fe fruitful, We need first to evaluate the strengths
and weaknessesof the current ADMS model by applying it to the data summarised in Section 4. A
development programme can then be drawn up and put in place, followed by a re-evaluation of
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predictive ability. We can expect this to include the extension of the plume rise model to cover
arbitrarily directed discharges and ground-based plumes, modifications to treat low level emissions
according to wind direction and source Ication, inclusion of a simple treatment of the wind tield above
and to the side of the building and some guidance conthe possibility of small-scale site features
significantly affecting dispersion behaviour. As noted in Section 6, roof-level releases are likely to be
handled more realistically than ground-level ones because they arc generally much less sensitive to
details of building geometry and oriemation.
7.3

CFD procedures

These will not provide a ‘practical’ model but they might well be usedto addressvery specific
questions as an alternative to wind tunnel testing, although at the moment this cannot be done reliably.
At this stage, we would probably consider only the k-e model, although almost certairdy with
moditications to overcome SOIIKof the d&i&n&s noted above. Progress with more advancedmodels
needsalso to be monitored. The petfot’manceof CFD proceduresin the current area of interest has not
been determined and an important exercise would be to resolve this. The other essential is a clear
and concise statement of what constitutes good practice in CFD work as it is all too easy to obtain
impressive looking solutions which are for one reason or another of little value. Here, guidance
should cover, amongst other things, turbulence models, grid generation and resolution, domain size,
differacing schemes.and boundxy conditions.
7.4

Data availability

We have a reasonable body of data, although it is by no means complete. The chief
weaknessesare likely to concern simulations of caes of current interest, although we tirst need to be
clezu on what theseare, before deciding what to do. Nearly all existing studiesdeal only with the mean
concentration tield. Model development is critically linked to adequateprediction of the flow field and
we clearly need studies where this is provided along with the concentration tield. Concentration
fluctuations may be important for sonx applications and data are sparse here as well. Existing
information is almost exclusively confined to the neutral atmosphere so there is good cause for
extending this into stable and unstable conditions. As fx as iield data ale concerned, we have the
Hinkley experiment which might be judged insufficient for validation purposes.
CFD calculations are sometimes put forward as a relatively cheap means of obtaining data.
We should be very careful not to accept this without considerable qualification. We know that current
methods fail to predict certain common flows adequately. This is usually countered by claiming that
CFD can nonethelessbe used to illustxxte, indeed quantify, the sensitivity of a given phenomenon to
changesin initial and boundary conditions, etc. This is sometimeshue and equally sometimes not true.
The simple messageis that we need to tread very carefully and judge each case ou its merits.

8

Conclusions

and recommendations

The NRF’B-R9l model does not specify a calculation procedure for plumes whose dispersion
is affected by their initial momentum and buoyancy fluxes - it simply defines when this is
likely to occur. Simple extensions basedcm a sudden switch from passive to lifted behaviour
are possible, although they may well be somewhat site specifx or emission specitic in nature.
This approach should be quite quick to develop and implement, but its limitations may well
prow to be too great.
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The ADMS model already contains some of the capabilities sought and offers a good platfom
for further development. We first need to discover how well the existing model performs
and decide which are the most important arcas to improve. An extensive development
programme will almost certainly follow, but the prospect of successful completion is high.
Even so, we should expect better performance with discharges at or near roof level rather
than ground level. Development of the American EPA MDNB model and the Russian
OND-86 mode1should be monitored Closer collaboration between model developers should
perhaps be encouraged.
The capabilities of CFD modelling with the standard k-c model (and its derivatives) should
be assessedand the requirementsofgo& practice made clear. Progress with more advanced
models should be monitored. CFD methods do not currently provide practical models -the
computational effort is too great-but they will be increasingly used. The implications of their
use should be considered in detail.
Existing data would benetit from detailed evaluation and consolidation into a single electronic
database. This will make access easier and reliability more certain.
A reasonably comprehensive set of test cases should be detined for which adequatedata ae
available. Model evaluation and development rests on velocity field data as well as dispersion
data, Gaps in the available sets of data should be tilled if it is judged cost e&ient so to do.
This processcan begin once the key deficiencies are made clear and a programme specifying
the cost and timescales for their elimination put forward,
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APPENDIX

Nomenclature

Brigg’s M-off parameter, g/D/u:
mean concentration
plume thickness
source diameter, (4Al~)‘~
momatt”m flux, pSWQ/paU;H2
buoyancy flux, g’Q/U;H
gravitational acceleration
modified gravity, g(pa - ps)/pa
building height
stack height
source strength, vohune release rate
recirculation region flux (mixing rate) scale
non-dimensional emission duration, TSU,,/H
emission duration
mean wind speed
ten metre wind speed
roof-level wind speed
reference speed at edge of boundary layer
friction velocity
emission speed
standard coordinate system
plume height
density ratio, p,Ipa
plume rise
attenuation factor
attenuation factor for emission momentum
attenuation factor for emission buoyancy
attenuation factor for emission duration
lateral plume dimension
vertical plume dimension
vertical spread in unstable conditions
vertical spread in stable conditions
ambient density
plume density
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