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Abstract

OML is a local-scale operational air pollution model for estimating dis-
persion from point sources and area sources. It can be applied to both
urban and rural settings extending to distances up to approximately 20
km from the sources.

OML is a Gaussian dispersion model. It was basically developed in the
1980’s. Compared to previous Gaussian models, several improvements
were added: more elaborate schemes for estimating the plume rise, dis-
persion coefficients that are continuous functions of basic physical pa-
rameters (friction velocity, heat flux, stability and mixing height), partial
penetration through the top of the mixing layer, terrain features, and a
flexible array of user options to control computations and output of sta-
tistics and other information.

Based on the original OML model, several model versions have been de-
veloped over the years to treat different regulatory aspects in Denmark,
including assessment of industrial air pollution, regulation of odour and
assessment of ammonia deposition.

The model was reviewed in 2005-06, and model performance was evalu-
ated with more experimental data than previously. A number of prob-
lems were identified, and various issues have been resolved with intro-
duction of new parameterisations in certain parts of the model. The out-
come of the process is a revised model in a prototype version. In the fol-
lowing, this model version will be referred to as the "Research Version"
of OML. The version is not yet fully ready to replace the current regula-
tory version of OML ("standard OML"). It is recommended that the
parameterisations in the Research Version are consolidated by a limited
number of additional studies. Further, some additional work concerning
the algorithm for building downwash must take place before a complete,
revised model is ready to replace the currently operational version.

A substantial effort has been devoted to the study of building effects. At
the beginning of the model review it was anticipated that the building
algorithm incorporated in the US EPA model AERMOD (PRIME) would
be a candidate for inclusion within OML. PRIME is the result of a con-
siderable development effort spent in the USA during the 1990’s.

However, it appears that directly adopting an AERMOD approach in
OML for building effect will in essence not result in a much more correct
model for building effects.

The model review in 2006 was conducted as part of a project on improv-
ing dispersion modelling as applied to animal farming. This took place
in the context of a larger research programme, Action Plan for the
Aquatic Environment III (VMP III) under the Ministry of Food, Agricul-
ture and Fisheries.

The present report is written at the end of the project period within this
programme. The report supplies a detailed account of the parameterisa-



tions underlying the currently operational OML model, while also ex-
plaining the modifications introduced in the Research Version of the
model. Furthermore, a number of outstanding issues are presented.



Sammenfatning

OML er en operationel luftforureningsmodel, der benyttes til at beregne
spredning af luftforurening for punktkilder og arealkilder. Der er tale
om en lokalskala model med et gyldighedsomrade, som straekker sig til
en afstand pa omkring 20 km fra kilden. OML er en gaussisk regfane-
model.

Den grundleggende udvikling af OML-modellen skete i 1980'erne. OML
var et af de forste eksempler pa en ny type af modeller. I stedet for at ta-
ge afsaet i en simpel Kklassificering af spredningsforholdene i diskrete
klasser benytter OML sig af en parametrisering, der er baseret pa en mo-
derne fysisk forstdelse af processerne i atmosfeerens graenselag. Adskilli-
ge forbedringer blev indfert i OML sammenlignet med tidligere model-
ler, sésom mere detaljerede procedurer til at beregne rogfaneloft, spred-
ningsparametre der er kontinuerte funktioner af basale fysiske paramet-
re (friktionshastighed, varmefluks, stabilitet og blandingshejde) og del-
vis penetration gennem greenselagets top.

Fra 1990 er OML blevet benyttet operationelt i Danmark. Det sker bl.a. i
tilknytning til Miljestyrelsens Luftvejledning. Modellen har holdt sig
stort set ueendret i den forlebne periode indtil 2006, men den er dog ble-
vet udbygget pa visse punkter.

Ved siden af den operationelle model — men baseret pa den — er der i ti-
dens lgb blevet udviklet afledte modelversioner, bl.a. med henblik pa
lugtproblemer og med henblik pa vurdering af ammoniakdeposition.

I forbindelse med Vandmiljeplan III er modellen i 2005-06 blevet under-
kastet en omfattende gennemgang. Det er sket som et af leddene i et stor-
re projekt om lugt fra husdyrproduktion.

Ved gennemgangen i 2005-06 blev modellen testet imod flere eksperi-
mentelle dataseet end tidligere. Disse analyser pegede pa en raekke pro-
blemer, som i lebet af projektet er blevet lost gennem aendrede parame-
triseringer i visse af modellens komponenter.

Som resultat af processen foreligger nu en revideret model i en prototy-
pe-version. Denne omtales her i rapporten som "Research Version of
OML", mens den operationelle model betegnes "Standard OML".

Neerveaerende rapport giver en beskrivelse af principperne og modelfor-
muleringen i OML-modellen — bade hvad angér den eksisterende stan-
dardversion og den ny Research Version.

Som naevnt er modellen blevet testet over for et udvalg af eksperimentel-
le dataseet fra ind- og udland. Det er vigtigt at pdpege, at modelevalue-
ring med eksperimentelle dataseet pa ingen mdde er en simpel aktivitet.



Der er i den forbindelse talrige problemer, hvoriblandt felgende kan
fremhaeves:

e Eksperimentelle dataseet er begreensede i mange henseender. De
er dyre at indsamle, og de vil derfor uvaegerligt kun repraesente-
re en lille del af de mulige scenarier mht. meteorologi og kildens
beskaffenhed.

e Det er alt andet end trivielt at tilretteleegge eksperimentelle data-
seet til valideringsformal. Dette udsagn deekker over en lang reek-
ke problemer. Sddanne problemer behandles mere dybtgaende i
en supplerende rapport (under udarbejdelse, Olesen et al., 2007).

e Der er en uundgaelig variabilitet i malte data, fordi atmosfaerisk
turbulens er en stokastisk proces. Det indebeerer, at uanset om en
model er perfekt, sd vil dens resultater afvige fra observationer.
Nér der som her er tale om en enkelt punktkilde og koncentrati-
onsveerdier, som males time for time, gor dette problem sig langt
kraftigere geeldende end udenforstdende normalt ger sig klart.

Disse omsteendigheder har som konsekvens, at det ofte er vanskeligt at
drage sikre konklusioner om en models treefsikkerhed.

De analyser, der er beskrevet her i rapporten, viser imidlertid gennem-
gdende en bedre grad af treefsikkerhed for den ny Research Version end
for standard OML. For visse situationer er forbedringen markant, mens
den i andre situationer er marginal.

Det er tanken, at den nye Research Version skal erstatte standard-
modellen. Det anbefales, at inden den eksisterende model erstattes med
Research Version til operationel brug, gennemferes der modelsimulerin-
ger for et bredt udsnit af kilder og meteorologi. I det omfang det er mu-
ligt, er det onskeligt at gennemfore yderligere validering med nogle eks-
perimentelle dataseet, der repreesenterer et supplerende udsnit af fysiske
forhold.

I forbindelse med de foretagne analyser har vi ikke blot betragtet OML,
men ogsd inddraget den amerikanske model AERMOD, der er beslegtet
med OML. AERMOD er udarbejdet pa foranledning af den amerikanske
miljostyrelse EPA. Vi har foretaget modelvalidering pa grundlag af en
reekke eksperimentelle dataseet med simple kildekonfigurationer, hvor
bygninger ikke har betydning. I disse sammenligninger giver Research
Version af OML sammenlignelige eller bedre resultater i forhold til
AERMOD.

Herudover har projektet omfattet en del arbejde, hvor bygningers ind-
virkning pa spredning har veeret i fokus. I forbindelse med dette arbejde
er der gjort udstrakt brug af et dataseet fra EPA's vindtunnel, tilvejebragt
af R. Thompson (1993). Dette dataseet er seerdeles omfattende og har hid-
til ikke veeret genstand for den opmeerksomhed, det fortjener.

Den bygningsalgoritme, der indgar i AERMOD - benaevnt PRIME - blev
oprindelig anset for at veere en naturlig kandidat til at indgd i OML og
dermed erstatte OML's nuveerende bygningsalgoritme. PRIME er resul-
tatet af en betydelig udviklingsindsats i USA i 1990erne.



Thompson's dataseet har givet mulighed for at vurdere AERMOD og
OML med den nuverende bygningsalgoritme, nar modellerne fik til op-
gave at simulere en lang reekke konfigurationer af bygningsgeometri og
skorstensplacering.

Analyserne pa grundlag af Thompsons dataseet viste imidlertid - noget
overraskende - at ved at benytte AERMOD's metode til at beregne byg-
ningseffekt, vil man i det store og hele ikke f& meget mere preecise resul-
tater for bygningseffekten.

OML har visse erkendte problemer med handtering af bygninger, men
ogsa AERMOD har i mange situationer alvorlige problemer med at si-
mulere bygningseffekter korrekt. Det er derfor ikke nogen anbefalelses-
veerdig lesning blot at indarbejde AERMOD's metode i OML. Som sa-
gerne star, sd ma en bruger af enten AERMOD eller OML acceptere
temmelig store afvigelser mellem modelforudsigelser og observationer
for mange situationer med bygninger. I store afstande fra kilden er for-
udsigelserne rimelige, men teet ved kilden kan der let veere over- eller
under-vurderinger pa en faktor 2 eller mere. Problemet bunder i, at byg-
ningseffekter er seerdeles komplekse. Det er sveert for en simpel model -
som OML, AERMOD og mange andre modeller - at simulere dem kor-
rekt. For en modelbruger ser tingene sédledes ud, at hvis han ensker for-
udsigelser tet ved en bygning, sa kan han veelge at bruge en simpel mo-
del ala OML, men han ma i sa fald veere villig til at acceptere en begraen-
set nojagtighed. Alternativt kan han velge en model af en helt anden ty-
pe, som er adskillige storrelsesordner mere kreevende mht. datakraft, og
ogsd kreevende pd anden vis. Den tyske CFD model MISKAM er et ek-
sempel pd en sddan model. MISKAM har veeret inddraget i undersogel-
serne, og i situationer med bygninger giver den klart bedre resultater
end AERMOD og OML.

At bruge MISKAM - eller andre CFD-modeller — kraever tilegnelse af
specialviden, en stor arbejdsindsats ved tilretteleeggelse af data, samt
massive meengder datakraft. Derfor kan MISKAM ikke benyttes til ope-
rationelle formal pd samme mdde som de simple modeller.

Det skal bemezerkes, at et af de erkendte problemer med OML formentlig
kan imedegds med ret simple aendringer i OML's bygningsalgoritme.
Det drejer sig om det problem, at der i modellen er et brat opher af byg-
ningseffekten, ndr afstanden mellem skorsten og bygning bliver steorre
end to bygningshejder. I realiteten er der en effekt ogsa for sterre afstan-
de, og den aftager gradvis.

Sammenfattende ma det anbefales at Research Version af OML efter en re-
lativt kort fase med konsolidering afloser den nuvarende standard OML
model. Enkelte oplagte forbedringer af den nuvaerende OML bygnings-
algoritme bor indferes.

Pa leengere sigt er det onskeligt med en vaesentligt forbedret bygningsal-
goritme. At skabe en sadan algoritme vil imidlertid kraeve endnu en be-
tydelig udviklingsindsats, uden garanti for succes. Resultaternes kvalitet
kan formentlig eges lidt i forhold til den nuveaerende OML og til AER-
MOD. Imidlertid er spergsmalet om bygningseffekt sd& komplekst, at
man ma forvente at en hvilken som helst simpel model vil komme til
kort i en del situationer.
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Som et nyttigt biprodukt fra det foreliggende projekt har arbejdet resul-
teret i mange iagttagelser, der er af generel interesse for evaluering af
spredningsmodeller. Vi har arbejdet indgdende med en reekke eksperi-
mentelle dataseet og har i den forbindelse identificeret en del problemer
og faldgruber ved brug af de foreliggende eksperimentelle datasaet. Der
gores rede herfor i en separat rapport om modelvalidering (Olesen et al.,
2007).



1 Introduction

Air pollution models for local-scale dispersion were developed during
the 1980’s at the Air Pollution Laboratory under the Danish National En-
vironmental Protection Agency!. This work was pursued within an over-
all project with the Danish title 'Operationelle Meteorologiske Luftkovalitets-
modeller', or OML, meaning Operational Meteorological Air Quality Models.

In 1990, the OML model became operational for regulatory purposes in
Denmark. It has remained without major changes in the subsequent pe-
riod until 2006, although with some additions.

Based on the original OML model, several model versions have been de-
veloped over the years to treat different regulatory aspects in Denmark,
including assessment of industrial air pollution, regulation of odour and
assessment of ammonia deposition.

The model was reviewed in 2005-06, and model performance was evalu-
ated with more experimental data than previously. A number of prob-
lems were identified, and various issues have been resolved with intro-
duction of new parameterisations in certain parts of the model. The out-
come of the process is a revised model in a prototype version. In the fol-
lowing, this model version will be referred to as the "Research Version"
of OML. The version is not yet fully ready to replace the current regula-
tory version of OML ("standard OML"). It is recommended that the
parameterisations in the Research Version are consolidated by a limited
number of additional studies. Further, some additional work concerning
the algorithm for building downwash must take place before a complete,
revised model is ready to replace the currently operational version.

The model review in 2006 was conducted as part of a project on improv-
ing dispersion modelling as applied to animal farming. This took place
in the context of a larger research programme, Action Plan for the
Aquatic Environment III (VMP III) under the Ministry of Food, Agricul-
ture and Fisheries.

The present report is written at the end of the project period within this
programme. The report supplies in the first place a detailed account of
the parameterisations underlying the currently operational OML model.
Secondly, it explains the modifications introduced in the Research Ver-
sion of the model and presents some of the consequences of these in
terms of model performance. Finally, it reports on investigations con-
cerning building effects, which were performed as a stepping stone to
the development of improved building algorithms in the model.

Within the project, an extensive set of model evaluation activities have
taken place, and have resulted in many findings that are of general inter-
est for model evaluation. Some model evaluation results are included

11In 1989, the Air Pollution Laboratory became part of the National Environmental Research Agency (NERI)
in Denmark. In Danish, NERI is called Danmarks Miljeundersegelser (or DMU).

11
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here, while a separate report provides many additional details on the
work with model evaluation (in preparation, Olesen et al., 2007).

Both reports address a specialised, technical audience.

The structure of the present report is as follows:

Chapter 2 gives an overview of the OML model versions.

Chapter 3 contains a comprehensive description of the formula-
tion of the original OML model.

Chapter 4 gives a brief overview of problems identified with the
regulatory version during the review of the model in 2005-06.

Chapter 5 describes the modified formulations in the new Re-
search Version of OML that resolves the problems identified in
Chapter 4. Model evaluation results are briefly presented.

Chapter 6 presents results from the studies on building effects
that were conducted as part of the current project.

The conclusion in Chapter 7 summarises main findings and re-
commendations.



2 Overview of OML

2.1 OML model versions

The OML model is comparable to the US EPA model AERMOD
(Cinderella et al., 2004) and the British ADMS in respect to the theory
underlying the model. At the time of writing, the version of OML avail-
able to the public is based on the original model formulation described in
Chapter 3. Eventually, it can be expected to be replaced by the final ver-
sion of the "Research Version" of the model, described in Chapter 5.

The OML model is a computationally fast model, well suited for regula-
tory purposes. It has a user interface that makes the model easy to use
for the large number of non-expert users in Denmark.

The standard model is currently distributed in two versions with a Win-
dows user interface: OML-Point 2.1 (available with Danish menu only)
and OML-Multi 5.0, (available in both Danish and English).

OML-Point is applied for a single source (or several collocated sources),
while OML-Multi is more flexible and allows multiple point and area
sources. The physical basis for all versions of the model is the same.

A model version, suitable for computing short-term concentration fluc-
tuations, has been developed in a first version (Lefstrom et al., 1994; Lof-
strom et al., 1996). It is designated OML-Lugt (meaning OML-Odour),
and it consists of a module for short-term concentrations, built into the
conventional OML model. Through inclusion of this module, OML has
the potential for better handling of odour problems than most regulatory
models.

A further variant of the model is OML-DEP. In this version, a deposition
module has been added to a restructured 'surface depletion’ version of
the model in order to compute deposition of ammonia on a local scale.

The present report concerns the core of the model, which is common for
all of the versions mentioned.

2.2 The OML modelling system

Besides the OML dispersion model itself, the OML modelling system
also comprises a meteorological pre-processor. The basic structure of the
complete OML modelling system is depicted in Figure 2.1.

The OML meteorological pre-processor is a separate software package
that can prepare meteorological measurements for use in the OML
model. The package is freely available upon request. The standard ver-
sion of the pre-processor has as input hourly meteorological measure-
ments from a synoptic or analogous surface station, and twice-daily ver-
tical profiles of temperature from a nearby radiosonde station. Output is

13
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Meteorological surface measurements Routine Weather
- e.g. standard synoptic observations radiosondes forecast model
']

¥ ¥
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Meteorological preprocessor
calculating
micro-meteorological
parameters
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Terrain Emission Friction velocity, Monin-ObukHov
data data length, mixing heigh etc.

[]

= T SN

OML
dispersion model
y
Time series of
predicted concentrations

Figure 2.1 Basic structure of the complete OML modelling system consisting of the mete-
orological pre-processor as well as the dispersion model.

in this case hourly values of turbulence parameters: most essentially sen-
sible heat flux, Monin-Obukhov length, friction velocity and mixing
height. More specialised versions of the pre-processor have been de-
signed for non-standard input such as mast measurements instead of
synoptic surface data. The main elements of the meteorological pre-
processor have been documented in a number of publications (Nielsen et
al., 1981; Berkowicz and Prahm, 1982b; Berkowicz and Prahm, 1982a;
Olesen, 2006; Olesen and Brown, 1992; Olesen et al., 1992a). As an alter-
native to use of the meteorological pre-processor it is possible to derive
the necessary meteorological data from a weather forecast model, such
as MMb5.

2.3 Additional sources of information

A large number of publications on OML and its applications exist. For
practical application of the Windows version of the model, it is recom-
mended to read the short Getting Started guide (National Environmental
Research Institute, 2005), complemented by the help text of the program.
There are also older publications describing the file structure etc.,
namely the User’s Guide to OML-Point (Olesen, 1993) and the User’s
Guide to OML-Multi (Lefstrem and Olesen, 1994)

Updated information on OML is available on the web: http://oml-
international.dmu.dk (English) and http:/ /www.oml.dmu.dk (Danish).

Further publications include Berkowicz et al., 1986; Olesen, 1995a; Ole-
sen, 1995b; Olesen et al., 1992b

The present report supplies a detailed account of the theory and parame-
terisations underlying the OML model. Some validation results are in-



cluded here, but a supplementary report (Olesen et al., 2007) gives a
much more detailed account of model validation results.

2.4 Guiding principles

When the OML project was first initiated in 1980, it had as purpose to
improve methods for the simulation of dispersion processes. This im-
provement was to be obtained by describing dispersion processes in
terms of certain physical parameters, shown by recent research to be of
basic importance to boundary-layer turbulence. This was in contrast to
earlier models that were essentially based upon the empirical Pasquill-
Turner stability classification.

The main guiding principles during the early development of the OML
model were:

e to construct a model that takes into account the most important
physical phenomena governing dispersion of plumes;

e to ensure that the model performs well in a variety of atmos-
pheric conditions;

e to avoid discontinuities in the description of the dispersion proc-
esses;

e to ensure that the model results are applicable for regulatory
purposes.

These guiding principles still hold truth in 2006.

The fact that the OML model is designed to be used on a routine basis
requires, however, that the degree of complexity should be limited. With
this in mind, results from studies with more sophisticated models have
been condensed and incorporated in the parameterisations. Overall, the
most significant simplification in OML is the use of the Gaussian plume
formulation.

In 2006, thanks to the power of modern computers, it is possible to use
more sophisticated parameterisations than at the time the model was
tirst developed. This is utilized, e.g., in a revised formulation of vertical
dispersion in the Research Version of OML, as outlined in Chapter 5.

With regard to the parameterisations described in the remainder of the
present report, they were formulated with a basis in literature and
physical considerations. However, it must be recognised that the cor-
rectness of individual parameterisations cannot be stringently proved.
What we observe in the atmosphere is the combined effect of many
physical processes. In the model, often these processes are treated sepa-
rately in mathematical terms, until they are combined mathematically.
The advantage of this approach is that for individual processes it is pos-
sible to force a correct model response to the variation of physical pa-
rameters. But as mentioned, the correctness of the individual parameteri-
sations and the way they are combined is difficult to prove in a stringent
manner. The question of whether a certain parameterisation should be
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adopted depends on comparisons with experimental data. Numerous
tests provide the basis for the parameterisations chosen, but the parame-
terisations can by no means be regarded as an ultimate truth.

The main characteristics that distinguish the original OML model from
previous models are:

e new methods for calculation of plume rise;
e modification of turbulent dispersion due to plume rise;
e special treatment of penetration processes;

e special treatment of plume lofting effect (lofting: as a result of
plume rise, the plume may remain close to the top of the bound-
ary layer)

e special treatment of horizontal dispersion in the case of light
wind conditions or systematic changes of wind direction;

During the review in 2005-06 certain changes were applied to the model.
Despite the earlier attempts to avoid discontinuities, during the review it
became clear that the original model was prone to discontinuities in sev-
eral respects. Also some other problems were identified - see Chapter 4.
They have been resolved in the Research Version of the model.

The OML model is designed for short range dispersion in urban and ru-
ral environments. It should be noted that the OML model does include
some methods to account for hilly terrain; however, the terrain correc-
tion methods are crude and can only be applied in slightly hilly terrain
typical for, e.g., Danish conditions.



3 Original model formulation

In this chapter, the original formulation of the OML model is described
in detail. Thus, the chapter describes the formulation before the review
in 2005-6. Such a complete description of the model has not previously
been available in a single publication. Parts of the description will be-
come outdated when a new OML version is officially released. Neverthe-
less, it seems appropriate to include it here as reference for the modifica-
tions described in Chapter 5.

An operational model intended for regulatory use such as the OML
model must be applicable under a wide range of conditions. The OML
dispersion model is based on the Gaussian plume formulation. The
original OML model assumed a Gaussian distribution in both the hori-
zontal and the vertical directions. This is recognised as a gross simplifica-
tion, as the Gaussian concept does not adequately describe the vertical
structure of a plume. However, the Gaussian model type was chosen for
the OML model as a compromise between operational expedience and
physical soundness. When the model was developed, a Gaussian model
type appeared to be the only type of model capable of dealing satisfacto-
rily with buoyant sources and with a wide range of stability conditions.
Further, it was found that even with the Gaussian simplification, signifi-
cant improvements over earlier models could be achieved, when using a
parameterization based on the basic principles of the atmospheric
boundary layer.

Several other methods were examined during the course of the early
model development. A stochastic Monte-Carlo model, based on non
Gaussian probability density function (PDF) was developed (Baerentsen
and Berkowicz, 1984). This model was shown capable of simulating dis-
persion in extremely convective conditions. Performance in other atmos-
pheric dispersion conditions and treatment of buoyant sources was,
however, not satisfactory. For this reason the simple Gaussian plume
formulation was retained until the review in 2005-6.

The computing power of today is much greater than during the early
development of OML, thus making a more sophisticated approach feasi-
ble. During the review in 2005-06 it was found appropriate to replace the
principle of a purely Gaussian distribution in the vertical with a more
sophisticated parameterisation of vertical dispersion. This approach
leads to improved model results and is described in Chapter 5.

3.1 The Gaussian dispersion scheme

According to the Gaussian plume model the concentration is given by
Eq.(3-1)
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0 .

c(x,y, z)=——=——*
2ruc,oy (3-1)
—h. + A,
{exp(—O.S (Z hy ) +exp(-0.5 (Z hy )2)} exp(-0.5 (L )
o, o, oy

Here, Q is the source strength, his the effective plume height, u the ef-
fective transport velocity, while o; and o are the vertical and horizontal
dispersion parameters, respectively. Reflection from the bottom and top
of the mixing layer is taken into account by the introduction of imagin-
ary sources. For simplicity, the equation shown as Eq. ( 3-1 ) only in-
cludes reflection from the bottom. When the vertical dispersion parame-
ter, 0z, becomes larger than 1.2 times the height of the mixing layer, the
OML model assumes a uniform vertical concentration distribution
throughout the entire mixing layer.

In the following, the methods used for determination of the model pa-
rameters are described.

3.2 Dispersion parameters

Compared to previous models, the main innovation in the OML model is
the way in which the dispersion parameters - o; and o; - are determined.
The great majority of older Gaussian models make use of the dispersion
parameters and classification methods proposed by (Pasquill, 1961) and
later slightly modified by Gifford (1961) and Turner (1964). The Pasquill-
Gifford-Turner (PGT) dispersion parameters were deduced from tracer
experiments using sources near the ground. In spite of this, however,
they are frequently applied for high sources. Dispersion experiments
with elevated sources show that the PGT dispersion parameters do in
fact perform quite poorly. In an effort to prescribe meaningful dispersion
parameters for elevated releases, Briggs (1973) analyzed the PGT curves
together with curves determined for high sources: the Brookhaven Na-
tional Laboratory (BNL) curves, described by Singer and Smith (1966),
and the Tennessee Valley Authority (TVA) curves, described by Carpen-
ter et al. (1970). Briggs deduced a new set of dispersion parameters
(Gifford, 1976; Gifford, 1975) which gave proper weight to the BNL and
TVA data when these deviated from the PGT values. These empirical pa-
rameters are used in the Weil and Brower (1982) model.

In the OML model, the dispersion parameters are directly related to the
basic physical parameters describing the turbulent state of the atmos-
pheric boundary layer. As the turbulent properties may in general
change with the height above the ground, the same is true for the dis-
persion parameters. In the OML model this dependence is expressed ex-
plicitly, making the model applicable for sources of any height.

In view of the simplified nature of the model it was not attempted to
provide an “exact” derivation of the dispersion parameters (as well as
other model parameters). Instead the known properties in some limiting
cases were incorporated, and in order to avoid discontinuity, simple
formulas were provided for the “in-between” conditions.



Basically, the dispersion parameters in OML are considered as being
composed by a number of different contributions, each being due to one
specific dispersion mechanism. It is illustrated in Figure 3.1.

Either:
02 turb =
a Ambient 02 mech + 02 conv
- turbulent part
\_ gr,tfor (_Sy:d A
etermined by
< 4 Pfl” due to wind direction shift
o} plume rise
Qnternal turbulence)
" 4 Part due to

building effects

-

Figure 3.1 Dispersion parameters in the OML model broken down into their components.
A minor contribution from stack tip downwash is not included in the figure.
A summary of the components can be found in Section 3.10.

As a main rule, either of the o ’s (gy or o) is composed of the following
three parts:

2__ 2 2 2 3-2
O = O b + O internal + Gbui!ding ( )

Here, oun represents dispersion due to the atmospheric turbulence. It
can be further decomposed into contributions from mechanical and con-
vective turbulence. Modelling of ow» will be described in details in the
next sections.

Oimternal 1S ONly relevant for plumes experiencing plume rise. It represents
a contribution due to entrainment of the ambient air into a rising plume,
and is referred to as dispersion due to internal turbulence. Modelling of
Ointernal Will be described in connection with discussion of dispersion of
buoyant plumes in Section 3.8.2. The contribution is sometimes called
buoyancy-induced dispersion, as it is usually connected with plumes with
significant buoyancy.

Ouilding 1S @ contribution due to enhancement of dispersion in the wake of
buildings near the source. Discussion of buildings effects is presented in
Section 3.12. There is an additional minor contribution from stack tip
downwash, which is not explicitly shown in Eq. ( 3-2 ). It affects only
vertical dispersion, and is discussed in Section 3.9.

Thus, the o parameters are determined taking all the contributions dis-
cussed into account.

After some introductory remarks on the principle of decomposition (Sec-
tion 3.3), the expressions used for the turbulent part of the dispersion pa-
rameters are derived in Sects. 3.4 and 3.5.

Dispersion parameters for passive plumes are not directly applicable to

buoyant plumes. This is discussed in Section 3.8. As it is shown there, the
plume rise not only has the effect of introducing an additional dilution of
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the plume (expressed via Giuternar), but also acts upon the turbulent part of
O, Oturb.

The derivations of the expressions for the different contributions to the o
parameters are rather lengthy; therefore, a summary of the final results is
appropriate; it is found in Section 3.10.

3.3 Principle of decomposition

Before presenting the derivation of the expressions for the different parts
of the dispersion parameters, a few words must be said about the main
principle used for modelling of the ambient turbulence induced disper-
sion.

In the OML model, owm is being regarded as being composed of two con-
tributions: one for mechanical turbulence, the other for convectively in-
duced turbulence:

3-3
O- turb — O- mech + O-L()nv ( )

In (3-3), it is assumed that dispersion is governed by two independent
processes. As this procedure is not a trivial one, it requires some expla-
nation.

According to Taylor (1921), the mean square displacement of particles
moving in a turbulent field can be expressed as

1t (3-4)
o= ” w(t )w(t,) dt,dt,
00

Here, w is a turbulent velocity at a given time, and the overbars indicate
averaging with respect to different realizations. The turbulent velocities
can be described by a Markov chain process (Baerentsen and Berkowicz,
1984).

w(t,)=w, ()R, +1,.(1-R*)"* +w, (¢t )R, +7,, (1-R2)"* (3-5)

In (3-5), it is assumed that at a time #; a particle has a velocity w(t),
where at time fy it had a component w(tp) due to convective eddies, and
a component, wu(tp) due to mechanical eddies. R. and R, are the respec-
tive correlation functions, and 7;. and 71, are random variables with a
Gaussian distribution and standard deviations owc and owm, respectively.
Owe and oy are the convective and mechanical contributions to the total
turbulent energy:

2 _ 2 2 3-6
Ow=Own + O e ( )

The principle of decomposition of the turbulent energy into a convective
and mechanical part is discussed by Berkowicz and Prahm (1984)

Writing a corresponding expression for w(tz), and assuming that the me-
chanical and convective velocities are uncorrelated, we obtain:



w(t,)w(t)=0,,R, +0,,R, (87)
From (3-4) and (3-7), it follows that the dispersion can be separated into
two independent parts, convective and mechanical. Each part is gov-
erned by the respective contributions to the total turbulent energy and
the correlation functions.

In the following, we describe the derivation of the respective contri-
butions to the dispersion parameters.

In Section 3.4, the vertical dispersion parameter is discussed. First (Subsect.
3.4.1), an expression for the convective contribution o is derived, using
simplifying assumptions about the vertical structure of the turbulence
and its relation to turbulent diffusion. Next (Subsection 3.4.2), an expres-
sion for the mechanical contribution oy is derived.

In Section 3.5, an expression for the horizontal dispersion parameter oy is
presented. Further (Subsect. 3.5.2), a method is presented for modifying
oy in order to take account of systematic change of wind direction.

3.4 Vertical dispersion of non-buoyant plumes

Considering the vertical dispersion, one must take into account the dif-
ferent nature of the mechanical and convective turbulence. The convective
turbulence is governed by large and long living eddies. The size of those
eddies is determined by the thickness of the boundary layer, i.e. the mix-
ing height z;. The mechanical turbulence is mainly governed by small,
short living eddies, the size of which is determined by the height above
the ground. Considering the intensity of convective turbulence, it in-
creases with height (at least in the lowest part of the boundary layer),
while the height dependence of the intensity of the mechanical turbu-
lence is negligible (e. g. Berkowicz and Prahm, 1984). The large convec-
tive eddies lead to strongly correlated motions, while the correlation
time of the mechanically generated motions depends on the height above
the ground.

Mechanically generated turbulence is in principle present under all at-
mospheric stability conditions. The convective turbulence is only active
in the case of unstable stratified atmosphere and is absent in the case of
stable stratification.

Due to the different nature of the convective and the mechanical turbu-
lence, different modelling procedures are required for the respective con-
tributions to turbulent dispersion.

3.4.1 Vertical dispersion - convective part

Theoretical investigations by Deardorff (1972) and laboratory models by
Willis and Deardorff (1981; 1978; 1976; 1974) indicate that turbulence and
dispersion in a convective boundary layer are controlled by two import-
ant parameters: the mixing height z; and the convective velocity scale, w+
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1/3 (3-8)

w, = g Hz,
Tpc,

where H is the surface sensible heat flux, g the gravitational acceleration
of the earth, p the air density, T the air temperature, and ¢, the specific
heat of the air under constant pressure.

The intensity of convective turbulence shows considerable height depend-
ence in the lower part of the boundary layer and is almost constant in the
upper part of the boundary layer.

We use here the following simplified expression for ou.:

1/3 (3-9)
Aw*[i) for z<bz,

Ab"w, for z>bz,

The constants are: A = 1.241 and b = 0.1 (the corresponding constants for
owc? are, respectively A2 = 1.54, and (Ab/3)2=(.33).

The value of the constant A in (3-9) is obtained from analyses of surface-
layer measurements of o in convective conditions (Kaimal et al., 1976;
Berkowicz and Prahm, 1984). g, is known to be almost constant with
height in the upper 90% of the boundary layer and this explains the
value of the constant b used in (3-9).

The basis for the formulas for o is the rate equation:

(3-10)
99 6. ()i G.=0 for 10

In writing (3-10), we assume that the rate of growth of the convective
dispersion is proportional to the local value of turbulence intensity and
that the turbulent motions are perfectly correlated. This assumption is
justified by the fact that the convective turbulence is characterized by
turbulent motions with a very large time scale. In fact, it follows from the
work by Beaerentsen and Berkowicz (1984) that this time scale is consid-
erably larger than the time required for particles to be spread through
the whole boundary layer.

The further assumption used here is that the turbulence should be esti-

mated at a height z” corresponding to the centre of mass of the plume. As
an approximation we use:

2 =p, for g.<h, (3-11)

’
z = GZC for GZC > hS

where F; is the source height.



The explanation of this procedure is the following:

In the initial stage of plume dispersion (i.e. as long as the plume has no
contact with the ground), the appropriate height at which turbulence
should be evaluated must be the source height (or plume centre line). Af-
ter the lower boundary of the plume has reached the ground, or more
precisely, when o gets larger then h;, we expect that the centre-of-mass
starts to rise above the source height. Furthermore, the rate of ascent of z’
is assumed to be the same as the growth rate of o.

Using (3-9) for ow. and with the condition (3-11), Eq. (3-10) can be inte-
grated analytically yielding a set of expressions for ox..

When the source is in the upper part of the convective boundary layer,
i.e. when hs 2 0.1z;, then

02=033wl* s 1=x/u (3-12)

When the source is in the lower part of the boundary layer, i.e. hs < 0.1 z;,
then

h 2/3 (3-13)
o’ =1.54w; [—] t*  for g, <h,
Z;
o2 =(0.83w.z "t +0.3302° ) forh < 5. <0.1z (3-14)
2 _ 2/3 _1/3 2 (3-15)
0%=(0.581 w.t +0.231 h>z!* -0.052,)" for g, 20.1z,

In the case of a ground-level source (hs = 0), the vertical dispersion is
given by (3-14) and (3-15). Eq. (3-14) is in agreement with results from
the free convection theory (Nieuwstadt, 1980).

These equations can be written in a more convenient form using appro-
priate intervals for the travel time t and introducing dimensionless vari-
ables:

t (3-16)
T=w,—
Z;
-k
Z;
7=
z

23



24

We obtain now the following set of equations:

for H; = b (for all T)
SZ = Ap"°T (3-17)
for Hi< b
T<H§3/A (3-18)
(short travel time)
SZ=AHUT
2/3 3 2/3 ] 2/3
H:7/A LT < Eb /A —EHS /A
(mediumtime)
2 1 .3
SZ=[ZAT +=g>* 1"
[ 3 31 /
3 1
T > Zp 14 - =>4
Zb 2H,
(long travel)

1, 1
SZ = Ap" T +2p" g?7 - Zb
b 2b H 5

3.4.2 Vertical dispersion - mechanical part

We now consider the contribution to vertical dispersion of plumes which
is due to mechanically generated turbulence.

According to the aforementioned principle of decomposition, this contri-
bution is treated as an independent part. One should, however, note that
properties of the mechanical turbulence depend on stability conditions,
and this affects the way in which the mechanical turbulence contributes
to dispersion.

Contrary to the convective turbulence, the intensity of mechanically gen-
erated turbulence has no significant vertical gradients, at least not in the
lower part of the boundary layer. However, the time scale of the me-
chanical turbulence is much smaller than for the convective case, and
also changes with height. These properties must be taken into account
when modelling the mechanically induced dispersion.

We make use here of the classical statistical theory of Taylor (1921)
which relates dispersion to the correlation function of the turbulent flow.
Although this approach is strictly only valid for homogeneous turbu-



lence, we extend it also to the case of non-homogeneity in the Lagran-
gian time scale.

According to Taylor’s statistical theory we can write,
t[t (3-19)
Oon=200m | [ [R() dr}dr’

0LO

Here, own is the mechanical contribution to the vertical turbulent energy
and R(7) is the correlation function of the turbulent flow.

For owm we use here (Berkowicz and Prahm, 1984)

O =1.2u] (3-20)
where u+is the friction velocity.
For Lagrangian correlation coefficient R, we apply here
R(z)=exp(-1/T,) (3-21)

Tt is the Lagrangian time scale, and it must be considered as some effec-
tive time scale at the actual stage of plume dispersion. This means that T}.
becomes effectively a function of travel time t. This is the aforementioned
extension of Taylor’s statistical theory to the case of non-homogeneous
turbulence. We now need a suitable expression for T7.

In Beerentsen and Berkowicz (1984), it is suggested that under convective
conditions the Lagrangian time scale can be expressed as,

2 (3-22)

where ¢ is the turbulent energy dissipation rate and « is an empirical
constant. Here, we use the same procedure also for the mechanical tur-
bulence. We will now express T, in terms of basic parameters.

The turbulent energy is given by (3-20). The dissipation rate is both a
function of height and the thermal stratification of the boundary layer. In
the case of unstable stratification, the part of dissipation related to me-
chanical turbulence is given by

. (3-23)
£=—"(unstable stratification)
Kz

where « is the von Karman constant, and z is the height above the
ground.

For the value of the von Karman constant, the value x = 0.35 has been
consistently used until the review in 2005-6. On the occasion of the re-
view it was considered pertinent instead to adopt the value 0.40, which
is more commonly used nowadays. This change triggers a series of
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changes in the affected formulations in the model, as well as in the mete-
orological pre-processor. More details follow in Chapters 4 and 5.

However, in this chapter we consider the original model formulation. In
the case of a stable stratification, we use

3 (3-24)
e= 1 + 3—7\ (stable stratification)
Kklz L )

Here, L is the Monin-Obukhov length scale, defined as
ulpe, (3-25)

K‘EH
T

L=

The dissipation rate model used here is based on the assumption that the
dissipation of the mechanically created energy is equal to the production
rate of the turbulent energy. In the case of a stable stratification, the de-
struction of the turbulent energy due to thermal stratification is also
taken into account (Tennekes and Lumley, 1972). For the constant o we
use here as in Baerentsen and Berkowicz (1984),

a=0.25 (3-26)

Finally, the Lagrangian time scale used here becomes

~1 (3-27)
TL:1.68(1+[3;7J
U, \ z L

where I = 0 for unstable conditions, and I = 1 for stable conditions.

The height z’, at which T. must be evaluated, is determined here in a
way similar to what was done in the case of convective turbulence:

z’=h, for tu,<h, (3-28)

z’=ut for tu,2h,

This height can be considered as the length scale of eddies responsible
for plume dispersion. Eddies of a length hs are responsible for plume
dispersion as long as the plume has no contact with the ground. Because
the mechanical dispersion is proportional to ux, the time it takes a me-
chanically dispersed plume to reach the ground is approximately equal
to hs/u~ Thereafter, the upward motion dominates and larger eddies
come into play. This gives rise to an increase of the length scale z” as in-
dicated by (3-28). In the case of a stable stratification, the size of eddies is
not only a function of the height above the ground, but through the de-
pendence on the Monin-Obukhov length scale L it also depends on the
stability conditions.

Expression (3-27) for Tr could now be substituted into (3-21) and (3-19)
and integration performed. This procedure would, however, be very
lengthy, and in view of all the crude approximations and assumptions,



not worthwhile. Instead, we will perform calculations for extreme cases
and finally give appropriate interpolation expressions.

Under unstable conditions (L < 0), Tr. becomes proportional to z’. For a
ground-level source, furthermore, z" is proportional to the travel time ¢.
In this case, we obtain

A (3-29)
om=2(2ul) J- [Jexp(—0.6) a’z‘} dr’=
0

0

1.2 ult* exp(-0.6)

For an elevated source, z’ becomes proportional to the travel time when ¢
>> hs/u~ The long-time limit for an elevated source is thus the same as
given by (3-29). In order to obtain a smooth transition for both elevated
and ground-level sources, we use the following approximation of o:n
under unstable conditions:

(unstable)

zm,u

, _ |1.2ulr? exp(=0.6tu, / h,) for tu, 1 h, <1 (3-30)
1.2u’t*exp(—0.6) for tu./h, =1

Under extremely stable conditions, the Lagrangian time scale becomes
constant with height and depends only on the Monin-Obukhov length L.
In this limiting case, i.e. when L << z, it follows from (3-27) that

(3-31)
= 0.45£
u,

T,

L,stable

When the Lagrangian time scale is constant, one can use the results from
Taylor’s (1921) diffusion theory, which predicts that for large travel time,
the dispersion becomes proportional to the square root of the travel time.
For the case of stable stratification we use thus the following expression:

> 3-32
_Oon__ (3-32)

1+05 0

L

2 _
O =

where oy, is the neutral limit given by (3-30). Substituting (3-31) into
(3-32), we obtain

(stable)

2 3-33
O:zmn ( )

1+111%
L

2
O-zm,s -
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To summarise for oz

e In the case of unstable conditions (L < 0) the mechanical contri-
bution to o is calculated using Eq. (3-30).

e In the case of stable conditions (L > 0) the mechanical contribu-
tion to oy is calculated using Eq. (3-33).

3.6 Horizontal dispersion of non-buoyant plumes

Horizontal dispersion is much more difficult to classify than vertical dis-
persion because the dependence on large scale effects may be as impor-
tant as the dependence on the boundary layer parameters.

It is widely accepted that the best method is to relate the horizontal stan-
dard deviation oy of a plume to the standard deviation oy of the wind di-
rection fluctuations (Hanna et al., 1982).

O,=00¢ ZtFy (/T)) (3-34)

Here, oy is a universal function of the travel time t and the horizontal
time scale T. However, oy is not a standard parameter obtainable from
routine meteorological observations.

3.5.1 Contribution from ambient turbulence

In the OML model, the horizontal dispersion is modelled using the con-
cept of superposition of the mechanical and convective parts,

2_ 2 2 3-35
O-y - O-ym + O-yc ( )

As will be shown in the next section, this procedure is, however, modi-
fied in the case of systematic change of wind direction due to large scale
effects.

For the convective contribution to the turbulent horizontal dispersion we
use an expression proposed by Deardorff (1972) on basis of results from
water tank convective boundary layer experiments (Willis and Dear-
dorff, 1976).

(3-36)
0.5w, >
u

K
1+409°=
zZu

For the mechanical contribution, we use

(3-37)

Oym="—=X

= | R



which is equivalent to the assumption that,

(3-38)
09~

=

This expression is motivated by the observation that, in the case of neu-
tral or slightly stable conditions, the horizontal standard deviation of a

plume is close to 0.1 x. The ratio of u-/ L_I is, for typical rural conditions,
also about 0.1, but this depends upon roughness as well as stability.

A special treatment is used in the case of light wind conditions.

When we consider the situation with stable conditions and light winds,

the ratio u+/ u decreases with increasing stability, while many observa-
tions show that the horizontal dispersion of hourly averaged plumes
may even be greater than under unstable conditions (Van der Hoven,
1976). Hanna (Hanna, 1983) reports that under such conditions (stable,
light winds), the hourly averaged horizontal velocity fluctuation does
not decrease with decreasing wind speed, but remains almost constant at
a value of approximately 0.5 m/s, but with significant scatter. This
means that the standard deviation of the wind direction, oy, increases
with decreasing wind speed under such conditions. Figure 3.2 shows oy
measured at 11 meter height as a function of wind speed. The measure-
ments are from an 11 m meteorological mast in Beldringe, Denmark.
From the figure it is clearly seen that wind direction fluctuations increase
considerably in the case of low wind speed conditions. In order to take
this phenomena into account, u+in Eq. ( 3-37 ) is therefore replaced by 0.5
m/s in the case of stable stratification when u+ < 0.5 m/s.

Note that during the review of the OML model in 2005-06 it was consid-
ered inappropriate to use this value for the lower limit of the horizontal
wind velocity fluctuations, and to use it for stable conditions only. The
procedure is modified in the Research Version of OML, see Section 5.2.
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Figure 3.2 ¢ as function of wind speed. Measurements from an 11 m mast at Beldringe.
Data from the year of 1985.

It should be noted here that the original Pasquill-Gifford-Turner (PGT)
curves give much smaller values for o for stable conditions. One must,
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however, remember, that the original PGT curves are derived for short
term averages, while here we are dealing with hourly averages.

Finally, combining the convective and mechanical contributions, we ar-
rive at the expression used for oy:

112 (3-39)

2
oy = _0.25m: +max(0.5-1,u,)

1409

Q=

Z,u
Y

where [ = 0 for unstable conditions and I = 1 for stable conditions.

Another case, which requires a special treatment, and which usually also
is connected with light wind conditions, is a situation with systematic
change of wind direction. This case is discussed in the subsequent sub-
section.

3.5.2 Modification of horizontal dispersion due to systematic change
of wind direction

In the Gaussian plume model it is assumed that the mean wind direction
is stationary for the averaging period under consideration. Frequently,
however, a substantial change in mean wind direction takes place be-
tween consecutive hours. When this occurs, it is likely that the plume
will produce ground-level impact over a larger horizontal area than pre-
scribed by the Gaussian formula with oy given by ( 3-39 ). At the same
time, the hourly averaged center-line concentration is expected to de-
crease as the horizontal dilution increases. Hanna (1983) incorporated
the effect of systematic change in hourly averaged wind direction into a
model of oy for stable conditions. In the OML model, we take this effect
into account regardless of the stability conditions. The procedure is as
follows:

Let A. be the change in wind direction (in radians) from the previous to
the actual hour. Similarly, A, is the change in wind direction between the
actual and the following hour.

It is then assumed that the horizontal angle covered by the plume is at
least

Ad=0.5(A_+A,) when A_and A, are (3-40)
in the same direction

or

Ad =0.5max(abs(A_,abs(A,)) when A and A, are

in opposite directions

A ovalue corresponding to this ‘change-of-wind-direction-effect’ is

oy =(Ad/N21)- x (3-41)



This is regarded as the minimum value for oy. Thus, when oj_gs is
greater than o, given by (3-39), Eq. (3-41) is used for o;; otherwise (3-39)
is used.
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Figure 3.3 Hourly differences of mean wind direction (Ad in Eq. ( 3-40)) as a function of
wind speed. Data from Beldringe, Denmark (same data set as Figure 3.2).

Figure 3.3 shows the hourly differences of mean wind direction from the
Beldringe mast. As seen from this figure, the hour-by-hour change of
wind direction frequently increases considerably in the case of low
winds. No significant difference between stable and unstable conditions
is observed (this cannot be deduced from the figure). Calculation of hori-
zontal dispersion without taking this effect into account will result in
underprediction of dilution and thus overprediction of the center-line
concentrations.

3.6 Plumerise

3.6.1 Introductory remarks on plume rise

In the previous chapters we have restricted ourselves to discussing dis-
persion of passive, i.e. non-buoyant, contaminants. However, a main task
of the present model is to estimate dispersion of plumes from industrial
sources, which usually have significant amounts of buoyancy.

The main effect of buoyancy is twofold, namely in increasing the effec-
tive plume height (plume rise) and in changing the dispersion parame-
ters oy and o .

Discussion of the latter effect - change of dispersion parameters - will be
postponed to Section 3.8, while plume rise will be examined here.

Rising plumes may, under certain conditions, partially or completely pe-
netrate into an elevated stable layer; this has a major influence upon
ground level concentrations. The effect of penetration on ground level con-
centrations is discussed in the Section 3.7.

The methods applied in the OML model to account for all the above-
mentioned effects are to a wide extent based upon empirical evidence.
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The methods are entirely connected with the Gaussian plume model
used, and should not be considered to give an exact description of the
physical phenomena.

3.6.2 References in literature

A variety of methods exists for calculation of plume rise. As part of the
OML project, Markvorsen (1982) reviewed available methods. Basically,
formulae suggested by Briggs (1975; 1984) for the final plume rise are
used in the present model. These formulae are believed to be more
physically justified than the earlier, empirical methods by Briggs (1971).
The main improvement is that under unstable conditions, the rise is as-
sumed to terminate when the dissipation rate has decayed to that of the
surrounding turbulent air (break-up model). Still, unstable conditions
represent the most challenging problem in plume rise modelling, and
Briggs (1984) warns that his methods are only tentative and suffer from a
lack of experimental data for verification. Concerning Brigg’s methods,
we will only quote the final results here. For more details, the reader is
referred to the original papers by Briggs (1975, 1984), and to the report
by Weil and Brower (1982) which comments on some of the methods. In
addition to the standard methods to be quoted, for convective conditions
we have added a “penetration case” meant to represent the fate of a ris-
ing plume near an inversion.

In the following description of the computational scheme in the OML
model, please note the distinction between the initial plume rise close to
the source, Ahiuit, and the final plume rise, Ahy,. To represent the position of
the plume center at any given distance from the source, the lower of the
two is chosen.

In those cases where the plume partially penetrates into an elevated sta-
ble layer, a further concept needs to be defined: the effective plume height,
he, which is assumed to be a height representative for that part of the
plume which remains in the mixing layer. Derivation of an expression for
this height will be postponed to Section 3.7.

3.6.3 Buoyancy flux and momentum flux

There are two variables of major importance for plume rise, namely the
buoyancy flux Fs, and the momentum flux, Fu (both are initial values for
the plume as it is emitted from the stack). The buoyancy flux is by defini-
tion given as:

qu T\ _Ta (3-42)
o T

s

F B
Here, V; is the volume flux, Ts the plume exit temperature and T, the
ambient air temperature.

The momentum flux is given by:

wV, T (3-43)




Here, ws is the exit velocity of the plume, and r is the stack radius.

For hot industrial emissions, buoyancy flux has by far the dominating ef-
fect. In our equations for plume rise, both F and Fm will be considered
during the initial plume rise, while only one of the two parameters is
considered for the final rise. An option in the OML model allows the
user to neglect the effect of Fu (if for instance the outlet is horizontal).

3.6.4 Choosing Ah among several candidates

The entire procedure for determining an Ah value consists of computing
various candidates for Ah and choosing among these. The details will be
discussed in the following. The total procedure is quite lengthy, and a
summary is given in Section 3.6.9.

3.6.5 Initial plume rise

First, let us consider initial plume rise, Ahini. We follow Briggs (1984; his
equation 8.57), and consider this rise to be a (cubic) combination of two
components, one dependent on Fuy with an x1/3-dependence, and the
other dependent on Fs with an x2/3-dependence:

173 (3-44)

F F
Ah. = = 3 M ox+1.6° —£ x?

init 2 2 3
u u
(04+L22’

W,\' )
Here, and in all the subsequent formulas for plume rise in the present

chapter, the wind speed u is calculated at the stack height.

3.6.6 Final plume rise

Next — over the following pages — we shall consider final plume rise, Ahy.
The final rise is considered to be due either to plume buoyancy (the rise
depends on Fz) or plume momentum (the rise depends on Fp). Thus, two
principal candidates for the final plume rise are calculated on the basis of
respectively Fg and Fu. The final rise due to buoyancy, Ahs puoyancy, is
computed by several alternative procedures. Among the several possible
At puoyancy values, the lowest is chosen as the appropriate. In a similar
manner, the final rise due to momentum, Ahf momentum, is chosen as the
lowest of several candidates. Thus, we end with two principal candidates
for the final plume rise. The larger of the two is chosen as the appropriate
final rise:

A (3-45)

= max(Ah Ah

[ _dominating f _buoyant f _momentum )

(Note that there is still another candidate for actual plume rise which is
relevant close to the source: the initial rise.)
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3.6.7 Final rise due to buoyancy

Each of the two candidates for final rise will be discussed in turn; first
the candidate depending on buoyancy.

Neutral break-up, buoyant plume

A value of Ahg, which is appropriate for plumes rising in a close to neu-
tral atmosphere, and called here the neutral break-up case, is calculated
from the expression

(neutral break-up)

2/5 (3-46)

uu.,

3/5
Ah, =1.17( il ] h ot Ay
+

2 hg + Ah,
3.7 ———
/

where h; is the stack height and the L-dependent term in the second de-
nominator is included only for stable conditions. This expression corre-
sponds to equation 8.97 in Briggs (1984). It has been derived in the same
manner, but here the constant is slightly corrected (from 1.2 to 1.17) in
accordance with Briggs” assumptions; furthermore, a stability correction
has been added (the expression depends on the dissipation rate €, which
we have taken from our equations (3-23) and (3-24)).

Eq. (3-46) is solved using an iterative procedure. A value for Al given by
(3-46) is always calculated, regardless of stability.

Bent-over stable, buoyant plume

For stable conditions (H<0), an alternative value for the final rise is calcu-
lated in accordance with Briggs (1984, his equation 8.71). The following
formula is used when the ambient air can be assumed to have a constant
potential temperature gradient d6 / oz above stack height:

(stable, 1)

113 (3-47)
A = 2.6(&]

us

Here, the stability parameter s is defined by

g 96 (3-48)

The determination of s poses the problem that radio soundings used for
measurements of temperature profiles are often not very reliable at low
heights; furthermore they are sparse in terms of time and space. There-
fore, we have chosen generally to use predictions from the similarity
theory for calculation of the temperature gradient to determine s.



Applying Businger’s profiles (Businger et al., 1971), we can write:

8_49 _6:(0.74 +£ (3-49)
Jz k| z L
where
Hy _ uf (3-50)
KL£

a

From (3-49) and (3-50), we obtain

u2 (074 47 (3-51)
§=—| —+—

K_2 ZL L2

Eq. (3-51) is applied at stack height, substituting ; for z in order to calcu-
late s.

Bent-over stable, buoyant plume rising through irregular stability profile
However, in certain cases it is evident from radiosonde profiles that a
very strongly stable layer (typically a subsidence inversion) is present at
some height, z;,. A technique for the determining such layers is applied
in the OML meteorological pre-processor (described by Olesen et al.,
(1992a)). In this case the plume is first assumed to rise through a layer
having the constant stability parameter s, and then - if it reaches high
enough —into a layer of another stability parameter, s.is. The appropriate
formula for final plume rise is then no longer (3-47), but instead:

(stable, 11)

AF 1/3 (3-52)

S

A, =| —2—+(z,,—h ) (1-——)
upBs S ctia y

where f = 0.4 (Briggs, 1975).

Thus, either (3-47) or (3-52) is used to compute a “stable” value for final
plume rise, which is compared to the “neutral” value (Eq. (3-46). Under
stable conditions, the lower of the two is the final buoyancy dependent
candidate for plume rise (note, however, that there is also a momentum
dependent candidate).

Convective break-up, buoyant plume
Termination of plume rise due to the convective turbulence is given by the
“break-up model” of Briggs (1975, 1984):
(pure convective case)
3/5 (3-53)

Ah, = 4.3(§\ HS
. u
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where

Hg (3-54)

H. =
Tpc,

The constant of 4.3 in (3-53) corresponds to Briggs 1975, equation 8.862.

Penetration case

Plume rise may, however, also be terminated or substantially reduced by
the presence of an elevated inversion, and the plume may partially or to-
tally penetrate into the elevated stable layer. We call this case for the
“penetration case” and apply it for unstable conditions.

Briggs (1984) suggests the use of Eq. (3-47), which accounts for the “brak-
ing” effect of a stable layer, in order to calculate plume rise in the “pene-
tration case”. The value of s in (3-47) should correspond to the lapse rate
of the stable layer above. This is equivalent to assuming that the lapse
rate throughout the mixing layer is the same as in the layer above. In
fact, however, the temperature profile in the mixing layer is close to
adiabatic, i.e. s = 0.

We use the more realistic approach of assuming a stability parameter of
0 below a certain height, z.x,, and a stability parameter s; above it (the
height z,x usually is identical to the mixing height, although there are
exceptions). Plume rise is then calculated using the equation for the rate
of decrease of buoyancy:

dF,’ (3-85)

dz, =- Su(ﬂzl )

where Fp’ is the buoyancy of the plume at height z relative to the stack
top. fis the entrainment parameter (5 = 0.4). s is here the actual value of
the stability parameter, and it is assumed to be zero in the layer below
Zmx. The plume starts to lose its buoyancy when it enters the stable layer
above zux, where the stability parameter s equals s;. In general, only a
fraction of the plume resides in the layer above z;x, and only this fraction
of the plume is subject to the loss of buoyancy. Simple geometric consid-
erations (to be discussed in Section 3.7 on penetration) lead to an esti-
mate for this fraction, ¢, of the plume:

_ (3-56)
a=15-Zumh
4

2In his 1984 paper, Briggs uses a value of 3.0 for this constant. This is due to a different assumption concerning the dissipation
rate at plume breakup (e=0.25H- in the 1984 paper, while in the 1975 paper £=0.1H~ (Briggs, 1975)). However, Weil and Brower
(1982) state that the original value is more consistent with plume rise measurements and they suggest to retain it. Furthermore,
Briggs (1984) states that his equation may be conservative. In the OML model the original constant of 4.3 from the 1975 paper

has been retained.
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Only this part of the plume is affected by the stable stratification, and ac-
cordingly the rate of decrease of buoyancy is:

, _ (3-57)
Uy o Bz, (15 2=ty
dz z,

Eq. (3-57) can be integrated using the initial condition

_h (3-58)

me N

F.’=F, whenz =

B B 1 1 ) 5

The final rise is assumed to have occurred when F3'=0, i.e., when all the
buoyancy has been lost. Integration of (3-57) results in:

(penetration case)

2F,

upB’s,

4

me - h

3 (3-59)
+Ah> -h)-0.5 -
/ (me s) ( 15 \J

Ah} =

Because (3-59) is cubic in 4hy, it must be solved numerically using an it-
eration method.

Vertical temperature profile

A few words remain to be said about the values of zu» and s; used. This
pair of values is obtained from the OML meteorological pre-processor.
For each meteorological scenario, the meteorological pre-processor in
fact supplies not only one, but possibly two or three pairs of such values.
The three possible types of zu,-values are:

e the convective boundary layer height z; (essentially found by us-
ing an inversion rise model)

e the operational mixing height zuix (which may be identical to z;,
or may be larger)

e the height zis of a clearly defined inversion evident from radio
soundings. z; does only exist for certain meteorological scenar-
i0s.

To each zm-height corresponds a stability parameter s; defined from the
most recent radio sounding. The equation (3-59) could be solved for each
pair of (zux, si)-values, and the lowest Ahs value could be chosen as the
“penetration case” final plume rise. However, as a short-cut, the values
of the stability parameters corresponding to zix and z; are compared in
advance in order to obtain essentially the same result, but with less com-
putational effort.

Final rise due to buoyancy in unstable conditions - recapitulation

We will now recapitulate the procedure for calculating final plume rise
due to buoyancy under unstable conditions:

First, a “neutral” value for Ahsis computed (Eq. (3-46). Secondly, a “pure

convective” value is computed (Eq (3-53), and finally, a “penetration
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case” value is found from (3-59). The final plume rise is then chosen as
the lower of the three.

3.6.8 Final rise due to momentum

We will now consider the second principal candidate for final plume ri-
se: the one due to momentum. As it was the case for the principal candi-
date due to buoyancy, there are a number of different cases depending
on stability. The various cases are as follows:

Neutral break-up due to momentum

A value of Ah;, which is appropriate for plumes rising in a neutral at-
mosphere, and called here the neutral break-up case due to momentum, is
calculated from the expression:

]

Ah, =0.93(0.4+1.2-2)" Fuy N h + Ay (3-60)
s . ' w, uu, 3.7(h, + Ah,)
1+ 7
L J

The L-dependent term in the second denominator is included only for
stable conditions. This expression corresponds to equation 8.99 in Briggs
(1984). It has been derived in the same manner, but a stability correction
has been added (the expression depends on the dissipation rate €, which
we have taken from our equations (3-23) and (3-24). Eq. (3-60) is solved
using an iterative procedure.

Bent-over, stable rise due to momentum
Another candidate for final rise due to momentum is computed for sta-
ble cases.

1/3 (3-61)

F, 1

Ak, =11

u04+124y2 | S
w

8

Convective break-up due to momentum

A third candidate for final rise due to momentum is computed during
convective conditions, using the break-up model of Briggs. The pertinent
equation is taken from Briggs (1984), equation 8.102. There is a misprint
in the book with Briggs” paper; the correct equation is:

—6/7 3/7 (3-62)

. F -

Ah, =1.3(0.4+ﬁ] (—M) "
' w u

3.6.9 Summary of plume rise calculation

We can now summarize all the information on plume rise calculation
which has been presented in the present section.



A primary candidate for final plume rise due to buoyancy is determined as
the lowest of the following values:

e Neutral break-up, buoyant plume, Eq. (3-46);

e Bent-over stable, buoyant plume. Computed according to either
Eq. (3-47) or to Eq. (3-52) (only for stable conditions);

e Convective, buoyant plume, Eq. (3-53) (only for unstable condi-
tions);

e DPenetration case, buoyant plume Eq. (3-59) (only for unstable
conditions);

In a similar manner, a primary candidate for final rise due to momentum is
determined as the lowest of the following:

e Neutral break-up, momentum-driven plume, Eq. (3-60);

e Bent-over stable, momentum-driven plume. Computed accord-
ing to Eq. (3-61) (only for stable conditions);

e Convective, momentum-driven plume, Eq. (3-62) (only for un-
stable conditions);

e An upper bound: the distance from stack top to mixing height

Of the two principal candidates for final rise, the highest is chosen as the
final rise (corresponding to the dominant mechanism for plume rise).

Subsequently, the height of the plume centre at any given distance from the
source is determined using;:

hqf- =h +Ah (3-63)
where
Ah = min(Ah,,, Ahf) (3-64)

Note, however, that in case of penetration, the height given by (3-63) is
not representative for that part of the plume, which remains in the
boundary layer. This topic will be discussed in Section 3.7.

3.7 Penetration

In many plume models, it is assumed that when the effective plume
height is predicted to be above the mixing layer height, the plume is de-
coupled from the ground, resulting in zero ground level concentrations.
However, measurements show (e.g. Weil and Brower, 1982), that in just
such situations the ground-level concentrations can often be very large.
This is due to the fact that the plume might only partially penetrate the
stable layer capping the mixing layer, while the remaining portion of the
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plume is mixed down to the ground. In combination with low wind
speeds, this can produce high ground-level concentrations.

Simple geometric considerations can be used to compute the fraction of
the plume above the mixing layer. Let z; be the depth of the layer be-
tween stack top and the top of the mixing layer, i.e.

Z, =2, —h (3-65)
The width of a plume has been found to be approximately equal to the
plume rise (Briggs, 1984). Thus the plume extends from a height of
hs+0.54h to hs+1.54h. Therefore, the plume is completely trapped below
the top of the mixing layer in the case when

(3-66)
Zd 515
Ah

On the other hand, the plume is entirely above the mixing layer top
when:

(3-67)
Zd <05
Ah

For “in-between” cases, we may define a penetration factor P as the ratio
of the part of the plume above the mixing layer to the total plume:

(3-68)
P=15-22  for05<22<15
Ah Ah

This penetration factor is used for two purposes: the source strength is
reduced to an “effective source strength”, and the plume height is re-
duced to an “effective plume height”. When computing P, the 4h value
used is determined by the entire set of procedures leading to (3-64).

The effective source strength, Q’, is computed as:

Q’: Q (1-P) (3-69)

The effective plume height, h.f, is the height representative for that part of
the plume which remains in the mixing layer. Following Weil and
Brower (1982), hesmay be calculated as:

h, = h, +(0.67 +0.33P)z, (370)

In order to obtain continuity, the coefficients 0.67 and 0.33 are used here,
while the original coefficients by Weil and Brower were 0.62 and 0.38, re-
spectively.

When penetration occurs, h calculated by (3-70) replaces the (larger)
value found from (3-63).



3.8 Dispersion of buoyant plumes

As mentioned in Section 3.6, the plume buoyancy has not only the effect
of increasing the effective plume height, but also influences the disper-
sion of the plume. Buoyant plumes that have significant vertical velocity
with respect to the ambient air do not follow the ambient air trajectories.
The result of this effect is that the turbulence level within the plume is
smaller than that of the surrounding air. On the other hand, entrainment
of ambient air into the rising plume acts as to increase the spread of the
plume. The final result of these two opposing effects depends on the ac-
tual meteorological conditions and plume buoyancy.

3.8.1 Modification of the turbulent dispersion parameters due to
plume buoyancy

Several experiments performed with the OML-model indicates that in
the case of convective, light wind conditions, the use of dispersion para-
meters derived in Sections 3.4 and 3.5 results in considerable overpredic-
tion of near stack ground level concentrations of buoyant plumes. The
methods used for derivation of the dispersion parameters for non-
buoyant plumes were based on the assumption that the elements of the
plume follow the ambient air trajectories. Buoyant plumes, move, how-
ever, with respect to the ambient air, with the result that the spread of
subsequent plume elements becomes less correlated than would be the
case if they followed the air trajectories. Therefore, it is necessary to
modify the dispersion parameters in the case of buoyant plumes.

The approach used in the present model is based upon the assumption
that the decrease in the turbulent dispersion depends on the ratio of the
vertical velocity of the plume to mean wind velocity. The vertical veloc-
ity of the plume at a given point during its initial rise — designated w, —
can be obtained by differentiating (3-44) for initial rise with respect to
time:

. _216(FW1/3~(FY3 (3-71)
p T 0 T T

3 X X

Both the vertical and horizontal dispersion parameters are now com-
puted using formulae presented in Sections 3.4 and 3.5, but with the
travel distance x replaced by an effective distance x.,

; (3-72)
x—>x,=x|1-exp(-0.15—)
‘ w
Py

Note that (3-72) is used regardless of stability conditions.
Expression (3-72) is purely empirical. It acts so as to increase the distance
to maximum ground-level concentrations. The effect is most significant
for convective, light wind conditions.
As it will be shown in Section 3.8.2, the use of the method outlined here

results in finite maximum ground level concentration even in the case of
zero wind speed convective conditions.
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3.8.2 Buoyancy-induced plume dispersion (internal turbulence)

Because buoyant plumes have a motion relative to the ambient air they
are subject to entrainment processes. Entrainment of the clean, cold air
acts as to dilute the plume and thus enhance its dispersion.

In the following we call this effect for internal dispersion, or buoyancy-
induced dispersion, as it is usually connected with plumes with signifi-
cant buoyancy. The effect on dispersion parameters is discussed in the
present section. You may refer to Eq. ( 3-2 ) and Figure 2.1 for an over-
view of the components of dispersion parameters.

According to Briggs (1975, 1984) the physical width of a rising buoyant
plume is, as previously mentioned, approximately equal to plume rise.
Assuming a “top-hat” concentration distribution in the plume, the Ginterna
of the plume becomes:

Ah (3-73)

Ointernal =
N2

For stable conditions, internal (buoyancy-induced) dispersion can have a
substantial influence on plume dispersion. Under these conditions, the
“internal” part is often greater than the turbulent part, and neglecting it
would lead to severe underestimation of ground-level concentrations.

In the OML model several modifications are made to the internal part of
the dispersion parameters. All the modifications are introduced in order
to account for some significant deviations of the real plume behaviour
from the simple Gaussian plume model used here. The approaches differ
for the vertical and horizontal dispersion, respectively.

In the initial stage of rise, a buoyant plume has its axis inclined with re-
spect to the horizontal direction. Eq. (3-73) indicates the width of the
plume perpendicular to the plume axis. As far as we are interested in the
ground-level concentrations, an erroneous result would result if we di-
rectly used the value for Giuterna given by (3-73).

Instead of using Eq. (3-73) directly, we must estimate the contribution of
buoyancy induced dispersion (internal dispersion) to the vertical disper-
sion, taking the inclination of the plume axis into account.

The vertical velocity of the plume at a given point of its path is w,. The
horizontal velocity is the same as wind speed, u. It is reasonable to as-
sume that the average speed by which the particles move from plume
axis, due to internal dispersion, is equal to plume rise velocity, i.e. wj.
According to this assumption, the velocity is perpendicular to the plume
axis. Simple geometric considerations show that the vertical component
of this velocity — wv, —is:

v 2 25172 (3-74)
wo=wul(w,+u)



The effective Ginternal thus becomes

1 t (3-75)
O: internal = —— WV (t,)dt’
et \/EJ: ’

where t is the travel time. Expression (3-75) can be evaluated analyti-
cally, but it appears that a very good approximation is:

(3-76)
Ahexp(=0.6 w, /u)

1
O - internal — T
- 2r

where 4h is the actual plume rise.

The correction due to inclination of plume axis is only valid when the
Gaussian formula is used for computation of ground-level concentra-
tions. When OML is used for calculations of concentrations at elevated
receptors, a simple linear interpolation is applied to (3-76) in such a way
that (3-76) reduces to (3-73) for a receptor height equal to the height of
plume center-line.

When the plume is partially above the mixing layer (penetration case),
only the fraction (1-P) contributes to the ground-level concentrations.
The internal part of o is in this case also reduced by the factor (1-P).

The internal part of the horizontal dispersion — oy _intermar — is basically
computed using Eq. (3-73), but with one significant extension, which
takes place when the plume is “bumping” or “lofting” an elevated inver-
sion layer.

It is often observed that when the plume rise is terminated by the pres-
ence of an elevated stable layer the horizontal dispersion of the plume
becomes much larger than else expected (e.g. Weil and Corio (1988)).
One can say that the plume behaves in this case like a “hot-air balloon”.
It becomes “splashed” when it hits the “loft”. In order to simulate this
“lofting effect”, the following procedure is used in OML:

The value of 4h used to calculate oy interna is computed without including
penetration, i.e. as if the inversion had not been encountered by the
plume. On the other hand, o:_interma is calculated using 4h computed in
the normal way.

The reasoning behind this procedure is that, while the vertical dispersion
of the plume is restricted by the inversion layer, the horizontal dis-
persion continues to increase due to remaining plume buoyancy. This ef-
fect has a significant influence on ground-level concentrations in the case
of a low inversion base and light winds.

The use of the “lofting model”, together with the previously mentioned
modifications of oww has interesting consequences in the case of vanish-

ing wind speed conditions.

Recalling the methods for calculation of the turbulent dispersion pa-
rameters, presented in Section 3.4.1, we can write the following expres-
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sion for o; for a buoyant plume in the case of extremely convective con-
ditions:

> (3-77)
.= 06w~
u
Inserting the zero-wind-speed limit of x.finto (3-77), we obtain
43 (3-78)

X
O-zzOITW*

If the plume rise is terminated by the presence of an elevated inversion,
we can also expect that the horizontal dispersion is dominated by Giuternar.
In this case we have,

3 (3-79)
o, = 0.645— 2
u

As the effective plume height will be close to the height of inversion - z;,
we can expect that the maximum ground-level concentration will occur
at such a distance for which,

0:~z (3-80)

Substituting these expressions into the standard Gaussian formula we
can obtain an approximate expression for maximum ground-level con-
centration,

1/2 (3-81)
W,

3
z F

=0.50

C max

As it is seen from (3-81), ciuax does not depend on the value of the wind
speed.

3.8.3 Plume dispersion at the top of the convective boundary layer

The vertical turbulence associated with convective motion decreases at
the top of the convective boundary layer (Caughey and Palmer, 1979).
When the plume, due to buoyant rise, is brought up to the top of the
convective boundary layer, the turbulent dispersion decreases. In the
OML model, it is assumed that the growth of convective dispersion (o)
terminates when the effective plume height reaches 0.9z;, where z; is the
height of the convective boundary layer. The distance from the stack at
which the effective plume height reaches 0.9z; is given by:

0.9z, —h)u)" (3-82)
X = 1672 12

When the effective plume height exceeds 0.9 z;, the convective dispersion
parameter is maintained at value ox(x;). When the vertical dispersion is
computed further downwind, only the mechanical turbulence (o:x) in-
creases. This procedure is clearly a crude simplification, but our under-



standing of plume dispersion at the top of a convective boundary layer is
still too limited for a more sophisticated approach.

3.9 Stack tip downwash

Stack tip downwash is an effect caused by low pressure in the wake of a
stack. Stack tip downwash does not occur if the efflux velocity ws is high,
but at low efflux velocities the plume is drawn down.

This effect is modelled by an empirical formula (Briggs, 1973). The height
of the plume centerline is decreased by an amount of Ah; :

Ah, =2D (1.5-w_/u) (3-83)
when ws< 1.5 u.

In the OML model, stack tip downwash is assumed to have the further
effect of increasing the vertical dispersion, o:.

The downwash contribution is added to o in the following manner:

2 _ 2 2 2 2 2 (3-84)
o-z - O-zc + O-zm + O-z internal + o-z building + Ahd

3.10 Summary of dispersion parameterization

The present section gives an overview of the dispersion parameterisation
in the current standard OML model.

The Gaussian dispersion parameters for non-buoyant plumes are de-
rived in Sections 3.4 and 3.5. Both o: and ¢y are continuous functions of
u+ and w~ The horizontal dispersion parameter o; depends also on the
systematic change in wind direction. For stable conditions, the lower

limit for oy is 0.5x/ u .

The vertical dispersion parameter o: is a function of source height. The
height dependence of o: is governed by the height dependence of the
convective component of the vertical velocity fluctuations and also by
the vertical structure of the mechanical time scale. This time scale de-
pends on the height above the ground, but in the case of stable stratifica-
tion, the upper limit is determined by the value of the Monin-Obukhov
length L.

For buoyant plumes, the dispersion parameters depend also on the
buoyancy parameter Fp (Section 3.8). One effect of buoyancy is that it de-
creases the ability of a plume to respond to the ambient air turbulence,
thus leading to a decrease of the turbulent part of the dispersion parame-
ters compared to non-buoyant plumes. This effect is modelled by intro-
ducing an effective downwind distance which is smaller than the true
downwind distance. The reduction of the dispersion parameters de-
pends on the ratio between the rise velocity of the plume and the wind
speed.
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As another effect of buoyancy, buoyancy-induced internal dispersion is
added to the turbulent dispersion. The internal dispersion is related to
plume rise, i.e. the width of the plume is proportional to plume rise. The
contribution of buoyancy-induced (internal) dispersion to the vertical
dispersion parameter o: is reduced corresponding to the angle of the
plume axis with respect to the horizontal axis (Eq. 3-76). This correction
is significant under stable conditions when the internal dispersion domi-
nates over the turbulent dispersion. The contribution of internal disper-
sion to the horizontal dispersion parameter o is also proportional to
plume rise, but when the rise is limited by an elevated inversion, the in-
ternal dispersion is computed as if the inversion were not present.

When, under stable conditions, the plume, due to rise, is brought to the
top of the convective boundary layer, the further vertical plume disper-
sion takes place only due to the mechanical contribution.

3.10.1 Summary: Components of horizontal dispersion

oy is composed either of Gye, Gym, Oy_internat and y_puitaing added in the fol-
lowing way:

2 _ L2 2 2 2 3-85
O-y - O-yc + O-ym + O-y internal + O-y building ( )

or - in the case of large wind direction changes - with o;_su instead of the
two first components:

2

2= 2 2 3-86
O-y - O-y,sh(ﬁ + O-y intermat T O ( )

v building

Here, 0y _puiding is a component due to building effect as described in Sec-
tion 3.12.



Components

Basic method of calculation

Remarks

Oy

Oyc From Deardorff, 1976 Reduced in case of buoyant plumes - espe-
(convective) X cially in light wind conditions near the source.
05w, — Implemented by using a dummy distance x in
O™ u the expression for gy, turm.
¢
g X For stable conditions, a minimum value of u-is
1+0.9w, - imposed in the equation for oym:
/ u-»0.5m/s
(3-36)
Oym U
(mechanical) Oym— 7 X
(3-37)
Alternatively: oy _shit IS an alternative to the contributions
Oy_shift from ambient turbulence oy and oym
Oy, internal Oy, intemal IS €Ssentially In order to account for a “lofting effect”, 4h
Ah used in the formula is allowed to grow even
o after the plume reaches the inversion (Sect.
27 3.8.2)
(3-73)
Oy, building 2 Contribution due to building effect; zero when
O-)Lbui/ding = ;Roy (3-100) the stack is higher than 1.2 building heights.

3.10.2 Summary: components of vertical dispersion

oz is composed of three components which are discussed in previous sec-
tions: 0w, Owm and O:_inerna plus contributions due to stack downwash
(Ahg) and building effect (Section 3.12). The components are added in the

following way:

ol =0’ +0l +0’

+Ah,” + 0 (3-87)

z building
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Components

Basic method of calculation

Remarks

Oz

Ozc

Eq. (3-12)-(3-15); Eq. (3-12) is the relevant

for tall stacks:
ol =0.33w! ¢
(3-12)

oy is reduced for buoyant plume - especially in
light wind conditions near the source. Imple-
mented by using a dummy distance x in the ex-
pression for oz _tum.

The growth of oy is stopped at 0.9z;. (Section
3.8.3)

Ozm Equations (3-30) and (33).
O_internal O_intemal IS €SSentially Reduced because of penetration by a factor of
Ah (1-P).

—— (3-73) Reduced because we are interested in only the
\/E vertical component of o (( 3-74) and (3-75)).
(internal turbulence introduced by buoy-  [The final expression is (3-76).
ancy)

Ahg Ahd =2D(1.5—w,/u)(3-83) Maximum stack downwash is two stack diame-

ters.
O%_building Contribution due to building effect; zero when

o —ROZ (3-100) the stack is higher than 3 building heights.

z _building =

48

3.11 Wind speed

The wind speed plays several different roles in dispersion calculations. It
appears as a parameter in the Gaussian plume formula ( 3-1) as well as

through the time-distance dependence t = x/ u in the expressions for the
dispersion parameters. Further, it is used for plume rise determination.

When using the Gaussian expression for evaluation of ground-level con-
centrations, it is considered an appropriate approximation to use a wind
speed averaged over the layer between the ground and the effective
plume height. On the other hand, for determination of plume rise, it is
more relevant to use the wind speed at stack height.

Thus, the standard OML model uses two values for wind speed:

® uus which is a wind speed at release height; it is used for plume
rise determination and for computation of building effects.

® ux which is a vertically averaged wind speed used for several
purposes (in the o formulas, in the Gaussian expression and in

deriving travel time f).

The approach in the current standard OML model is crude in some re-
spects, as noted in Chapters 4 and 5.

The details of the methods used are described below.

The variation of wind speed with height is computed using the well-
known similarity functions (Monin and Obukhov, 1954).



u z+z z z (3-88)
ey 0 |y [ ey [ 20
=" ( . me wm[LJ

where 2 is the roughness length and . are the universal similarity func-
tions. For the similarity functions, the standard OML model uses the ex-
pressions derived by Businger et al. (1971). The explicit forms of the -
functions can be found in Paulsen (1970) and Barker and Baxter (1975).

Eq. (3-88) is only valid in the lower part of the boundary layer. In the
upper part (above 0.1z;), the wind is almost constant with height. In the
OML model, the following procedure is used:

iscomputed by (3-88)  forz<z, (3-89)
u(z)

=u(z,) forz>z,

where
z, = max(0.1z, , abs(L))

Here, we also include the condition that the thickness of the layer where
the wind still has a vertical gradient shall be at least equal to the numeri-
cal value of the Monin-Obukhov length L. This condition is well estab-
lished in the case of unstable stratification, but might be dubious when
the stratification is strongly stable. In the latter case, the wind profile de-
pends not only on surface conditions but also on some large scale effects.
These phenomena are not taken into account in the model.

Under strongly unstable conditions, when the mean wind speed is very
low, the transport and dispersion of a plume are governed by the large
convective eddies. Because these eddies have an average speed of about
0.6 w+, the lowest value for the effective wind speed used in the model is
0.6 w-~. This should be considered only as a practical approach, because it
is known that a stationary Gauss-plume model is not very appropriate
for light wind conditions.

3.12 Influence of nearby buildings

If a building or another large obstacle is situated close to a stack, plume
dispersion can be disturbed. The influence of buildings on plume disper-
sion can be very complicated, as it depends on the orientation of the
building with respect to the stack, the wind direction and the shape of
the building.

According to the OML building downwash algorithm, building influ-
ence has two main effects: it increases the initial dilution of the plume,
and it decreases the plume rise. Most often, both effects contribute to-
wards an increase of ground level concentrations. The total effect can be
considerable.

The basis for the current standard OML model is an empirical procedure

developed by Schulman and Scire (1980). The effects of a building on a
dispersing plume are modelled by assuming that the plume has an initial
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dilution radius, Ry. The radius Ry is used to calculate the initial enhanced
diffusion parameters (o; and o), and to reduce the plume rise.

In the next subsections we will go into more details, while Chapter 6 pre-
sents further discussions on building effects. Here, it will first be shown
how the initial dilution of a plume lowers plume rise for buoyant
plumes. Next, the empirical formula used in the model for calculation of
the initial dilution radius Ry will be presented in general terms. Finally,
the practical implementation of the Ro-algoritm will be discussed.

3.12.1 Decrease of plume rise due to initial dilution.

The rise of buoyant plumes can be derived using the momentum conser-
vation equations (Briggs, 1984):

wru = Fyt (3-90)
dz (3-91)
w=—
dt
r=fz (392)

Here, w is the vertical velocity of the plume, r is the radius of the plume,
u the horizontal wind velocity, Fp the buoyancy flux, and ¢ the travel
time. The height of the plume centerline above the stack top is denoted
z'. Eq. (3-92) is the closure assumption which relates the plume radius to
plume rise. The proportionality coefficient f (the entrainment rate) is as-
sumed to be 0.6.

Solving Egs. (3-90) to (3-92) with the initial condition z'=0 at t=0, we ob-
tain:

) 3 1/3 FB 1/3 s (3-93)
) ) !

When we substitute the expressions B = 0.6 and t = x/u, we obtain

173 (3-94)
z=1.6-2—x*"
u

Eq. (3-94) is the well known formula for the initial plume rise (Briggs,
1984).

The initial dilution of the plume is taken into account by modifying Eq.
(3-92)

r=fz+R, (3-95)

where Ry is the initial plume radius.



Solving Egs. (3-90), (3-91) and (3-92), we obtain

1737743 (3-96)
o 3 FBt2+& _&
[[2/32]7 (ﬂ] ] p

If we compare Egs. (3-96) and (3-93), we can conclude that the effect of
initial dilution on plume rise can be expressed as follows

R Y 173 R (3-97)
Ah= Ahg+[F°] -0

Here, Al is the rise when taking initial dilution into account, while Ahy is
the rise of a source free of initial dilution.

In the OML model, Eq. (3-97) expressing the modification due to build-
ing effects is used for both the initial and the final plume rise.

In order to apply (3-97), Ro must be known. The next section deals with
this problem.

3.12.2 Determination of initial plume dilution radius, R,

The initial plume dilution radius is determined by an empirical method
suggested by Schulman and Scire (1980). The procedure is as follows:

i) The effective plume height due to momentum and thermal rise is
computed at a position two building heights downstream of the
source. As a first approximation, neglecting building effects, we
have:

h,, =h, +Ah, (3-98)

where F; is the stack height and

/3 (3-99)

2

X X
Ahy =|3F, i +4.17F,~%

(0.4 +1.2 > u
v,

\)

Here, Fy is the momentum flux and Fs the buoyancy flux. The dis-
tance xp is the distance from the stack to the point P, where the
plume height is evaluated. Presently, we assume x5 to be equal to 2
hs, where hg is the building height; some modifications follow later.
The remaining parameters in (3-99) are wind velocity u and stack
exit velocity vs. With h,s computed from (3-98), the ratio h.s/hs can be
calculated; this ratio is used next.

ii) The initial dilution radii, Roy and Ry, are determined as a function of

the ratio h./hs. If the ratio is greater than 3, no enhancement of dis-
persion is assumed, ie. Roy =Ro.=0. If he/hs<1, then Ro.=hp and
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Roy=1/2hp. The enhancement of the horizontal radius Ry, is further-
more assumed to be zero if hy/hg>1.2. When the ratio he/hs is be-
tween these extreme values, a linear interpolation is performed
(Figure 3.4).

06

=Ty

0.4l

0.2

0.0

Figure 3.4 Dilution radii Ro; and Roy.

Only the vertical Ro (Ro:) is used for plume rise calculations. Thus, the
plume rise after modification due to building effects is determined from
(3-97), where it is assumed that Ry=R..

Both Ro. and Ry, are used for calculation of the enhancement of the dis-
persion parameters. These contributions to the dispersion parameters,
Oy_building and. O_puilzing, are computed assuming a ‘top-hat” distribution of
the concentrations in the plume:

- (3-100)
O-y,bu/lding - N 2/7[R0y

O-z_building = 2/7[: ROZ

3.12.3 Implementation of the R;y-algorithm in the operational model.

First, let us explain the notion of a so-called "computational building
height", hg, which is used in the OML model. For "wide" buildings (i.e.
buildings with a width larger than their height), /s is identical to the
physical height hynys. For narrower buildings, the following formula ap-
plies:

By +2L (3-101)
hB =7
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L is the width of a building, or more precisely, the width of the projec-
tion of the building along the wind direction. An example is shown be-
low:
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Figure 3.5 Building width L

When the effect of buildings is to be evaluated in the OML model, the
underlying assumption is that a building of (computational) height hs
creates a domain of influence, which extends 2 hs downstream of the
building. If a stack is placed within this domain, dispersion from the
stack may be affected by the building. If, on the other hand, the stack is
placed outside of the influence domain, the plume remains unaffected.

In the model, the height of the plume centerline above a certain point P is
evaluated. There is such a point P for each wind direction; once the ge-
ometry of the buildings surrounding the stack has been defined, the po-
sitions of all points P can be determined. As a main rule P is the point at
the downwind edge of the influence domain (i.e. at a distance of 2 hp
from the building); if, however, the stack is downstream of the building,
P is defined as being 2 hg from the stack.

Plume height above the point P is evaluated in order to determine the
amount of building influence. If the plume height at that point is greater
than 3/, building effects will be ignored. If, on the other hand, it is
lesser, modifications are imposed upon the plume rise and the disper-
sion coefficients through the parameter Ry discussed in the previous sec-
tion. Fig 3 illustrates the criteria used for deciding whether the plume is
disturbed or not.
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Figure 3.6 Criteria to decide whether the plume is disturbed by a building

As accounted for earlier, Ry is determined from the ratio he/hs. Here, hes
is evaluated at the point P (implying that x5 in Eq. (3-99) is equal to 2 h;
except for a configuration, where the stack is upstream of a building).

Thus, for each meteorological scenario, the parameters Ro. and Ry, are
determined. These parameters are used to modify the dispersion pa-
rameters. Furthermore, based upon the value of Ro., a modified plume
height according to Eq. (3-97) is calculated for each receptor along the
path of the plume.

It can be added that when several buildings are present at the same time,
it is not a priori given which of the buildings possesses the dominating
influence. The OML model handles this situation by considering - for
each meteorological scenario - separately the effect of each building; the
building causing the greatest initial dilution radius Ry is chosen and used
for the subsequent computations.

The procedure outlined here for handling of building effects is based on
simple semi-empirical methods, whereas in reality, aerodynamics in the
wake of a building is an extremely complex matter. The primary inten-
tion of the building effect algorithm used in the OML model is to pro-
vide concentration estimates applicable for distances beyond, say, ten
building heights downwind. Concentration estimates close to buildings
should not be considered reliable.

3.13 Terrain effects

The OML model is not designed for use in complex terrain. However,
some simple procedures are included for handling dispersion in the case
of small terrain elevations. The procedure is restricted to correction of
the effective plume height in ( 3-1 ). No correction of the dispersion coef-
ficients, wind speed or wind direction is performed.

The procedure for correction of effective plume height is based on results
from potential flow theory. In the case of stable conditions, the suppres-
sion of the flow due to buoyancy forces is also taken into account. Here,
results are used from experiments in the early eighties leading to the



concept of dividing streamline height (Strimaitis et al., 1985). As imple-
mented in OML, there are, however, certain simplifications.

3.14 Area sources
The treatment of area sources is discussed in Appendix A. The algorithm
for area sources was revised in year 2000. Appendix A is a note describ-

ing the version used prior to 2000, as well as the version applied after-
wards.
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4 Problems identified

During the review of the OML model in 2005-6 certain weaknesses of the
existing model were identified. Based on numerous experimental results
it was studied how the problems could be resolved by changes in the
model parameterisation. The present chapter gives a brief overview of
the various problems, while the subsequent chapter presents new formu-
lations of certain model components. One problem - the one of building
effects - is so complex that the current study has not yet resulted in a
new formulation of the OML algorithms. An entire chapter (Chapter 6) is
devoted to a discussion of building effects, as they are observed in ex-
perimental studies and as the models OML, AERMOD and MISKAM
simulate them.

4.1 Overview of problems

The following problems are addressed by changes in the OML algo-
rithms, resulting in the "Research Version" of OML. Details on the prob-
lems and the solution to them are found in the subsequent chapters.

Wind profile: Discontinuity stable/unstable

In the current standard OML model, in the case of stable conditions, the
effective wind speed is calculated as an average value between the
ground and the plume height. For unstable conditions, the effective wind
speed is set equal to the value at the plume height. This can lead to a dis-
continuity when the stability conditions changes from unstable to stable.

Assessing an effective wind speed for plume transport

In the current standard OML model, the effective wind speed is constant
regardless of the distance from the source (as long as there is no plume
rise). However, it is quite a crude assumption that effective wind speed
does not change during plume transport - in particular for sources close
to the ground, where the wind changes rapidly with height, while the
plume increases its vertical extent during transport.

A further issue - mainly relevant for very low sources - is that a mini-
mum value is set for the height at which wind speed is calculated,
namely 10 times z.

Von Karman constant

In the current standard OML model, wind velocity profiles are calcu-
lated using Businger’s similarity functions with von Karman constant
¥=0.35. The value of the von Karman constant has been debated for
many years. It is most likely that the “true” value of the von Karman
constant is 0.4 and that the empirical coefficients used in the similarity
functions should be somewhat different from those given by Businger.
This issue is of limited significance.



Very large horizontal dispersion in stable conditions; discontinuity in oy
In the standard OML model, in the case of stable conditions the horizon-
tal dispersion (0;) is calculated as

— 4-1
Oy_”*XTe.ff’ ( )

When u- < 0.5m/s, expression (4-1) is replaced by

0,=05xT, (42)

This parameterisation results in a discontinuity when the stability condi-
tions change from unstable to stable. Furthermore, the current standard
model assumes a large horizontal dispersion for small values of u+. This
seems unrealistic in view of the experimental data that are now avail-
able. They warrant a revised parameterisation of o;.

Tendency to predict maximum too close to the source

Comparisons of model results with available measurements have re-
vealed a tendency for OML to predict the maximum ground level con-
centrations too close to the source in unstable conditions. This trend has
become more obvious in new, additional model evaluation studies.

With modern computers it is now feasible to implement a model struc-
ture where the vertical dispersion does not follow a simple Gaussian dis-
tribution. A Gaussian distribution has long been known to be an over-
simplification of reality when it comes to vertical dispersion in convec-
tive conditions. A new model formulation allows for a "vertical mean-
dering" of the plume, combined with a Gaussian shape of the basic
plume. This formulation is capable of curing the problem with overpre-
diction close to the source.

Reflection term in Gaussian equation

In the OML model concentrations are calculated using a standard Gaus-
sian plume formula with multiple reflections at the ground and the top
of the mixing layer. Due to a coding error in the current standard OML
version, the term that describes reflection from the top of the mixing
layer is always neglected in the case when ¢.<(hs-z:)/4. This has the re-
sult that concentrations at the top of the mixing layer are only half of
what they should have been. The consequences of this mistake for
ground level concentrations are normally marginal.

Plume rise - loss of plume buoyancy

In the current standard version of OML the formulas used for calculation
of plume rise in the case of multiple layers with varying temperature
gradient are simplified. The final plume rise is calculated taking into ac-
count only the loss of plume buoyancy in the layer with the largest tem-
perature gradient. A more precise formulation is applied in the new Re-
search Version.

Plume rise — effective wind speed

In the current standard OML model, the value of wind speed used for
calculation of plume rise is always determined at the stack height. For
low level sources this can lead to an underprediction of the effective
plume transport velocity, and consequently overprediction of the plume
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rise. In the Research Version of OML, an iterative procedure is used to
calculate the effective wind speed, thus taking into account the increase
of wind speed with increasing height of the plume.

Minor issues

A minor issue concerns certain default values used in OML when there
is insufficient available data to determine mixing height. In such cases,
the OML meteorological pre-processor makes an estimate of mixing
height (based on wind speed), and the OML model assumes a default
value for the vertical temperature gradient above the mixing layer.

The default value for the gradient is currently set very low. Expressed in
terms of the parameter and units used in the OML meteorological input
file, namely the Brunt-Vaisidla frequency squared in the unit 1000/s?, it is
set to 0.001. A more suitable default value would be a value close to the
median, such as 0.15. This corresponds to a potential temperature gradi-
ent of 4 K/km.

This issue only matters when there is insufficient meteorological data, so
it affects some meteorological data sets more than others. In the case of
e.g. Kastrup 1976, less than 1% of the data are affected.

The current implementation of the default value will imply a tendency
for buoyant plumes to obtain too large plume rise - thus, resulting in too
low ground-level concentrations for such plumes in the hours affected.

Building effects

It is a recognised problem that the current standard OML model treats
building effects in a very simplified manner. One of the consequences is
unrealistic changes in concentrations, when a building is moved from the
domain where it has an influence to a location immediately outside this
domain. However, the problem of building effects is so complex that the
current study has not yet resulted in a new formulation of the OML algo-
rithms. Many investigations have been performed in the framework of
the current project, and Chapter 6 reports on these.



5 Revisions to model formulation

In the present chapter new formulations of certain model components
are described. The new formulations are implemented in the Research
Version of OML in order to resolve the problems listed in Chapter 4.

The chapter includes some model evaluation results, documenting im-
provements obtained by the changes. Detailed information on validation
studies can be found in the supplementary report "OML: Model Valida-
tion" (Olesen et al., 2007). The new formulations are discussed in the fol-
lowing order:

e Section 5.1 deals with the formulation of effective wind speed.
This addresses the problems listed in Chapter 4 under the head-
ings Wind profile: Discontinuity stable/unstable, Assessing an effective
wind speed for plume transport and Von Karman constant.

e Section 5.2 describes the revised formulation for horizontal dis-
persion, resolving the problem of very large horizontal disper-
sion in stable conditions.

e Section 5.3 describes the revised formulation for vertical disper-
sion. This refers to the problem that OML has a tendency to pre-
dict the maximum too close to the source.

e Section 5.4 provides evaluation results pertaining to non-buoyant
sources. Results are shown for the standard OML model and for
the Research Version. The results reflect the effect of the modifi-
cations introduced in the Research Version.

e Section 5.5 describes a reformulation of the algorithms for plume
rise. These algorithms are relevant for buoyant plumes and
plumes with significant momentum. Further, this section pre-
sents a revised parameterisation of dispersion due to internal tur-
bulence - which is relevant in the case of plume rise.

e Section 5.6 presents corresponding evaluation results for buoyant
plume dispersion.

5.1 New formulation of the effective wind speed (Ue)

5.1.1 Background

In the current standard OML model, the effective wind speed is constant
regardless of the distance from the source (as long as there is no plume
rise). However, it is quite a crude assumption that effective wind speed
does not change during plume transport - in particular for sources close
to the ground, where the wind changes rapidly with height, while the
plume increases its vertical extent during transport.
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As a further issue relevant for very low sources, there is a defined a
minimum height at which the wind speed is calculated, namely 10 times
ZQ.

An additional problem is that the effective wind speed is calculated in
slightly different ways, depending on whether stability conditions are
stable or unstable. This leads to a discontinuity which should preferably
avoided. Historically, this was a simplification intended to speed up cal-
culations. The power of modern computers allows a more detailed
treatment of wind speed. Effective wind speed is now computed using
an iterative procedure, where the wind speed is integrated over the ver-
tical extent of the plume. The details are explained in the subsequent sec-
tion.

The consequence is mainly a more realistic treatment for low sources.
For instance, for the Prairie Grass experiment where releases took place
at a height of 0.46 m, it is very important whether the transport wind is
computed based on the wind profile from the ground to a height of 0.46
m, or on the wind profile extending through a layer several meters deep.

5.1.2 Details of the new formulation

The previously used value of the von Karman constant, k=0.35 is now
replaced by

k=04

Previously, Businger’s expressions for the similarity functions were
used. They are now replaced by new formulations as recommended by
Hogstrom (1996). The difference concerns values of the empirical coeffi-
cients. Hogstrom's formulations are consistent with a k value of 0.4.

The effective wind speed is calculated using an iterative procedure.

Ustack is calculated as the wind speed at the release height. The lowest
height used for calculation of Ustack is set to zo.

A height averaged wind speed (U.y) is calculated at the actual distance
from the source.

Zz

! fU(z)dz (5-1)
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U =

av

where z; = max(0, hs-2.150;) and z = min(Zmix, hs+2.150,). hs is the
source height, but for buoyant plumes this height is replaced by the ac-
tual height of the plume’s centreline taking into account the effect of
plume rise. Zmix is the mixing height.

The integration in (5-1) is done in an exact manner using analytical ex-
pressions valid for the actual stability conditions. Thereby, the disconti-
nuity at the transition from stable to unstable conditions is removed.



The effective wind speed is calculated as

Uzﬁ:(U *h +U, *0_)/(h,+0,) (5-2)

stack

Expression (5-2) ensures that at large distances from the source the effec-
tive wind speed becomes practically independent of the release height.

Because o, depends on U, expressions (5-1) and (5-2) are calculated in a
loop, where the new value of 0 is calculated using the new value of Ueg.
In the first iteration step the value of 0 is calculated with Ues=Ustack.

The concept of the effective wind speed is closely connected to the con-
cept of the effective transport time Tesr. The effective transport time is
calculated as

where x is the distance from the source. The effective transport time is
used for calculation of the dispersion parameters — although with a
modification in the case of plumes affected by plume rise (see Section
5.5.4)

5.2 New formulation of horizontal dispersion (oy)

5.2.1 Background

When the original OML model was developed, the parameterisation of
horizontal dispersion was based partly on studies in literature, reporting
that there was substantial dispersion under stable conditions with light
winds.

Since then, evidence has shown that the effect was exaggerated, and that
the parameterisation chosen leads to unrealistically large horizontal dis-
persion.

Furthermore, in a situation with low wind speed, when stability changes
from unstable to stable, the current standard model will predict a very
large jump in the value of o;. Both of these observations are confirmed
by inspecting the plots based on wind tunnel studies, presented later in
Section 5.4.4.

For such reasons, the parameterisation of horizontal dispersion has been
reconsidered.

Now, ample measurements of horizontal wind velocity fluctuations are
available. Figure 5.1 and Figure 5.2 show measurements
of o, from two Danish locations. They were performed with sonic ane-
mometer.

Also shown on the figure is a green line that indicates the implication of
the parameterisation in OML for stable conditions. A similar line cannot
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Oy (m/s)

be drawn for unstable conditions, because o is not only a function of u-,
but also of stability.

It appears that there is a need to change parameterisation. This has been
done in the Research Version of OML. The subsequent section describes
the details. For some situations, the change has a profound effect on
model results (see Section 5.4.4 for examples)
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Figure 5.1 Measurements of o, from a mast at the Kage Bugt highway. Red symbols for unstable conditions, black for sta-
ble. Measuring height 8m. Period: September-December 2003. Hourly averages.
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Figure 5.2 Measurements of o, from a mast in Ringsted for the year 2005. Red symbols for unstable conditions, black for
stable. Measuring height 7.5 m. Hourly averages.

5.2.2 Details of the new formulation

The horizontal dispersion is assumed to be composed of three contribu-
tions (assuming no plume rise, no obstacles):

1. wind friction driven dispersion (mechanical contribution)
2. thermally generated dispersion (convective contribution)
3. large scale processes (meander)

In accordance with the turbulence measurements available now, the neu-
tral limit of the lateral velocity fluctuation in the surface layer is mod-
elled as:

o,=1.6xu, (5-3)

Field and especially wind-tunnel observations indicate that o, decreases
with height, dropping down to about 50% of the surface value at the top
of the mixing layer.

The horizontal dispersion is known to increase linearly with the distance
from the source (or travel time) but only as long as the travel time (T) is
much smaller than the Lagrangian time scale. When the travel time be-
comes much larger than the Lagrangian time scale, the time dependence
of the horizontal dispersion attains the long-time limit given by the
square root of travel time.
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The Lagrangian time scale is modelled assuming that it is determined by
the size of the most effective turbulent eddies that act on the plume (the
parameter Z,;) and by the characteristic velocity scale of these eddies. In
the case of mechanically generated (wind friction driven) turbulence, the
Lagrangian time scale is determined by the height above the ground and
the friction velocity.

The wind friction driven part of the horizontal dispersion is thus modelled
as

o — 1
ymech
J+ Ty xu/ Z,

Here, the Lagrangian time scale is assumed to be determined by

T, =%

U

where, Zn, is given by:

Z =min(h,+2.150_,7Z, )
where

Z,, =min(max(ABS(L), 0.1xXZ . ),Z,...)

lim

The source height h; is replaced by the plume height in the case of buoy-
ant sources.

The thermally generated horizontal dispersion is given by:

0.5xw,.T

= o (55)
JIH+0.9xT, xw./ Z,

yeony

In the case of the convective (thermally generated) turbulence the La-
grangian time scale is thus assumed to be determined by the height of
the convective boundary layer Z; and the convective velocity scale w-.

The large-scale contribution to the horizontal dispersion is not well defined
but the new turbulence data indicate that the value of o, is about 0.2m/s
when u- approaches zero. Therefore:

Oymeand = O min X Tt?ff

5-6
where (e
o, . =02ml/ls

ymin

Finally, the horizontal plume dispersion is calculated as:



O, =0,p+ O + 0, (57)

ymech yeonv ymeand

The convective contribution is zero in the case of stable conditions. When
simulating wind tunnel experiments (e.g. in Section 5.4) the contribution
from the large scale processes (meandering) is assumed to be zero.

The effect of systematic changes in wind direction over time as described
in Section 3.5.2 is retained.

5.3 New formulation of vertical dispersion

5.3.1 Background

Comparison of the model results with available measurements in unsta-
ble conditions have revealed a tendency for OML to predict the maxi-
mum ground level concentrations closer to the source than it actually oc-
curs. This trend has become more obvious in new, additional model
evaluation studies.

With modern computers it is now feasible to implement a model struc-
ture where the vertical dispersion does not follow a simple Gaussian dis-
tribution. A Gaussian distribution has long been known to be an over-
simplification of reality when it comes to vertical dispersion in convec-
tive conditions. A new model formulation allows for a "vertical mean-
dering" of the plume, combined with a Gaussian shape of the basic
plume. This formulation is capable of curing the problem with overpre-
diction too close to the source.

5.3.2 Details of the new formulation

The main innovation of the new approach is the different treatment of
the mechanically and thermally generated turbulence. The small-scale
mechanical eddies are still assumed to be responsible for vertical expan-
sion of the plume, and the Gaussian plume formulation is retained here.
However, the much larger convective eddies are not expected to lead to
a Gaussian-type expansion of the plume, but rather to a kind of vertical
meander, which results in a non-Gaussian vertical concentration distri-
bution.

The mechanically generated vertical plume dispersion parameter (o) is
calculated as:

o = 0.7><(u*T¢ff)2><exp(—0.7A)><(1—0.8-hs/Zm,x) (5-8)
: (1+ul, /L)

Where
A=min(l,u.T, /h)

The “stability correction” in the denominator of (5-8) is only applied in
the case of stable conditions (Monin-Obukhov length L>0).
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Formula ( 5-8 ) is similar to the original expression used in the current
version of OML (Section 3.4.2) but with slightly different values of the
empirical constants. The only major modification is the introduction of
the height dependence term, which is identical to the one used for the
horizontal dispersion parameter ( 5-4)

However, for convective conditions, o is not used directly in a Gaussian
plume equation. Instead, a new procedure is used. The main innovation
is that the effect of the convective eddies is not modelled as an increase
of o, but as a vertical “meander” of the plume. The plume is assumed to
be moved up or down by the convective eddies with a speed and a prob-
ability depending on the release height and stability. The concentrations
at any receptor height are calculated as weighted average values of the
upward and downward displaced plume. The speed with which the
plume is displaced in upward or downward direction is given by

W(Z) o< U | —
( ) 1/ I

The vertical displacement of the plume is calculated by solving the fol-
lowing differential equation

asigZ
dt

(5-10)

=w(SigZ)

SigZ denotes here the vertical displacement of the plume by the convec-
tive eddies.

This formulation of the growth rate of the vertical dispersion of a plume
in convective conditions is in agreement with the findings by Venkatram
(1992) that the vertical plume extension in the case of a surface release
exhibits a x2 dependence on distance from the source, in contradiction to
the x3/2 dependence predicted by the “free convection” theory. The last
was used as the background for the formulation of the vertical disper-
sion in the current standard version of OML.

Eq. (5-10) is solved with the additional constraint that
w(z20.1Z,, )=w(z=0.1Z,)

The upper and lower limits for SigZ are Z; and 0, respectively.

The Gaussian plume formula with o, given by (5-8) is numerically inte-
grated, and average concentrations of updrafts and downdrafts events
are calculated.

h+SigZ
1 ‘ ’ 4 4
Cup(x,Z)=@ /JC(h,x,Z)dh

r

(5-11)

And



h.\
Cdown(xJZ): 1 '[C(h,,x,Z)dh’ (5-12)

m he—SigZ,

SigZ, and SigZ,, are here the upward and downward plume displace-
ments calculated as solutions to Eq. ( 5-10 ) for the particular distance x
from the source. The expression under the integral sign is the concentra-
tion in a Gaussian plume (with o, and o; given by ( 5-7 ) and ( 5-8 )) but
with the plume centreline “displaced” to height h’.

Finally, the weighted average concentration at distance x from the source
and height z from the ground is calculated as:

C(‘x’ Z) = (Aupcup (‘x’ Z) + Ad(mr'n Cdawn (‘x’ Z)) /(Aup + Adawn ) (5-13)

Here, Aup and Adown are weight factors, related to probabilities for up-
drafts and downdrafts, respectively. These factors are determined em-
pirically. The following expressions are used in the Research Version of
OML.:

A, =1-h/Z (5-14)

4 —hxl (515)

=min| 1, 4,

down
i

where A;=1500 (dimensionless parameter). The value of As has been as-
sessed based on experiments from Borex and Prairie Grass (see Section
5.4).

Figure 5.3 illustrates the behaviour of the weighting factor for updraft
Ayp (relative to the sum of Aup and Adown). E.g., it is seen that for very
low stacks, for unstable conditions, updrafts are most probable.
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Figure 5.3 The relative probability of updrafts according to the parameterisations in Egs.
(5-14) and (5-15). Z;is 1000 m
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5.4 Model performance for non-buoyant plumes

As a result of the new formulations described in the previous sections,
model performance has improved. The present section shows results of
model runs with the new Research Version of OML. For comparison,
also results obtained with the standard version of OML and with the US
AERMOD model are shown.

Results are presented for the following experiments:
e DPrairie Grass (source at 46 cm height only, passive release)

e Borex 1992, 1994 and 1995 (mostly release at approximately 20 m,
passive source)

e Copenhagen (Gladsaxe) experiment (release at 115 m, passive re-
lease)

e Roger Thompson’s wind tunnel data.

The presentation of results here is intended as a summary. A further dis-
cussion with details on the data sets, data problems and on the process-
ing of data can be found in the supplementary report "OML: Model
Validation" (Olesen et al., 2007).

5.4.1 Prairie Grass

The classical Prairie Grass experiment (Barad, 1958) was conducted dur-
ing the summer 1956 in very flat terrain, near the town O’Neill, Ne-
braska, USA. The tracer gas SO, was released from a source almost at
ground level (hs=46cm). Ten-minute averages of concentration values
were measured by a net of samplers located on five concentric arcs with
the distance from the release point ranging from 50m to 800m. The arcs
covered an entire 180° sector, ensuring plume capture for southerly
winds. The spacing of samplers was 2° for the four inner arcs and 1° for
the 800m arc. Due to the short sampling time (10 min only), only the re-
sults for the crosswind integrated concentrations are presented here
(Figure 5.4). This makes it possible to evaluate the model performance
with regard to the vertical dispersion, without considering the problems
related to the horizontal dispersion.
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Figure 5.4 Results of OML and AERMOD calculations for Prairie Grass experiments (1956). Crosswind integrated concentra-
tions. Ground level release (Hs=0.46m). Very broad range of stability conditions. Smooth terrain (Z,=0.006m). Note that the
axes in the three panels are scaled differently.

When inspecting Figure 5.4 pay attention to the scale. No observed con-
centrations are larger than 2000. The scale in the three panels vary: The
scale for the standard OML model goes to 4000 in order to include all
predictions; the scale of the Research Version goes to 3000 only, while
the scale for AERMOD has to be extended to 6000. The figure shows a
systematic difference between using the Standard Version of OML com-
pared to the Research version. With the Research version, many observa-
tions are brought close to the one-to-one line. However, for some ex-
periments a tendency to overpredict still exists.

The AERMOD model results in substantial overprediction for stable
cases. These overpredictions are not revealed in some presentations of
AERMOD performance, which are based on a subset of Prairie Grass
data only (See Olesen et al., 2007).

Figure 5.4 does not clearly reveal model behaviour at large distances
from the source (800 m), because concentrations are so low that the dots
melt together. However, model performance for the Research version of
OML is superior to the other models (see the supplementary report,
(Olesen et al., 2007).

With the new parameterisation of the vertical dispersion introduced in
the Research Version, the model predictions are improved compared to
the current, standard version of OML. The results are also better com-
pared with AERMOD. The main improvement is achieved for unstable
conditions and larger distances from the release point. This is discussed
in more details in the supplementary report.

5.4.2 Borex

The Borex experiments took place at the heath at Borris in 1992, 1994 and
1995. During these experiments, monitors (SFs sampling bags) were
placed along several arcs at different distances from the release point. Up
to 3 arcs had a sufficient dense coverage with samplers to catch the
plume. For some experiments, there were additional samplers placed
away from the densely populated arcs. Such isolated measurements are
not used here.
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During the Borex experiments in 1994 and 1995, monitors were placed at
concentric arcs at fixed distances from the source. However, for the first ex-
periment in Borex 1992, the location of the arcs was variable, covering
different distances from the source. Therefore, for the 1992 data shown in
Figure 5.5, we only refer to the different arcs as Arc 1, Arc 2 and Arc 3.
The figure shows results from the Standard OML model, the Research
Version of OML, and AERMOD. The upper three panels show arcwise
maxima as scatter plots, while the lower panels present arcwise maxima
(modelled and measured) as a function of distance. This set of plots re-
veal that both the standard version of OML and AERMOD have a ten-
dency to overpredict close to the source: The red (modelled) points are
distinctly higher than the black (measured).

The Research Version of OML does a much better job of reproducing the
variation of concentrations with distance.
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Figure 5.6 Borex 1994, Hs=24 m, centreline
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Figure 5.7 Borex 1995, Hs=21 m, centreline

In 1994 and 1995, there were measurements at fixed distances, as indi-
cated in the legends to Figure 5.6 and Figure 5.7. For these two years arc—
wise maxima are shown as scatter plots with different symbols indicat-
ing the distances. More details can be found in the supplementary report
"OML: Model Validation" (Olesen et al., 2007).

5.4.3 Copenhagen

The experiments were carried out in September-November 1978 and
April-July 1979 in the Northern part of Copenhagen . A passive tracer
(SFs) was released from a TV tower at Gladsaxe at a height of 115 m
(Gryning and Lyck, 1984). Samplers were positioned on up to three arcs,
East of the release point, at distances of approximately 2 km, 4 km and 6
km. The downwind area was predominantly residential to heavily built-

up.
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Figure 5.8 Copenhagen, Hs=115 m, crosswind integrated concentrations.
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The experiments were carried out during September-November 1978
and April-July 1979. The conditions were predominantly neutral to
slightly unstable with relatively high wind speeds. A total of 10 hourly
release experiments are available for analyses. The hourly sampling data
were made up of three consecutive 20 min samplings. A quite dense net
of sampling positions (about 2° separation) makes it possibly to make a
reasonable precise determination of both the arcwise maxima and the
crosswind integrated concentrations.

The results of model calculations with both the current Standard Version
of OML and the new Research Version for the crosswind integrated con-
centrations are shown in Figure 5.8, while results for the arc-wise
maxima are shown in Figure 5.9. A considerable improvement of the re-
sults with the new parameterisation is evident both in the case of the arc-
wise maxima and the crosswind integrated concentrations. Good agree-
ment is evident for the crosswind integrated concentrations, while the
arc-wise maxima are still underpredicted by the model. This indicates



good model performance with respect to the vertical dispersion, but
some overprediction of the horizontal dispersion. This conclusion is sub-
stantiated by the results shown in Figure 5.10. This figure shows the
variation of the measured and modelled plume’s opening angle with the
distance from the source. The opening angle, given here in degrees, is
defined as oy/distance and the modelled results are shown both for the
old and the new version of the model. Even though this parameter seems
better represented by the Standard version of OML, the improved skill in
predicting vertical dispersion is sufficient to ensure that the overall re-
sults are better in the new version.

5.4.4 Wind-tunnel experiments

In 1991, a set of wind tunnel experiments were conducted by Roger
Thompson of the EPA wind tunnel in North Carolina (Thompson, 1993).
The data contains measurements of ground-level concentrations from
stacks of different height and with different distances to a building.
These data have been used in the present study, where they are further
discussed in Chapter 6, as well as in the supplementary report "OML:
Model Validation".

Already in a previous study by Olesen and Genikhovich (2000) the OML
model was evaluated with Thompson’s data in the presence of buildings.
From that study it appears that the OML model significantly underesti-
mates the ground-level concentrations for all stack heights and for all
distances from a building. This was the case even when the influence of
the building should be negligible.

Within the present study the reasons for this discrepancy were explored.

Thompson’s data set not only contains measurements of concentrations
with buildings, but also a series of measurements without building. A
number of OML simulations were performed for such simple cases. Re-
sults for four different stack heights are shown in Figure 5.11.

The concentrations measured in the wind tunnel and the corresponding
model results are trough out this report shown in a non-dimensional
form using the following formula.

U, xH? .
Cnon—dim = C—an (5 16)

Where:

Uter is the free wind velocity in the tunnel. In the case of the Thompson’s
experiments shown here, Urei=4m/s.

H is a length scaling height and in the case of the Thompson’s experi-
ments shown here, H=150mm, which corresponds to the height of the
building models used in the experiments. This scaling is also used for
experiments without buildings.

Q is the tracer emission rate.

The left column in Figure 5.11 shows results of standard OML computa-
tions similar to those conducted by Olesen and Genikhovich (2000).
Wind tunnel measurements normally represent neutral stability, so the
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model runs were conducted with a heat flux of practically zero - but very
slightly to the stable side. With the standard OML model, parameterisa-
tion of horizontal dispersion takes place according to Eq. ( 3-39 ). u- for
all the wind tunnel experiments was only 0.17m/s. Because u-is below a
threshold of 0.5 m/s it is (within the model) replaced by the assumed
minimum value for stable conditions, i.a. e. 0.5 m/s.

The figures in the right column show corresponding results for slightly
unstable conditions (heat flux = 1.2 W/m?). In this case the horizontal
dispersion, according to the current procedure (Eq. ( 3-39 )), is modelled
with the value of #+=0.17m/s. This, roughly speaking, results in horizon-
tal dispersion being 3 times smaller than in the case of slightly stable
conditions.

In both columns of figures the black line represents the observed data,
the same observed data are plotted in the left and right panels.

The two sets of graphs reveal striking differences. According to standard
OML, the maximum concentrations are roughly 3 times higher for
slightly unstable than for slightly stable conditions.
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Figure 5.11 Results of calculations using the standard OML model for wind-tunnel experiments. Left: assuming slightly stable
conditions (heat flux practically 0 but on the stable side). Right: assuming slightly unstable conditions, corresponding to the

observed turbulence profile (heat flux=1.2 W/m?). The black line represents the observed data, which are the same in the left

and right panels.
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Figure 5.12 Results of calculations using the Research Version of OML for wind-tunnel experiments. Left: assuming perfectly
neutral conditions (heat flux=0). Right: assuming slightly unstable conditions (heat flux=1.2 W/m?). The black line represent the
observed data, which are the same in the left and right panels
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It can be justified that there is a difference between model results in
slightly stable and slightly unstable conditions, because convective ed-
dies act only during unstable conditions. Further, wind tunnel simula-
tions cannot account for large-scale meandering in stable conditions such
as observed in nature, and this can justify a larger horizontal dispersion
in OML (implying smaller concentrations) than in a wind tunnel. How-
ever, the results indicate also that the observed underestimation of the
ground-level concentrations far away from the buildings, as reported by
Olesen and Genikhovich (2000), was primarily due to the deficiencies in
parameterisation of the horizontal dispersion and not as much related to
the shortcomings in modelling of the building effects.

As explained in Section 5.2 the parameterisation of the horizontal disper-
sion oy has been revised in the Research Version of OML. Figure 5.12
show results computed with the Research Version of OML. While com-
puting the results, the large-scale contribution to horizontal dispersion
(Eq. 5-6) has been "switched off" in order to simulate wind tunnel condi-
tions. It appears that the change of parameterisation has the consequence
that model results fit the wind tunnel data very well, when slightly un-
stable conditions are assumed (right column).

When interpreting wind tunnel data results it is an obvious question to
ask whether the scenarios studied represent slightly stable or slightly un-
stable conditions . Our examination of the vertical turbulence profiles
from the wind tunnel reveals they have such a structure that the data can
be assumed to represent slightly unstable conditions. We ascribe this to
the fact that the turbulence structure was generated with large fans,
which generate large eddies similar to those of a convective boundary
layer. This is discussed in more details in the supplementary report
"OML: Model Validation" (Olesen et al., 2007).

For the Research Version of OML (Figure 5.12) the difference between
model results for slightly stable and slightly unstable conditions is much
smaller than for Standard OML. Mathematically, in the model code of
the Research Version, there is a continuous transition between stable and
unstable conditions - but with a rapid evolution when the conditions
move away from neutral. As noted above, it can be justified that model
results are different in slightly stable, respectively slightly unstable con-
ditions.

5.5 Reformulation of plume rise

5.5.1 Background

In the current standard OML model, parameterisation of plume rise is
simplified in certain regards - implying that for certain cases inaccurate
results are to be expected. It is possible to avoid certain of the simplifica-
tions with slight revisions of the code. The issues concerned include the
following;:

e Wind speed: In the Research Version, the wind speed used for

computation of plume rise is an effective wind speed (vertically
averaged), and not simply the wind speed at stack height.
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e The entrainment coefficient S appears in Briggs’ equations in two
contexts with different values. This results in some inconsisten-
cies in the Standard version of OML, which have now been re-
solved.

e A more accurate computation of the fate of the plume as it moves
up through layers with different stabilities.

e Changes in parameterisation of dispersion due to internal turbu-
lence, motivated e.g. by a more accurate description of vertical
plume velocity.

e The height at which dispersion parameters are calculated: The
Research Version uses an average effective height depending on
plume history, instead of the simple plume centreline height.

5.5.2 Initial Plume Rise

Initial plume rise is calculated taking into account both the momentum
and buoyancy fluxes. The following formula is used

1/3
3F, X 3F X? (517)

DH,, = - 2 2 Yo
B, +1.2u, Iw) u, 2B, u,

The first term on the right hand side of (5-17) refers to the contribution
from momentum flux while the second refers to the buoyancy part
(Briggs, 1984).

X is the distance from the source
Ws is the (vertical) plume exhaust velocity
Fmand F, are momentum and buoyancy fluxes of the plume (Egs. ( 3-42 ) and ( 3-43))

Bmand B, are entrainment coefficients of momentum and buoyant rise, respectively (see
the definition below)

Upr is the effective wind speed used for calculation of plume rise (see the defini-
tion below)

The entrainment coefficients Bm and Pp are related to the rate of increase
of the plume cross-section radius R due to entrainment of the ambient
air.

dR (5-18)

where z is the height of the plume centreline above the stack top.

Briggs (1984) recommends different values for the entrainment rate of
momentum rise and buoyant rise.



ﬁm :()4 (5-19)

Furthermore, an empirical correction dependent on up:/ws is recom-
mended (Briggs, 1984) for the effective entrainment rate for momentum
rise (see Eq. 5-17).

Eq. (5-17) is derived using principles of conservation of the plume’s ver-
tical momentum and buoyancy (Davidson, 1989).

d >

—\Ww Ru_)=F,

dt( ? ’”) ’ (5-20)
dz

W'n:Z; R=R0+ﬂ-z

The second line of Eq. (5-20) provides expressions for the plume rise ve-
locity wp and the expanding plume’s radius. The formula (5-17) corre-
sponds to a solution of (5-20) but with an assumption of zero initial
plume radius Ro. This is a reasonable assumption for simple point sour-
ces but might need a modification for sources with significant horizontal
dimensions, like e.g. cooling towers. Additionally, Eq. (5-20) assumes
that expansion of a plume is entirely related to the entrainment of fresh
air due to the plume movement with respect to the surrounding air (with
entrainment rate (). Also this assumption needs to be modified in the
case the plume is subject to extra dilution by interaction with a nearby
building.

The effective wind speed, uyr, used in calculations of plume rise is de-
termined as the average wind speed in the layer between stack top and
the final rise (see the next section for description of the methods used to
calculate the final rise). up: is calculated in a similar way as the average
transport wind speed (Eq. 5-1) but with the integration limits given by
the stack height and the final rise height. Because the final rise depends
also on the wind speed, the calculations are done using an iterative loop.

This procedure described here differs from the one used in the standard
version of OML, where the wind speed used in calculation of plume rise
was always determined at the height of the stack top. This difference will
have the largest implications for low sources, in which case significant
vertical gradients of wind speed can be expected. Use of the wind speed
at the release height for calculation of plume rise can result in significant
overestimation of plume rise.

5.5.3 Finalrise
The final plume rise is calculated assuming that there are 3 different

processes that can result in stopping the plume rise:

e Dissipation of the plume's internal turbulence until it has reached
a level equal to the dissipation rate of the mechanical turbulence
in the surrounding air.
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e Dissipation of the plume’s internal turbulence until it has reached
a level equal to dissipation rate of the convective turbulence in
the surrounding air (relevant only for unstable conditions).

e The plume buoyancy is consumed due to rise through a positive
vertical temperature gradient.

We consider first the processes involving dissipation, then the process
involving the vertical temperature gradient.

Plume rise limited by dissipation

According to Briggs (1984), plume rise can be terminated when dissipa-
tion of the turbulent energy within the plume drops below the ambient
value.

w (5-21)

Here, wy, is the actual plume rise velocity, nj is an empirical constant (~1.5
according to Briggs, 1984) and z is the height above the stack top (the fi-
nal rise height) at which the in-plume dissipation rate equals the ambient
dissipation rate ..

The ambient dissipation rate is determined taking separately into ac-
count the two different turbulent energy production mechanisms: the
mechanically generated turbulence (due to wind shear) and the ther-
mally generated turbulence (due to unstable atmospheric stratification).

The mechanical dissipation rate is given by

3
e:”*[ ! +5.3/LJ (5-22)

K|l h +z

N

while the dissipation rate of the thermally produced turbulence (convec-
tive turbulence) is given by

W (5-23)

E=1.

i

For the proportionality coefficient . a value of 0.25 is recommended by
Briggs (1984).

The stability correction given in (5-22) by the term 5.3/L is applied only
for stable conditions. The thermally generated turbulence is applied only
for unstable conditions. The final expressions are practically the same as
in the standard current version of OML (Egs. ( 3-46 ) and ( 3-52)) and are
not repeated here.

The final plume rise as calculated by Egs. (5-22) and (5-23) is only used
when it is smaller than the height determined due to rise through a tem-
perature gradient.



A similar set of equations is applied to momentum rise. The procedure is
practically unmodified compared to the standard version of OML. The
final plume rise is taken as the largest calculated for buoyancy and mo-
mentum.

Plume rise limited by vertical temperature gradient

The vertical temperature gradient of the atmosphere is expressed
through a number of stability parameters, S;. The definition of the differ-
ent S; parameters is the following:

Szmix Szmix

Zmi)( Zmix

Shs

Figure 5.13 Temperature structure used in connection with calculation of the final plume
rise. The curve shows potential temperature 0 as a function of height z. Left: stable condi-
tions; right: unstable conditions. The definition of the different Sy parameters is given be-
low.

(5-24)

Where zx is the height at which the potential temperature gradient,
d®/dz, is evaluated.

For stable conditions only two temperature gradient regimes are consid-
ered: temperature gradient at the stack height (Sns) and the temperature
gradient above the stable boundary layer height (Szmix). The temperature
gradient at the stack height is calculated using the similarity profiles for
temperature (Hogstrom, 1996)

u : L
O L3 (5-25)
' xL h +z,

Szmix is calculated using the temperature gradient above Zmix. This gradi-
ent is estimated from the radio soundings.

In the case of unstable conditions, three different layers can exist. If the
stack top is within the convective mixing layer (hs<Z;), then it is assumed
that the potential temperature within this layer is constant, i.e. Sps=0.
Temperature gradients above Z; and Znmix (elevated inversions) are esti-
mated from radio soundings. Note that Zmix>= Zi.
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The basic equation used for determination of the final plume rise due to
loss of buoyancy is:

dF. .
- :_upr(ﬂz)z 'ZakSk (5-26)
dz 7

where Fz is the actual plume buoyancy at the height z above the stack
top. Sk refers to the corresponding value of S in the k-th layer through
which the plume is rising. ok is the fraction of the plume contained in the
k-th layer. In the case of interaction of the plume with a nearby building,
the decrease of buoyancy due to entrainment of fresh air in the building
wake, must also be taken into account.

Eq. (5-26) is solved analytically and the final rise is determined as the
height at which all buoyancy flux is lost, i.e. when -AF=Fy. The actual
plume fraction contained in a particular layer is calculated using simple
geometrical principles, as illustrated in Figure 5.14 for a situation corre-
sponding to an unstable stratification. In this case parts of the plume can
be contained in up to three different layers simultaneously. A top-hat
(uniform) concentration distribution is assumed within the plume, with
the vertical extent of the plume equal to the actual plume rise (DH). The
top of the plume starts thus to penetrate into a layer k when,

1.5-DH = Z, —h, (5-27)

and is entirely contained in the layer when

0.5-DH =7, —h, (5-28)

Egs. (5-27) and (5-28) are used to calculate the plume fraction (&) in the
k-th layer.

The procedure described here differs from the one used in the current
standard version of OML only in the case of unstable conditions. In the
standard version of OML the penetration of the plume into the layers
above Z; and Znmix is calculated independently of each other. The loss of
buoyancy in the layer between Z; and Znmix is not taken explicitly into ac-
count. The final rise is determined as the smallest of the two penetration
cases. This will in general result in a somewhat larger plume rise than
when using the new procedure.



Figure 5.14 lllustration of the layering principle of a rising plume. In the example shown
here, which depicts a situation corresponding to unstable atmospheric conditions, the plume
can partially be contained in up to three different layers simultaneously.

5.56.4 Dispersion of rising plumes

Plume rise has not only the effect of increasing the effective plume
height, but also influences the dispersion of the plume. Rising plumes
with significant vertical velocity with respect to the ambient air do not
follow the ambient air trajectories; this results in diminishing of the tur-
bulent dispersion. At the same time, entrainment of ambient air into the
rising plume acts as to increase the spread of the plume. The final result
of these two opposing effects depends on the actual meteorological con-
ditions and the stage of the plume rise.

According to Briggs (1984) the physical width of a rising plume is, as
previously mentioned, approximately equal to plume rise. Assuming a
“top-hat” concentration distribution in the plume, the Ointernal Of the plu-
me becomes:

AR (5-29)

O-/nl ernal
’ N2

Eq. (5-29) insures that the plume centreline concentration calculated,
while assuming either a top-hat distribution or a Gaussian distribution,
will be the same. However, the real concentration distribution in a rising
plume is neither exactly top-hat nor Gaussian. Therefore, the contribu-
tion of the plume dispersion caused by plume rise to the Gaussian dis-
persion parameters must be determined empirically. The procedure used
in the revised version of the model differs slightly from the one used in
the standard version. The procedure is as follows:

o =Ah_ /35

= (Ah/3.5)- f,

init

yinternal

(5-30)
o

zinternal

A factor 3.5 is used instead of V21 (~2.5), because 3.5 is more consistent
with the general practise in many other models. This change has only a
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slight effect on the performance of the model on available experimental
data (Kincaid).

Several issues have been considered by the revision of the model, includ-
ing

e vertical velocity of the plume during its rise

e The height at which dispersion parameters are calculated (plume
centreline or an average effective travel height?).

The enhancement of the horizontal dispersion coefficient is calculated
using a value of plume-rise (Ahmax) estimated without taking into ac-
count termination of the rise due to penetration into elevated inversion
layers. This should simulate “splashing” of the plume (i.e. enhancement
of its horizontal extension) when rising through an elevated inversion.

For the vertical dispersion, an additional empirical correction is applied
in order to account for the inclination of the plume in the initial stage of
the rise (before it reaches its final rise). The correction factor finit is de-
fined as

_ [ ) (5-31)
f;n/l - upr / upr + wp

The factor finit is actually the ratio between the horizontal velocity of the
plume and the corresponding velocity along its centre-line trajectory.
Thus, Ahfinit is the projection of plume’s cross-section on the vertical axis
z.

W, is the vertical plume velocity computed in the following way: Let w,

be the vertical plume velocity as calculated from the equation for initial
rise, Eq. (5-17):

dz . N (5-32)
w,= E; where z is the plume rise height given by Eq. (5-17)

Now, W, is computed as a modification of wy, where it is assumed that

wy becomes zero when the plume reaches its final height:

W’p = wp '(1_‘x/Xﬁna/) fOl" ‘x<Xﬁnal (5-33)
w;) =0 for x2= Xﬁm,

Xfinal is the distance from the source where the plume attains its final
height. This distance is calculated by solving Eq. (5-17) for x with the
condition DHinit=DHiinal. Expression (5-33) insures a smooth transition of
the vertical plume rise velocity towards the value of zero that applies
when x>Xfina. This procedure is new compared to the previous (stan-
dard) version of the model, where the vertical plume velocity is always

calculated as if it were in the stage of initial rise (i.e. w ;) =W, ). Another

difference is that in the standard version of the model, the vertical rise
velocity is calculated taking only the buoyancy effect into account. The



momentum rise is neglected. This will in general result in underestima-
tion of the rise velocity for non-buoyant sources that have significant ex-
haust momentum

The contribution to dispersion parameters from internal dispersion (Oin-
ternal) is added to the remaining turbulent dispersion parameters to obtain
the effective o-parameters for use in the Gaussian plume formula,

2

o ¥ _internal (5-34)

2 2
veff _O-y+o-

2, =0’ +0"

62 eff z _internal

It is important to note that the enhancement of the vertical dispersion
due to plume rise is only applied to the mechanically created turbulence.
The vertical dispersion under unstable conditions is calculated using the
new method described in the section 5.3.

An empirically derived expression is used in order to take into account
the reduction of turbulent dispersion of rising plumes. The reduction of
the turbulent dispersion is simulated by introduction of an effective
travel distance, Xef, which is defined as

X, =X -(1—exp(-0.2ulw,)) (5-35)

where X is the actual travel distance, u is the travel velocity (a plume av-
erage travel velocity, Eq. (5-2) and W;) is the modified vertical plume ve-

locity as defined in (5-33). The turbulent dispersion parameters are sub-
sequently calculated using the modified distance Xet. This procedure cor-
responds to Eq. ( 3-72 ) that is applied in the Standard OML model.

The expressions used for calculation of the turbulent dispersion parame-
ters all depend on the source height. For passive plumes (without plume-
rise) this height is constant, while this is not the case for sources with
plume-rise. In the current standard version of the model the height used
for calculation of the dispersion parameters (at any distance from the
source) is assumed to be the actual height of the plume-centreline (i.e.
hs+Ah). Here we introduce an effective calculation height, which is based
on plume history and estimated as a distance weighted average height of
the plume-centreline,

1|7 _
hy =h,+ }DAh(x)dx} (5-36)
0

The integral in (5-36) is calculated using expression (5-17) for x<Xfina1 and
the value of the final plume-rise for x>Xfina. As a simplification, the inte-
gral of (5-17) is calculated separately for the momentum and buoyancy
parts. Note that the actual plume-centreline height is still used in the
Gaussian plume concentration formula.
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5.6 Model performance with revised formulation
— buoyant plumes

Model performance in the case of buoyant plumes has been evaluated
using experimental data from the Kincaid dataset. Further details on the
data and on the evaluation are presented in the supplementary report
"OML: Model Validation" (Olesen et al., 2007). A summary of the evalua-
tion results is given here.

It should be clearly understood that for the Kincaid data set there is a
very large stochastic variability in the pattern of measured concentra-
tions. As a consequence, results from individual hours at Kincaid cannot
be used to derive firm conclusions on model behaviour. Conclusions will
have to be supported by observations from many hours.

We have mainly used data as provided in the Model Validation Kit
(Olesen, 2005). However, the meteorological input parameters were re-
evaluated using the meteorological pre-processor of OML with corrected
value of x and new formulation of the similarity functions. Mixing
heights were estimated by manual inspection of the available radio
sonde data.

The Kincaid Power Plant has one 187m stack with highly buoyant ex-
haust. The Kincaid dataset contains tracer measurements (SF¢) from sev-
eral concentric arcs placed at distances ranging from 500 m to 50 km
from the stack. For the purpose of evaluation, the highest measured con-
centration for each arc is compared to the modelled centre-line concen-
tration at the corresponding distance.

Model calculations were performed with the standard version of OML,
with the Research Version and with AERMOD. The same meteorological
data were used as input to all these models. The results presented here
refer to the subset of data that were assigned a quality index of 3 - e.g.,
the observed arcwise maxima were relatively well-defined. This selection
restricts the dataset to 128 hours but with measurements at several dis-
tances for each hour.

Figure 5.15 show results of comparison between measured and modelled
arc-maximum concentrations. Results are shown for the Standard Ver-
sion of OML, for the new Research Version, and for the AERMOD
model.

Figure 5.16 shows another type of comparison. Here, the data for each
arc-distance are averaged over all hourly data available for the particular
arc. The number of available hours is different for different arcs. Only 1
observation is available for the 40 km arc. Both the old standard and the
new Research Version of OML reproduce reasonably well the variation
of average concentration with distance from the source. AERMOD sig-
nificantly underestimates the measured concentrations for distances lar-
ger than 3 km from the source. However, both the standard version of
OML and AERMOD overpredict the maximum measured distance aver-
aged concentration, predicting a sharp maximum at the 2km distance.
This observation is also evident when inspecting results for individual
hours, plotted in the same fashion as in Figure 5.16.



Figure 5.17 shows comparison of maximum measured and maximum
modelled concentrations, but regardless of the distance from the stack.
Thus, there is one pair of data values for each hour (108 data values, as
opposed to 338 in Figure 5.15). Thus, here the data are paired in time, but
not in space. The overall behaviour of the Standard Version and the Re-
search Version of OML is quite similar. AERMOD again shows a ten-
dency to underpredict the maximum concentrations.

Figure 5.18 shows rank sorted arc-wise maximum concentrations using
all the available observations with quality 3 index. The underlying data
are the same as in Figure 5.15, but in the graph the data are neither
paired in time nor in space, but just sorted according to size. The differ-
ence between the new and the standard versions of OML is small. AER-
MOD underpredicts the concentrations in the lower range but is better
with respect to reproducing the behaviour in the upper range.
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Figure 5.15 Comparison of measured and modelled arc-maximum concentrations for the Kincaid tracer data.

Average NormConc

—e— measured —#— OML_new —— OML _orig

AerMod

100
90 -

80 -
70 -
60

h\N

50
40 -
30

g

|

v

>—

0 ‘

10000

20000 30000 40000 50000
Distance (m)

60000

Figure 5.16 Comparison of measured and modelled distance averaged concentrations for Kincaid. For each arc distance the
concentrations are averaged over all hourly data available for the particular arc. The number of available hours is different for
different arcs. Only 1 observation is available for the 40km arc.
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Figure 5.17 Kincaid. Comparison of measured and modelled maximum concentrations for each of the observation hours re-

gardless of the position of the maximum.
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Figure 5.18 Comparison of rank sorted concentrations. Based on arc-wise maximum concentrations as presented in Figure
5.15. The data are neither paired in time nor in space.
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6 Studies on building effects

6.1 Introduction

It is a recognised problem that the current standard OML model treats
building effects in a very simplified manner. One of the consequences is
unrealistic changes in concentrations, when a building is moved from the
domain where it has an influence to a location immediately outside of
this domain.

This problem and a couple of others are, e.g., described in the report by
(Olesen et al., 2005), and summarised again here in Section 6.5.

Within the current project, a substantial effort has been devoted to the
study of building effects. A main element within the studies has been in-
vestigations based on a comprehensive — but surprisingly little known —
data set by Thompson, simulating dispersion around buildings in a wind
tunnel. Another element within the studies has been investigations of the
behaviour of the building algorithm of the US EPA AERMOD model.

The current chapter reports on this work. The chapter includes the fol-
lowing sections:

e Physical description of the problem

e The models

e Investigations based on Thompson's wind tunnel data

e Discussion of building effects, and the implications for OML de-
velopment.

6.2 Physical description

If a building or another large obstacle is situated close to a stack, plume
dispersion can be disturbed. This can have a substantial effect on the re-
sulting ground-level concentrations.

When the airflow meets a building, it is forced up and over and around
the building. This not only modifies the streamlines of the airflow, but
also has an effect on the speed and turbulence of the air.

On the lee side of the building, the flow can separate, thus forming a clo-
sed re-circulation zone - see Figure 6.1.This is the Near Wake recirculation
zone (or Cavity zone). In this zone the wind speed is significantly reduced,
but due to intensive turbulence the mixing is very rapid. If a plume be-
comes caught in the cavity, very high concentrations can result, with the
highest values close to the leeward face of the building.

Further downwind, there is a zone with intensified turbulence (com-

pared to the situation without building). The region where this effect is
significant is usually called the Far Wake zone (or the Turbulent Wake zone)
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On the upwind side of the building, an Upwind Recirculation zone (or up-
wind cavity) exists.

Over the roof the approaching flow separates, thus forming a Roof cavity.
The flow may reattach to the roof, depending on geometry.

Roof cavity

Wind

Far Wake zone
(turbulent wake zone)

|

Near Wake recirculation zone

Building (cavity zone)

Upwind recirculation zone j
(upwind cavity)

Figure 6.1 Schematic illustration of the effect of a building on the airflow.

If a plume enters the Far Wake zone, its trajectory will more or less fol-
low the streamlines of the airflow in the zone. Close to the building, in
the air above the building (i.e. in the Far Wake zone) the streamlines will
have an upward slope and thereby the plume in this area will be lifted
up. At some distance from the building the streamlines will have a
downward slope and this will bring the plume closer to the ground. In-
creased turbulence in the wake will result in an increased dispersion and
dilution of the plume material, and the final effect on the ground level
concentrations will depend on the combined effect of the increased dis-
persion and reduced plume height.

The impact of buildings on transport and dispersion thus depends on the
building characteristics, on the location of the source with respect to the
building, and last but not least, on the source characteristics itself.

Often a plume from an outlet is subject to plume rise. Plume rise can take
place because the plume is warmer than the ambient air, and /or because
the plume has a vertical exit velocity. Plume rise acts to increase the ef-
fective release height and can thereby contribute to a substantial reduc-
tion of the maximum ground level concentrations. Plume rise can also
have significant influence on how a plume will interact with the nearby
buildings. Sufficiently large plume rise can effectively bring the plume
out of the building’s influence zone, or it can reduce the portion of the
plume that is captured in the zone. However, the interaction between
plume rise and the building effects is twofold. The increased turbulence
and thereby dispersion in the building’s influence zone will generally re-
sult in a reduction of the plume rise. This will tend to give increased
maximum ground-level concentrations, but the final result will depend
on the combined effect of the reduction of the plume height and the in-
creased dispersion of the plume material.



6.3 The models

6.3.1 Standard OML

As indicated in the preceding section it is a recognised problem that the
current standard OML model treats building effects in a very simplified
manner.

The effect of buildings on plume dispersion is very complex, and a pre-
cise description in the framework of a simple Gaussian model is almost
impossible. The pragmatic solution is to extend the Gaussian plume ap-
proach with some empirical algorithms, which simulate the different as-
pects of plume interaction with buildings. Such an approach is used in
the standard version of OML. This approach is extremely simplified and
suffers from several major shortcomings. The current standard proce-
dure is described in Section 3.12. A further discussion can be found in
Olesen and Genikhovich (2000).

6.3.2 AERMOD Prime

A new approach for modelling building effects was introduced in the
model PRIME (Schulman et al., 2000). PRIME is a separate model, but it
has been combined with the US EPA regulatory model AERMOD.
PRIME is used for calculation of plume rise and dispersion in the case of
plumes influenced by buildings. Thus, the combined model AER-
MOD/PRIME uses PRIME close to the source, while there is a transition
to AERMOD at greater distances from the source.

The PRIME model has been considered a candidate to be combined with
OML, and therefore the behaviour of AERMOD /PRIME has been inves-
tigated. In the following, it is simply referred to as AERMOD. For the
present work version 04300 of the model has been applied.

6.3.3 MISKAM

Another reference model used here is the comprehensive CFD model
MISKAM (Eichhorn, 1996). MISKAM is a 3D Eulerian wind flow and
dispersion model and the results on flow modifications by buildings can
be used as guidance when parameterising simpler building algorithms in
models like OML. For the present work version 5.01 (January 2005) of
MISKAM has been applied.

6.3.4 Research Version of OML

The Research Version of OML is not yet equipped with a building algo-
rithm. It was the aim of the investigations reported here to create a basis,
so such an algorithm could be developed.

One option which was considered promising at the outset of the current
project was to adopt the PRIME algorithm and code, and implement it in
OML. However, investigations revealed that this is by no means simple,
because the structures of the models are very different.

91



Another option that has been considered is to revise the simple parame-
terisations in OML with a more refined approach using similar concepts
as PRIME.

As a third option it is possible to revise OML’s original formulation by a
set of relatively simple modifications.

A substantial number of investigations have been conducted within the
frame of the current project in order to map challenges and explore the
potential of possible approaches. Especially the second option — that of
adopting an approach based on PRIME - has received attention.

6.4 Investigations based on Thompson's wind tunnel data

In order to improve the present parameterisation of building effects in
OML a detailed investigation of experimental data, as well as of methods
implemented in other similar models has been performed.

In Chapter 5, we have referred to the wind tunnel measurements by
Thompson (1993). In section 5.4.4, results for the case without buildings
were presented. However, the emphasis of Thompson's data is on cases
with building effects.

The experimental database of Thompson consists of measurements of
ground-level centreline concentration distributions for several different
combinations of building shapes, stack heights, and stack location rela-
tive to the building. Measurements of concentration distributions along
building facades are also available, but they are not used here.

Four building geometries were considered by Thompson, as shown in
Figure 6.2.

Building dimensions (mm)
B1 B2
Height Width Length
Building 1 150 150 150
Building 2 150 300 150
B3 B4
Building 3 150 600 150
Building 4 150 150 300

Figure 6.2 Top view of the buildings in Thompson’s experiment. The wind blows from the left along the indicated line. Measure-
ments were performed along this line. All buildings have the same height (150 mm). B1 is a cube, while the remaining buildings
have a footprint which is twice or four times the size of B1 (Thompson, 1993).
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As mentioned in Section 5.4.4, the wind tunnel data measurements refer
to several different release heights. In the present Chapter, results for
only two release heights are presented: Hs=150 mm and Hs=225 mm.
This corresponds to the stack/building height ratios of 1 and 1.5, respec-
tively. For easy reference, results from the case without building, but for
the same two stack heights, are shown in Figure 6.3. This figure shows
measured concentration values and results for four models: Standard



OML (OML_old), Research Version of OML (OML_new), AERMOD
with PRIME (AERMOD), and MISKAM. Model results for both flavours
of OML have already been presented and discussed in Section 5.4.4. The
two panels in Figure 6.3 show results for stack heights of 150 mm, re-
spectively 225 mm. The concentration values are normalised. The mete-
orological conditions used for modelling with OML and AERMOD rep-
resent slightly unstable conditions (see the discussion in Section 5.4.4).
MISKAM does not contain an option for unstable conditions, so only
neutral stratification was simulated. The results are sensitive to the
choice of meteorology, so conclusions from the figure should be drawn
with caution. For details on the data used, please refer to the supplemen-
tary report "OML: Model Validation" (Olesen et al., 2007).

HS=150 HS=225

— meastred — OML_old —— OML._new —— AerMod —x— MISKAM — meastred — OVL_old —— OML_new —— AerlViod —*— MISKAM
0.3 0.14
0.12
0.1 //W_—‘\X\\\\
5 0.08 : -
/ N 0.06 ;f // N‘\ i
o ] ~—— ~ ol 4 4 —
0.05 \\ 0.02 127 / ‘
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Figure 6.3 Comparison of measured and modelled concentrations of wind-tunnel data in the case of simulations without build-
ings. Model results are shown for the present version of OML (OML_old), the Research Version of OML (OML_new), AERMOD
and MISKAM. The left panel shows results for a stack height of 150 mm, while the right panel refers to a stack height of 225 mm.

In Figure 6.3 it is noteworthy that AERMOD results show a tendency to
predict the location of maximum too close to the source, and to under-
predict the concentrations at larger distances from the source. This be-
haviour is similar to that of the Standard version of OML. MISKAM is
much more successful in predicting of the location of maximum ground-
level concentrations, but the modelled concentrations are in general
higher than the measured. The Research Version of OML fits observa-
tions very well.

6.4.1 OML and AERMOD studies

Figure 6.5 and Figure 6.6 present results of simulations of Thompson’s
wind tunnel experiments with buildings using OML (standard version
only) and AERMOD. The figures require some explanation.
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Hs=150 Hb=150 Wb=150 Lb=150
— Xs=-300 e AeriViod Xs=-300

OML Xs=-300

= = =no building = = = AeriViod no building = = =OML no building
25
2
15

Figure 6.4 Example of one of the panels in Figure 6.5. Measured and modelled concen-
trations for one of Thompson’s experiments. See text.

One of the panels in Figure 6.5 is shown in large size as Figure 6.4.

The panel shows both the geometry of the simulation and the results in
terms of concentrations. Like all panels of Figure 6.5, the graph shows re-
sults from AERMOD and the standard OML model, with and without
building. Furthermore, measurements are displayed as the black, irregu-
lar curve. In the example shown, for OML the two (red) curves with and
without building are identical.

The wind blows from the left to the right. The stack and the building are
drawn on the figure. The stack is located at x = 0, and the x axis indicates
distance from the stack.

The scale on the y axis shows normalised concentrations.

The physical dimensions in the wind tunnel and on the graph are in mm.
The building height is 150 mm, and the boundary layer in the wind tun-
nel has a height of 700 mm. One may interpret the result as having a dif-
ferent scale. For instance, with a scaling factor of 1000 the building height
would be 150 m and the distance from the stack shown on the x-axis
would be in meters. When results are scaled, all length scales are ad-
justed, whereas the wind speed remains the same.

Superposed on the figure, there is a drawing of stack and building. The
scale corresponds to the scale of the x axis, so a 150 mm cube building
appears as a square with side lengths of 150.

The first line of the legend on top indicates stack height (Hs) and build-
ing dimensions (height Hb, width Wb, length Lb).

In the second line the statement Xs = -300 refers to the position of the
building relative to the stack. Xs is measured from the building’s upwind
face to the stack, and counted positive along the x axis.

A large number of graphs, similar to Figure 6.4, are presented in Figure
6.5 and Figure 6.6. Measurements and model results are shown for all
four building geometries (as defined in Figure 6.2), but only for a few se-



lected combinations of the stack location with respect to the studied
buildings. Results for Hs/Hb=1 are presented in Figure 6.5 while results
for Hs/Hb=1.5 are presented in Figure 6.6.

Figure 6.5 extends over four pages. For all panels in the figure, the rela-
tive stack height Hs/Hp = 1, implying that the release takes place at roof
level. Panels corresponding to the same location of the stack are shown
in the same row of the figures. The different rows represent different
stack locations.

For the first page of the figure, the panels are arranged in a tabular for-
mat, where the two columns represent buildings 1 and 2, while the rows
represent various positions of stack relative to the building

The next page show corresponding results for buildings 3 and 4. The

third and fourth pages of the figure have a similar layout, but refer to
three additional stack positions.
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Building 1, Hs/Hp=1 Building 2, Hs/Hp=1

Hs=160 Hb=160 =300 LI>=160
Xs=-300

Hs=160 Hb=180 =160 LI>=160
— X5=-300 e Ae1Viod Xs=-300 e OIVL. X5=-300 — e A2 rMlod Xs=-300 e OV X5=-300
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o] (0]
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Figure 6.5 rows 1-4. The panels on this page refer to Building 1 (cubic) and 2 (wide), and to four building positions: downwind of
the stack and centred on stack.

Measured and modelled centreline concentrations for Thompson’s wind tunnel experiments with Hs/H,=1. Model results are
shown for the (old) standard version of OML and AERMOD/PRIME. For comparison, the measured and modelled concentrations
for the case without building, but for the same stack height and position, are also shown.

The Xs value in the legend refers to the position of the building relative to the stack. Xs is measured from the building’s upwind
face to the stack.
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Building 3, Hs/Hp=1

Building 4, Hs/Hy,=1

Hs=160 Hb=160 =600 LI>=160

Hs=160 Hb=160 Wh=160 LI>=300

— e A2 rMlod Xs=-300 e OV X5=-300 — e A2 rMlod Xs=-300 e OV X5=-300
= = =no building = = =AerMod no building = = =OWML no building = = =no building = = =AerMod no building = = =OWML no building
25 25
2 2
15 15

Hs=160 Hb=160 Wh=600 LI>=160

Hs=160 Hb=160 =160 LI>=300

— Xs=-160 e A2 rMlod Xs=-160 e OV X5=160 — X5=-160 e A2 rMlod Xs=-160 e OV X5=160
= = =no building = = =AerMod no building = = =OWML no building = = =no building = = =AerMod no building = = =OWML no building
25 25
2 2
15 15
1
05
(0]

-500 o] 500 1000 1500 2000 2500 3000

Hs=160 Hb=160 =600 LI>=160
— X0

Hs=160 Hb=160 Wh=160 LI>=300
— X0

e A VIO X5=0 — Xs=0 e A VIO X5=0 e OV X5=0
= = =nobuildng - = - AerViod no building - = = OWML no building = = =nobuildng - = - AerViod no building --- no building
25 25
2 2
15 15
1 1
05 05
B e T T e I S
0 - e . , ; 0 - e . . ‘
-500 o 500 1000 1500 2000 2500 3000 -500 o 500 1000 1500 2000 2500 3000
Hs=150 Hb=150 Wb=600 Lb=150 Hs=150 Hb=150 Wb=150 Lb=300
— 75 e A TMOd XS=75 — OML. XS=75 — X5=150 e ATV Xs=150 — OML. Xs=150
= = =no building = = = Aeriod no building = = = ONML no building = = =no building = = = Aeriod no building = = = ONML no building
25 25
2 2
15 15
1 1
05 05
. ._’_'—-""‘-: e
-500 0 500 1000 1500 2000 2500 3000 -500 0 500 1000 1500 2000 2500 3000

Figure 6.5, rows 1-4 (continued). The panels on this page refer to Building 3 (very wide) and 4 (long), and to four building posi-

tions: downwind of the stack and centred on stack.
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Building 1, Hs/Hp=1

Building 2, Hs/Hp=1
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Figure 6.5 (continued) Rows 5-7. The panels on this page refer to Building 1 and 2, and to three building positions: building up-
wind of the stack. The cases in Row 5 of the figure are discussed in Section 6.5.
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Building 3, Hs/Hp=1

Building 4, Hs/Hy,=1
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Figure 6.5 (continued), rows 5-7. The panels on this page refer to Building 3 and 4, and to three building positions: building up-
wind of the stack. The cases in Row 5 of the figure are discussed in Section 6.5.
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Figure 6.6, rows 1-4. The panels on this page refer to Building 1 (cubic) and 2 (wide), and to four building positions: downwind of

the stack and centred on stack.

Measured and modelled centreline concentrations for Thompson’s wind tunnel experiments with Hs/H,=1.5. Model results are
shown for the (old) standard version of OML and AERMOD/PRIME. For comparison, the measured and modelled concentrations
for the case without building, but the same stack height, are also shown.

The Xs value in the legend refers to the position of the building relative to the stack. Xs is measured from the building’s upwind

face to the stack.
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Figure 6.6, rows 1-4 (continued). The panels on this page refer to Building 3 (very wide) and 4 (long), and to four building posi-

tions: downwind of the stack and centred on stack.
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Figure 6.6 (continued). Rows 5-7. The panels on this page refer to Building 1 and 2, and to three building positions: building
upwind of the stack. The cases in Row 5 of the figure are discussed in Section 6.5.
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Building 3, Hy/Hp=1.5

Building 4, Hy/Hp=1.5
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Figure 6.6 (continued). Rows 5-7. The panels on this page refer to Building 3 and 4, and to three building positions: building
upwind of the stack. The cases in Row 5 of the figure are discussed in Section 6.5.
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Building 1, Hs/Hp=1 - MISKAM

Building 1, Hs/Hp=1.5- MISKAM
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Figure 6.7 Comparison of model results from MISKAM with wind-tunnel measurements. For comparison, the model predictions
by AERMOD are also shown. Note that the panels are arranged in a different manner compared to the previous figures. Here,
results for the four buildings (rows) and two source heights (columns) are shown. Only one Xs value (source position) is consid-
ered: the stack is placed in the centre of the building.
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Figure 6.8 Wind flow around the four buildings as calculated by MISKAM in the x-z plane in the centre of the building.

Commonly, when results are presented in literature, they are aggregated
and shown in summarised form. Here, we have chosen to present a large
number of graphs showing detailed observations and model results, be-
cause aggregation conceals information. Facts and problems can easily

be overlooked.

The results shown are discussed in Section 6.5.
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6.4.2 Miskam simulations

In addition to computations with OML and AERMOD, the CFD model
MISKAM has also been used to simulate Thompson’s data. Results of
model simulation with MISKAM are shown in Figure 6.7. Results are
shown for all the four building configurations, but only for one stack lo-
cation - a stack centred on the buildings. For comparison, the corre-
sponding results from AERMOD are also included in the figure.
MISKAM results are considerably better than AERMOD’s.

Underlying the dispersion results from MISKAM is a detailed flow simu-
lation. It is of interest to study the wind field and turbulence structure
predicted by MISKAM, because it drives dispersion.

The wind field as modelled by MISKAM is shown in Figure 6.8. For all
four building configurations (B1 to B4) wind vectors are shown for a ver-
tical cross-section in the centre plane of the building.

Above the building, the flow field is essentially horizontal, although
there is a small lift at the front (windward) edge. However, a recircula-
tion zone (cavity) is evident on the leeward side of the building. The ex-
tent of this recirculation zone clearly depends on the width of the build-
ing. The larger the width (from B1 to B3), the longer is the recirculation
zone. The wind field predicted for building Bl (cube) is very similar to
the one predicted for building B4 (long building). Thus, the length of the
building does not have any large influence on the flow structure.
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Figure 6.9 Turbulent kinetic energy (TKE, m?/s?), according to MISKAM for the four buildings in an x-z cross-section in the
centre of the building.

Turbulence data as modelled by MISKAM are shown in Figure 6.9. The
figure shows the Turbulent Kinetic Energy (TKE), which is the sum of
variances of velocity fluctuations. In MISKAM, the turbulence is as-
sumed to be isotropic, i.e. the velocity fluctuations in both x, y and z di-
rections are considered to be the same. For all four building geometries
MISKAM predicts enhancement of TKE in the region close to the top of
the building, but with maximum at some distance from the leeward face
of the building. This distance increases with increasing width of the
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building. The length of a building does not seem to have any large influ-
ence on the field of TKE. This appears from the figure by comparing
simulations for building B1 (cubic) and B4 (long). The turbulence data
are crucial for dispersion modelling and it is therefore highly relevant to
study the turbulence predictions by CFD models.

Thompson’s data set does not allow a direct verification of MISKAM’s
turbulence predictions with measurements, so such verification must
make use of other data sets. Although MISKAM is quite successful in
predicting concentrations (Figure 6.7), some features of the behaviour of
the turbulence field — notably the location of the maxima for TKE - as
modelled by MISKAM can be questioned. This statement is based on a
comparison with other measured data sets with measured turbulence
tields. The question is a field of interest for further studies.

6.5 Discussion of building effects

As a very first conclusion to be drawn from the results presented in the
previous section, it is clear that the presence of buildings has a dramatic
influence on dispersion conditions. Comparing the wind tunnel results
from experiments with and without buildings, one can see that in the
case of building influenced dispersion the maximum ground level con-
centration is several times higher than in the case without buildings. Fur-
ther, the location of maximum is much closer to the source. The building
effect is still clearly visible at distances from the building larger than
even 10 times building height.

Regarding the significance of the distance between stack and building,
the building effect is largest for a stack located close to the building.
When the distance between stack and building increases, the effect de-
clines. For the results shown in the figures, the largest separation occurs
for a stack located 4 building heights downwind of the building (row 7).
With this separation, there is still a very clear effect of the building, in
particular for the wide buildings. Thompson's data comprises results for
larger separation distances. When the stack is 10 building heights down-
wind, and the stack top is at roof height, the effect of the building is still
not negligible. In terms of the so-called Building Amplification Factor
(BAF) - the ratio between maximum ground-level concentration with and
without building - the BAF is around 1.5 for all four buildings.

The main drawback of the building algorithm implemented in the cur-
rent standard version of OML is that the building effect is sharply cut off
when the distance between the stack and the nearest building face be-
comes larger than or equal to 2 times the building height. Such a discon-
tinuity is in contradiction with the observations from the wind tunnel
experiments.

The more elaborate building algorithm used in AERMOD/PRIME does
not show such a discontinuity, but the predicted ground level concentra-
tions are still not well reproduced. The agreement between the modelled
and measured concentrations be considered reasonable only at large dis-
tances from the building, and in this case the results are not much differ-
ent from the current OML results (provided the building effect in OML is
active). For AERMOD results, significant deviation compared to the



measured concentrations is observed for distances close to the building —
more specifically, when the model predicts that the plume is within the
building's near wake zone (recirculation zone). Thus, for buildings 1 and
4 in case of a low stack (Hs/Hb=1), AERMOD produces considerable
overpredictions close to the building.

The sensitivity of results to a change of parameters — stack height, building
geometry and stack location — can be studied by comparing the various
figures.

For Hs/Hb=1 (Figure 6.5) concentrations modelled by AERMOD are
much more sensitive to the building geometry than experimental data. Es-
pecially in the case of a stack centred on or adjacent to the building, the
modelled concentrations decrease substantially with increasing width of
the building. This is not the case for measured concentrations. See "Row
5" of the figure to get an impression of the discrepancy between mod-
elled and observed behaviour.

The concentrations modelled by AERMOD are also more sensitive to the
location of the stack with respect to the building than the measured con-
centrations. This can be seen by inspecting the differences from row to
row in Figure 6.5.

For Hs/Hb=1.5 (Figure 6.6), AERMOD has a tendency to underpredict
the concentrations, and this underprediction is most pronounced when
the stack is located close to or right on the building.

It is interesting to note that for this elevated stack, measurements show
large sensitivity to building width, while AERMOD shows only little
(Figure 6.6, row 5). This is the opposite behaviour compared to the situa-
tion with the low stack.

In other words, for a stack at roof height, building width is not crucial,
whereas for an elevated stack, building width does matter. This behaviour
is not replicated by AERMOD.

Results of simulations with the CFD model MISKAM (Figure 6.7) are in
much better agreement with the wind tunnel measurements than results
obtained with AERMOD. However, this should not be surprising, be-
cause AERMOD is an operational model using the PRIME module algo-
rithm for simulation of building effects, while MISKAM is a numerical
model based on solution of a set of equations describing the physical
properties of the wind flow. The effect of buildings on the wind flow is
directly described by these equations. The computational time required
by MISKAM is several orders of magnitude larger than the time required
by models like AERMOD or OML.

The dependence on building geometry is very well replicated by
MISKAM. In the case of a source located at roof height at the building
centre (Hs/Hb=1), the modelled concentrations are not very sensitive to
the width of the building, in accordance with measurements. For the
source with Hs/Hb=1.5, the MISKAM model predicts concentrations
which close to the building increase substantially with increasing width
of the buildings. This is in good agreement with the experimental data.
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Figure 6.10 The vertical profiles of the Turbulent Kinetic Energy (TKE) as modelled by
MISKAM for the three buildings (B1 to B3) used in the wind tunnel experiments. The verti-
cal cross-section is taken at the second model grid-point downwind of the building facade.
The line labelled TKE_NB represents the TKE level without building (ambient turbulence).
The vertical axis is in units relative to the building height. The two horizontal lines indicate
the source locations (Hs/Hb = 1 and 1.5, respectively).

The fact that MISKAM is able to reproduce, at least qualitatively, the de-
pendence of the ground level concentrations on building geometry,
makes it feasible to use this model in order to identify the main factors
governing building effects on plume dispersion.

As it is seen from Figure 6.8, the wind flow above the building is not sig-
nificantly influenced by the width of the building. The most apparent ef-
fect takes place below roof height, where the extent of the recirculation
zone increases with increasing width of the building.

In the case of a source located right on top of a building at roof height
(Hs/Hb=1), the plume will be captured in the building wake and dis-
persed to the ground regardless of the building dimensions. This can ex-
plain the relatively weak dependence of ground level concentrations on
building dimensions.

In the case of a source with Hs/Hb=1.5 the wind flow cannot explain the
observed differences in ground level concentrations for building with
different width (e.g. Figure 6.7, right column). Here, the behaviour can
more likely be attributed to the structure of the turbulence field (Figure
6.9). A more detailed picture of the turbulence field in a vertical cross-
section, as modelled by MISKAM is shown in Figure 6.10. The figure
shows the vertical profiles of the Turbulent Kinetic Energy (TKE) for the



three buildings (B1 to B3) used in the wind tunnel experiments. The ver-
tical cross-section is taken at the second model grid-point downwind of
the building facade. The line labelled TKE_NB represents the TKE level
without building (ambient turbulence). When considering a source with
Hs/Hb=1.5 it is seen that at this height the turbulence increases re-
markably with increasing building width (from Bl to B3). The down-
ward mixing of the plume will thus be more intense for a wider than for
a narrow building. At a height of about 3-4 times building height, the
turbulence decreases to approximately the ambient level, and the influ-
ence of building on plume dispersion can be expected to be marginal at
this height. This indicates that a proper modelling of building influence
on the turbulence field is crucial for modelling of plume dispersion.

The absolute values of TKE and some of the features predicted with
MISKAM must, however, be taken with some care. Certain simplifica-
tions are made with regard to turbulence modelling (closure assump-
tions etc.). Such simplifications are common to many other similar CFD
models.

6.6 Implications for OML development

When relating the discussion above to OML, we can note that the fact
that AERMOD is sensitive to building shape while OML is not, does not
in general make the performance of AERMOD better compared to that of
OML. This is because AERMOD is not sensitive to building shape in the
same way as observed data.

We can identify three major shortcomings of the standard OML building
effect (see Olesen et al., 2005). Resolving the shortcomings by directly
adopting an AERMOD approach would not in general lead to improved
results, as model performance would in some instances be better, in oth-
ers worse.

The shortcomings of the current standard OML model can be summa-
rised as follows:

e The current algorithm results in an abrupt and discontinuous

modification of plume dispersion. The building effect is totally
neglected if the distance between the stack and the closest point
of the building is larger than 2 x building height.
An additional problem is that in the case when the stack is lo-
cated upwind of the building, the increased dispersion is as-
sumed to take place immediately when the plume leaves the stack,
before it meets the building.

e In the model, the building effect is practically independent on the
shape of the building. Essentially, building height is the only pa-
rameter used in the algorithm. It appears from the results above
that building width and length can have a substantial influence
(as exemplified in the case with an elevated stack, Hs/Hb=1.5,
Figure 6.6, row 5).

However, it does not necessarily have any large influence (as ex-
emplified by the low stack, Figure 6.5). The current neglect of
building geometry in OML leads to results which are often better
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(i.e., less incorrect) than AERMOD's. The largest discrepancy be-
tween OML model results and measurements occur close to the
building, while results are fair farther downwind.

e The plume height is treated in a simplistic manner in OML. The
plume centreline remains unaffected at a constant height. For
non-buoyant plumes, the only effect taken into account is the in-
creased dispersion, which is simulated by an increase of the
Gaussian plume dispersion parameters o, and oy. In reality, the
plume material can be drawn down into the recirculation zone,
which it leaves at a lower height than the original plume.
For buoyant plumes, the OML model does account for a reduc-
tion in plume rise due to building effect, but there is no mecha-
nism to bring plume height below stack height (here, we disre-
gard the slight effect of stack downwash).

e The fact that OML simulates building effects mainly by increas-
ing dispersion, often has the effect that the maximum ground-
level concentrations occur in the "building influence zone" situ-
ated next to the building, and decline further away. An example
can be seen in Figure 6.6, row 5 (elevated stack, Hs/Hb=1.5). The
OML graph is exactly the same for all four buildings, displaying
a monotone decline of concentrations with distance. Measure-
ments lead to four very different concentration graphs that de-
pend very much on building width. The observed maximum
does not occur next to the building, but downwind of it. Thus,
the OML behaviour is not realistic. Nevertheless, for all four
cases OML gives a better estimate for the maximum concentra-
tions than AERMOD does.

Based on the discussion of results in the previous section, it can be con-
cluded that directly adopting an AERMOD approach will in essence not
result in a much more precise model for building effects. This is a very
general statement, which deserves to be elaborated somewhat.

It is possible to develop quantitative model performance measures, as
opposed to the qualitative approach that was used in the discussion in
the previous sections. A model should be fit for purpose, so in order to
develop such measures one would have to define the model objectives of
interest: Which building geometries are important, which stack heights,
which distance between stack and building, and at what distance from
the stack are the concentrations to be evaluated?

But irrespective of all possible refinements in defining model objectives,
performance measures will in part be based on the results shown. A
quantitative approach may identify problems more precisely, but the fact
remains that a user of either AERMOD or OML must accept rather large
deviations between model predictions and observations for many situa-
tions. Predictions in the far field, away from the stack, are reasonable,
but in the near field there can easily be overpredictions or underpredic-
tions by a factor of 2 for both models. Such are the current limitations of
the models.

The question remains as to whether other modelling approaches than
that of AERMOD will be substantially more successful. Performance can



possibly be improved somewhat compared to AERMOD, but in view of
the complexities involved, it seems inevitable that simple models must in
many cases fail when challenged with the challenges of the real world.

If a modeller’s purpose is an accurate prediction of concentrations close
to a building, MISKAM is clearly superior to both OML and AERMOD.
However, MISKAM is much more demanding in terms of required man-
power, user skill and computer resources. Furthermore, even MISKAM
has weaknesses.

It remains to be stated that one of the OML shortcomings - the one of ne-
glecting building effect when the distance between stack and building
becomes larger than 2 building heights - can probably be resolved by
rather simple changes in the OML algorithm. This is a matter that should
be addressed, while the remaining shortcomings are much more difficult
to resolve. Obviously, performance problems cannot be successfully
overcome by directly adopting the AERMOD /PRIME approach.
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7 Conclusions

The present report serves as documentation for the concepts and param-
eterisations underlying the OML model - both the current standard ver-
sion that was essentially developed during the 1980 and the new, modi-
fied Research Version, developed during a review of OML in 2005-06.

The Research Version was developed in order to resolve a number of
problems that have been identified within the standard model in the
course of time - and especially during the review process. These prob-
lems are summarised in Chapter 4.

Model performance has been evaluated on a number of research-grade
data sets. It should be emphasized that model evaluation is by no means
simple. There are numerous problems involved in evaluation, as it is ex-
plained in the supplementary report "OML: Model Validation" (Olesen et
al., 2007). Briefly stated, some main difficulties are:

e Experimental data sets for validation are limited in many re-
spects - they represent only few of the possible scenarios.

e Processing of experimental data sets is far from trivial. This state-
ment refers to a wide range of problems, as indicated in the sup-
plemental report.

e There are inherent uncertainties in the data due to the stochastic
nature of the atmosphere. Even for a perfect model results will
deviate from observations.

All of this means that it is often difficult to draw firm conclusions on
model performance.

However, it appears from the studies that the Research Version of OML
yields a better overall performance that the standard OML model. For
certain situations, the performance improvements are substantial, while
for others the difference is only marginal.

The Research Version is a candidate to replace the currently operational
OML model. However, there may be inadequacies in some of the new
parameterisations. Therefore, before replacing the operational model
with the Research Version, it is recommended that additional model
runs for a wide range of source conditions and meteorological scenarios
are undertaken.

Furthermore, to the extent possible, it is desirable to conduct further
evaluation studies with additional data sets, representing a wider range
of physical conditions.

For most of the model validation undertaken, we have not only evalu-
ated the performance of OML, but also of the US AERMOD model that
resembles OML in many respects. Overall, the performance of the Re-



search Version of OML is similar to or better than that of AERMOD,
when we consider cases without building effects.

A substantial effort has been devoted to the study of building effects. At
the beginning of the model review it was anticipated that the building
algorithm (PRIME) incorporated in AERMOD would be a candidate for
inclusion within OML. PRIME is the result of a considerable develop-
ment effort spent in the USA during the 1990’s.

A much under-used data set - the Thompson wind tunnel data - has pre-
sented the opportunity to evaluate AERMOD for a range of building ge-
ometries and stack locations. Somewhat surprising, we can conclude that
directly adopting an AERMOD approach in OML for building effect will
in essence not result in a much more precise model for building effects.
OML has shortcomings in respect to building effects, but so does AER-
MOD.

There are several recognised shortcomings of OML'’s building algorithm,
and at the outset of the project the idea was to respond to them by adopt-
ing the AERMOD approach. However, this has proven not to be any so-
lution to the problems. As it is, a user of either AERMOD or OML must
accept rather large deviations between model predictions and observa-
tions for many situations with buildings. Predictions in the far field,
away from the stack, are reasonable, but in the near field there can easily
be overpredictions or underpredictions by a factor of 2 for both models.
Such are the current limitations of the models.

It should be added that one of the shortcomings of OML probably can be
alleviated with a rather simple change in the OML algorithm. This con-
cerns a problem with abrupt cut-off of building influence when the stack
is further than 2 building heights from the building.

The current state of affairs is that if a user wants predictions close to a
building he can use a simple model, like OML or AERMOD, but he must
then be willing to accept limited accuracy. Alternatively, the user can
choose a model of a different category which is several orders of magni-
tude more demanding in terms of computer requirements. MISKAM is
one such model that gives clearly better results than AERMOD and OML
when buildings are present. MISKAM is also, however, much more de-
manding in terms of required man power and user skill and cannot be
used for operational purposes in the same manner as the simpler mod-
els.

Summarising, it is recommended that the Research Version of OML, af-
ter a relatively short phase of consolidation, replace the current standard
OML model. If possible within resource constraints, the existing OML
building algorithm should be improved by eliminating the shortcoming
of abrupt cut-off, as indicated above

As a long-term prospect, inclusion of a substantially better building algo-
rithm is desirable. However, such an endeavour would require yet an-
other major development effort, with no guarantee of success. Quality
can probably be improved compared to the current OML or AERMOD,
but in view of the complexities involved, it seems inevitable that any
simple model must in some cases fail when facing real-world challenges.
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As a side issue within the present project, the work with validation of
OML has resulted in many findings of general interest for evaluation of
atmospheric dispersion models. We have worked intensively with sev-
eral research grade data sets. During the course of the work many pit-
falls and problems with these data sets have been identified. Details of
this work are explained in the supplementary report on model valida-
tion, referred to above.
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Appendix A

Treatment of area sources in the OML atmospheric
dispersion model

Internal note from 1999

Department of Atmospheric Environment
National Environmental Research Institute

By Per Lofstrom and Helge Rordam Olesen
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Area sources

The OML model is available in two main versions, OML-Point and
OML-Multi. One of the features that distinguish OML-Multi is that it
includes algorithms to handle area sources.

The area source algorithm in OML-Multi has undergone major
changes from the version released in 1989-91 to the version to be re-
leased in year 2000. The present document presents the basic features
of the old and new algorithms, and explains in some detail the con-
siderations upon which the new version is based.

Old version

The original version of the area source algorithm was developed for
modelling dispersion of emissions from uniformly distributed
sources for individual domestic heating aggregated in large areas;
and was used for mapping air pollution in entire cities. For this pur-
pose the algorithms were constructed to consider only square areas
with optional side length and emission height. From each square the
dispersion was simulated as a non-buoyant point source, with initial
dispersion parameters Gy and 6,0. The point source was located at
the centre of the square. In cases where the receptor was located in-
side the area, the point source was placed in the centre of the upwind
part of the area, assuming that the square was always oriented with
one side parallel to the wind direction.

The initial dispersion parameter Gy0 was proportional to the side
length L; of the square area source:

0,0=L /2% (0.1)

and 6,0 was proportional to the emission height h;, thereby simulat-
ing building effects on the initial dispersion:

0., = 05h, (0.2)

The total dispersion parameters ¢y and 6, depended on the down-
wind distance, x:

0, =max{o,,,0, ,(x)} (0.3)

2 241/2
o, =[0'Z’0 +0'Z’p(x) ]

where oy (x) and 6,p(x) was determined as for a non-buoyant point
source without any initial dispersion.

When downwind change in the vertical dispersion can be disre-
garded (such as for small area sources where 0.0 >> 0;,(x) ) and the
horizontal dispersion oy,(x) is small compared to the area side length,
the value of oyo from Eq. (0.3) ensures that the “correct” maximum



Problem: oy was assumed
constant for a range of
distances

Large area souces might give
incorrect results both for
centerline and tails

Rectangular sources
allowed; orientation and
release height are now user-
specified

concentration is computed if we consider points at the centerline in-
side and just outside the area source - but only when the wind direc-
tion is parallel to the side of the real area source. The consequence of
using the “correct” value for the maximum concentration is that that
the plume in the first phase of its travel becomes too wide, because
the Gaussian crosswind concentration profile does not describe the
correct shape of the plume for a square area; the correct shape is like
a “top hat” (Fig A1), and the “tails” of the distriubution are not well
described by a Gaussian profile.

New version

Concentration

Crosswind distance

Fig. A1 Crosswind profile of concentration distribution resulting from a square area sour-
ce, computed along a cross-section immediately downwind of the source. The curves
show the profile according to the old OML algorithm, and the “top-hat” profile found in
reality and predicted by the new algorithm.

Furthermore, in the original algorithm oy was constant for downwind
receptors at distances up to 2-5 Ls, implying that the horizontal dis-
persion did not contribute to any change in the concentration levels.
This gave rise to an error outside the area source; the maximum error
at the centerline was up to about 30% (overprediction). Of course,
these errors vanished further downwind.

On the other hand, when the downwind change in the vertical dis-
persion cannot be disregarded (as for large area sources where
0.0<<0:p(x) ) and at distances less than 2-5 Ls where ¢;,(x) << 0,0, the
centerline concentration errors could be large due to the non-linearity
in the Gauss formula (the sum of many point sources gives a differe-
ent result than one source in the centre). The errors have been esti-
mated at the downwind edge of area sources (h=0) at receptors 1.5 m
above the ground level. The largest overprediction of about 35 % was
found for side lengths of 30-80 m depending on the stability, and the
error decreased rapidly downwind. For large side lengths an under-
prediction was found, which increased as the side length increased.
For a side length of 500 m a maximum error of -90 % occurred, but
this error decreased rapidly downwind, and 0.5 Ls or 250 m down-
wind the error was -10% and possible 6y-errors would dominate.

The new version

In the new version of the area source algorithm, the plume is not any
longer considered as a single point source with modified dispersion
parameters; now, dispersion is modelled by integration over an area
source with an infinite number of non-buoyant point source plumes
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(cf. EPA, 1995). The former restriction, that only square areas sources
could be treated, has been removed; now, rectangular areas sources
are accepted which have aspect ratios (length/width) of up to 10, and
a maximum and minimum side length of 1000 m and 1 m, respec-
tively. The area orientation and release height are now optional pa-
rameters. Even though the area source algorithm models dispersion
of uniform emission from a surface, it is also possible to model the
dispersion of aggregated emissions from many point sources with
building effects (domestic heating); for that purpose a general build-
ing height can be supplied by the user. The building height may in-
fluence the initial vertical dispersion of the point source plume. The
plume dispersion parameters 6y and ¢, and formulation for the effect
of buildings in the vertical direction (o) are the same as those used in
the OML model in general.

Fig. A2 shows an example of concentration contours computed with
the new algorithm; the old algorithm could not directly handle a
source of the type shown.
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Fig. A2 Example of concentration contours computed with new algorithm.

The concentration at a receptor is calculated by a double integral in
the crosswind and along-wind directions quite similarly to methods
used in the US AERMOD and ISCST3 models (EPA, 1995). When a
receptor is placed inside an area source, integration is only performed
for the upwind part of the area source. The integration in the cross-
wind direction is performed analytically (equivalent to a finite line
source) and expressed in terms of error functions. In the along-wind



Far downwind, the source is
approximated by a line
source.

Accuracy of numerical
procedure

direction the integration is approximated using numerical methods,
which include Romberg integration technique (Press et al., 1986). The
numerical integration method is an iterative procedure where an in-
tegral I is estimated by a trapezoidal approximation with a doubling
of the number of intervals N to 2N at each new integration. The result
makes use of a weighted average of the previous results:

I=Dn+ (IZN-IN)/3

The sequence of integration results I; are treated as a polynomial in k,
and a polynomial extrapolation of the result to zero interval-size is
made. This means that the number of iterations (or the number of
times the interval have been halved) must at least be k before the ex-
trapolation is performed. The iteration is stopped when the change in
successive integration results has converged to a certain level g or
when the maximum number of iterations N is reached. In the OML
algorithm these integral parameter values are Nx=7 (corresponding to
1 + 2Nx1 = 65 finite line sources), k = 5 and € = 0.0001. In comparison,
the values for AERMOD/ISCST3 are N\=10, k =4 and € = 0.0001. De-
spite the fact that k is larger for OML, this choice of parameter values
results in a 2.5 times faster calculation than the AERMOD parameter
values (but still, the new more accurate procedure is approximately
14 times slower than the old OML algorithm). The numerical integra-
tion errors (mean and maximum errors) are almost the same as for
AERMOD; although N is smaller in OML, the increased value of k
has ensured that accuracy is retained. OML performs slightly better
for side length up to about 100 m and slightly poorer for larger area
sources.

At very far distances the numerical integration is replaced by an
equivalent single line source for faster calculations. The line source is
located at the centre of the area and is perpendicular to the wind di-
rection; its width is the maximum of one of the following three can-
didates: (1) the average crosswind width of the area source and (2
and 3) the crosswind widths of each of the two sides. Three criteria
for using the single line source should be met: x >5 L., g,> 0.5 L, ,
and o. > 2 /hsz,/, where x is the distance from the area centre to the
receptor, L, is the along-wind length of the area source, ks is the re-
lease height, and z, is the receptor height.

The numerical errors have been estimated on the basis of runs for
several different area sizes and aspect ratios, for 0 m release height
and 1.5 m receptor heights; values calculated with the new algorithm
and the parameter values specified above and have been compared
with reference calculations where Romberg extrapolation is not per-
formed, while N,=10 and € = 10-¢. One month of hourly meteorologi-
cal data was used for concentration calculations at 360 receptors
placed at different distances around the area sources. For the monthly
maximum and mean concentrations, the relative error averaged over
all receptors is approximately 0.6 % and 0.2 %, respectively. When
looking at single receptors, the largest relative error for a single re-
ceptor (always located inside or adjacent to the area) is, respectively,
approximately 3.8 % and 1.2 % for the maximum and monthly mean
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concentration (this is an average for runs with various area configura-
tions). The maximum errors decrease very rapidly within the first few
tens of meters away from the area source.

References:
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OML is a local-scale operational air pollution model for estimating disper-
sion from point sources and area sources. Based on the original OML mo-
del, several model versions have been developed over the years to treat
different regulatory aspects in Denmark, including assessment of indu-
strial air pollution, regulation of odour and assessment of ammonia de-
position. The model was reviewed in 2005-06, and model performance
was evaluated with more experimental data than previously. A number
of problems were identified, and various issues have been resolved with
introduction of new parameterisations in certain parts of the model. The
outcome of the process is a revised model, referred to as the "Research
Version" of OML.
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