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Increased knowledge on dispersion processes in urban environment will enhance the ability in 
the society to handle events where releases of toxic substances can occur. Also, the ability to 
increase preparedness at locations where such events potentially can emerge. 

Can Computational Fluid Dynamics (CFD) models contribute to increased knowledge and 
what type of models are most suitable considering dispersion in urban environment? 

CFD-models can simulate almost any scenario but urban scales are still computationally de-
manding. Simplifications of the basic equations are needed. Mainly two methods to do this is 
feasible, namely Reynolds Averaged Navier-Stokes models (RANS) and Large Eddy Simula-
tion models (LES). These methods are commonly used for hydrodynamic flow studies. In this 
thesis the eddy viscosity hypothesis is implemented and used in all turbulence models. 

The scenarios studied includes flow and dispersion past objects at the side of a road, flow over 
buildings, dispersion in urban environments and on synthetic stochastic boundary condi-tions. 
The basic flow around objects assume that the turbulence is realistically modelled. In RANS the 
flow is steady state while the turbulence is fully modelled. In LES only the smallest turbulent 
eddies are modelled while the flow is resolved in time. In the urban environment tur-bulent 
fluctuations have the dimension of the buildings and the wind speed. Thus, it is important that 
these fluctuations are correctly described for the purpose of the simulation with a CFD-model. 

The results show that CFD can replace the real world in well specified scenarios when stud-
ying certain aspects, like effects from objects in the path of the dispersion and effects of atmos-
pheric stability. However, the simulations of dispersion in urban environments show that RANS 
and LES models can produce quite unequal results regarding hazard area estimation. When 
comparing LES results to data from full scale experiments, it is clear that LES-models have 
fundamental ability to handle effects found in real life. Here can be mentioned dispersion paths 
and maximum values which are important when estimating the extent of hazard areas. On the 
other hand specific temporal fluctuations can hardly be predicted, only statistics. 

Finally, by using synthetic inflow boundary conditions, realistic representation of spectra of 
turbulent kinetic energy is enforced in areas with low and sparse buildings. In the high rise 
building area the building interaction with the flow develops a turbulent urban sub layer that is 
not much influenced from the inflow boundary. By studying synthetic forcing as a part of the 
boundary conditions together with a stably stratified boundary layer, more tools to simulate the 
real world events are examined. 
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Sammanfattning 

Ökad kunskap om spridningsprocesser i urbana miljöer kommer att öka för-

mågan att hantera händelser där utsläpp av farliga ämnen kan förekomma. Den 

ökade kunskapen ger även möjlighet att öka samhällets allmänna beredskap 

på platser där utsläpp av farliga ämnen potentiellt kan uppstå.  

Kan Computational Fluid Dynamics (CFD) modeller bidra till ökad kun-

skap och vilken typ av modeller är mest lämpliga med tanke på spridning i 

urban miljö?  

CFD-modeller kan simulera nästan varje tänkbart scenario. Att beräknings-

mässigt hantera urbana skalor är fortfarande krävande. Förenklingar av grund-

läggande ekvationer behövs. Främst två metoder att göra detta är hanterbara, 

nämligen Reynolds Averaged Navier-Stokes (RANS)- och Large Eddy Simu-

lation-modeller (LES). Dessa metoder används ofta för studier av hydrodyna-

miska flöden. I denna avhandling används antagandet om turbulent viskositet 

och är implementerat i alla turbulensmodeller. De scenarier som studerats in-

kluderar luftströmning och spridning förbi objekt vid sidan av en väg, luft-

strömning kring och över byggnader, spridning i urbana miljöer och syntetiska 

stokastiska randvillkor. Simulering av luftströmning runt byggnader förutsät-

ter att turbulensen är realistiskt modellerad. I RANS med stationärt flöde, är 

turbulensen helt modellerad medan i LES med tidsupplöst flöde, är det endast 

de minsta turbulenta virvlarna som modelleras. Byggnaderna och vindens has-

tighet är dimensionerande för de turbulenta fluktuationerna i stadsmiljön. Det 

är därför viktigt att dessa fluktuationer är korrekt beskrivna i CFD-modellen 

för det syfte studien görs.  

Resultaten visar att CFD kan ersätta den verkliga världen i väl definierade 

scenarier när man studerar vissa aspekter, som hur hus eller andra objekt på-

verkar spridning och effekter av atmosfärisk stabilitet. Simuleringarna av 

spridning i urbana miljöer visar dock att RANS och LES modeller kan ge jäm-

förelsevis olika resultat vid beräkningen av riskområden När man jämför LES-

modellers resultat med data från fullskaliga experiment, är det tydligt att LES-

modeller en har grundläggande förmåga att hantera effekter som återfinns i 

verkliga livet, inkluderat spridningsplymens utbredningsområde och koncent-

rationens max-värden som är viktiga när dimensionen av riskområden ska be-

räknas. Enskilda fluktuationer kan inte förutses, bara i statistisk mening. 

Slutligen, genom att använda syntetiska randvillkor för inflöde av vind och 

turbulens i beräkningsdomänen, kan en realistisk återgivning av spektra av 
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turbulent rörelseenergi appliceras i områden med låga och glesa byggnader. I 

den del av beräkningsdomänen som innefattar höga hus ger byggnaderna upp-

hov till ett turbulent, urbant gränsskikt som inte nämnvärt påverkas av egen-

skaperna hos det vindfält som strömmar in i beräkningsdomänen. Utveckling 

av syntetiska turbulenta randvillkor för olika atmosfäriska förhållanden är 

fortsatt ett område för forskning för att utveckla metoder för avancerade risk-

områdesbedömningar. 

Genom att studera randvärden med syntetiska fluktuerande element med 

stabil skiktning i det atmosfäriska gränsskiktet, erhålls fler verktyg för att si-

mulera händelser i den verkliga världen.  
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1. Introduction 

The release of a toxic agent into air is potentially harmful to humans. Depend-

ing on the level of toxicity and concentration, it may also be lethal. A way to 

decrease the threat to humans is, related to incidents, to establish hazard dis-

tances that are more easily accepted by stakeholders as well as the public who 

should conform to these directives. By using dispersion models that inherit the 

ability to simulate the flow and the turbulence within urban topography, in 

principle realistic hazard distances can be estimated.  

Computational Fluid Dynamics (CFD) allows in theory unlimited possibil-

ities to simulate and calculate the hydrodynamic flow and dispersion with its 

interaction with the surroundings and the fluxes inherent in the flow. Unfor-

tunately, the resources for doing so are limited. The smallest scale of motion 

where viscosity dominates and will turn motion into heat, is formulated by 

Kolmogorov and referred to as the Kolmogorov microscale which is defined 

as η= 𝜈3⁄4 휀1⁄4⁄ , where  is the viscosity of air and  is the rate of dissipation 

of the turbulent kinetic energy. Assuming L is the scale of the modelled do-

main, to resolve all scales it will take  𝑁~(𝐿 𝜂⁄ )3~𝑅𝑒9⁄4 degrees of freedom 

in three dimensions. As the Reynolds number in an urban environment can be 

in the order of 107 (𝑅𝑒 = 𝑈𝐿 𝜈⁄  and the air velocity U=5 m/s, length scale 

L=100 meters and viscosity of air 10-5 m2/s), the number of nodes to use in a 

calculation is well above 1015. Therefore, most real life situations with the 

scale of the surrounding of man need to be handled with some level of simpli-

fications.  

The fundamental equations used for hydrodynamic flow are the equations 

for conservation of mass and momentum, equations that make use of the con-

tinuum hypothesis of a large number of evenly distributed molecules within 

the smallest entity of calculation. To make the calculations reasonably possi-

ble to perform, some averaging of the smallest scales is needed to reduce the 

number of scales that are to be resolved. Applying Reynolds averaging on the 

Navier-Stokes equation will return the same equation but with averaged vari-

ables, plus correlation terms that need to be modelled to close the equations. 

The velocity correlations are commonly called Reynolds stresses. If other ap-

proaches of averaging are used, additionally terms may appear. 

One method to model the stresses was suggested by Boussinesq in 1877 [1, 

2]. By assuming that the viscous dissipation of energy and the dissipation of 
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turbulence can be modelled in the same manner, an eddy viscosity hypothesis 

is established.  

In the literature, there are numerous examples of models developed to 

model the Reynolds stresses. With the starting point in the Boussinesq hypoth-

esis, both Reynolds Averaged Navier-Stokes models (RANS) and Large Eddy 

Simulation models (LES) have been developed successfully but not for all 

possible scenarios. RANS is generally thought to produce stationary solutions 

if the boundary conditions are stationary. LES is inherently intermittent and 

only the smallest eddies are modelled. RANS assumes that the averaging of 

the original equations are made on an ensemble of an infinite number of real-

izations or equivalently a long averaging time by the ergodic hypothesis. The 

LES-model on the other hand uses volume averaging over the nodes in the 

calculation. Thus, time is not averaged out in the definition of the equations. 

Moreover, in LES a cell dimension parameter is included in the equation for 

the eddy viscosity and therefor a LES calculation cannot be grid independent, 

[3]. 

In this work, the focus has been on dispersion modelling by CFD and the 

interpretation of the flow and dispersion in complex geometries aiming to es-

tablish hazard distances which are more easily accepted by stakeholders. This 

is done by separate studies to evaluate and interpret the flow and dispersion in 

increasingly complex geometries. As it is a necessity to assess the toxic effect 

on humans when estimating hazard areas and hazard distances, discussed is 

also methods to estimate the toxic effect that might occur as a result of expo-

sure to toxic substances.  

The work spans over five different studies where each of them has aimed 

to explore the usefulness of CFD-simulations for dispersion modelling within 

complex geometries. 

The first paper I is concerned with the effects on dispersion of a toxic agent 

considering the topography and obstacles close to the release. In the study a 

RANS-k-epsilon model with neutral and heavy gas releases and stable and 

neutral stability in the atmospheric boundary layer was used. 

The second paper II investigated the possibility to simplify the model de-

sign of buildings so that simple flow models could be used to describe the 

flow within urban areas. Three categories of roof types were studied. The tur-

bulence was modelled with an enhanced k-epsilon developed by Chen [4].  

The third paper III expanded the study to a city center where a hypothetical 

release of a toxic agent took place. Here RANS-models as well as LES-models 

were used to clarify the different prognostic results these models might de-

liver. Details in flow and dispersion modelling as well as modelling of the 

toxic effect is discussed. 

The fourth paper IV is concerned with details in dispersion modelling 

within an urban environment. By comparing the measured physical properties 

within an actual city with the properties resulting from a simulation using three 
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different LES-models, investigated is the possibility to interpret the usefulness 

of different simulation methods for establishing hazard areas and hazard dis-

tances in a city center. 

The fifth paper V examines the possibility to use the boundary condition 

methodology used in paper IV on scenarios including the stable atmospheric 

boundary layer. The comparison is with wind tunnel data. 

Papers I and II together with a part of paper III, are intended to show the 

possibilities and limitations in using CFD as a tool to examine flow and dis-

persion in the vicinity of topographical objects as buildings, trees and fences. 

Paper III displays the effect on humans of a release of a toxic agent might 

have and how it is affected by the variability of the flow in the urban environ-

ment. The paper IV compare results from simulations with measurements 

from a full-scale experiment in Oklahoma City in 2003. The paper V con-

cludes the study by in more detail study the influence on the flow from varying 

boundary conditions considering a stably stratified boundary layer. The study 

adds on to the ability to study dispersion in the stable atmospheric boundary 

layer. The study shows strengths and also weaknesses of the CFD model and 

modelling that needs to be addressed in future work.  
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2. Summary of thesis 

2.1 Governing equations 

The Reynolds averaged equations are derived by taking the equations for con-

servation of mass, momentum and heat, replacing fluctuating variables with a 

mean value and a fluctuating part added, 𝜙 = �̅� + 𝜙′, and applying the Reyn-

olds conditions [5] which assumes ensemble averaging. In the boundary layer 

it is quite valid to assume that 𝑢′ 𝑢,̅⁄ 𝑣′ �̅�⁄ , 𝑤′ �̅� ≫ 𝜌′ �̅�⁄⁄    [6].  

Favre averaging is therefore discarded and the ergodic hypothesis is assumed. 

Thus we can assume the following equations to be valid. Transport and diffu-

sion in all papers I-IV are modelled using the equation suggested by Patankar 

[7], where 

 

    (1.) 

 

 

represents conservation of mass and 

 

   (2.) 

 

 

models the transport of scalars and momentum. 𝑆𝜙 stands for the source term, 

like gravitational force if there are any density differences and pressure gradi-

ent in the equation for momentum and moreover, sources of scalars. 

In the first term on the right hand side a correlation term is retrieved from 

the Reynolds averaging process on the transport equation. As the term is rep-

resenting a fluctuating entity it represents the turbulent behavior of the flow. 

This is unknown and needs to be modeled. Leonard decomposition could be 

an alternative but as explained in Sagaut [8], the differences in decompositions 

are handled in the SGS- model with the purpose that the eddy-viscosity is 

modelled to balance the dissipation of turbulent kinetic energy from the re-

solved scales. 
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2.2 Turbulence models 

Reynolds averaging of the momentum equation returns an unknown stress 

term that needs to be modelled. All of the following models use the hypothesis 

of eddy viscosity and links information from the mean flow to the turbulent 

correlation term. On the left hand side is the stress term emanating from Reyn-

olds averaging and on the right hand side is the eddy viscosity model proposed 

by Harlow and Nakayama [9]. In the momentum equation the correlation is 

modelled as 

   

   (3.) 

 

 

Where k is implicitly added to the pressure equation, and for a scalar it is for-

mulated as 

 

        (4.) 

 

 

The diversity in eddy viscosity modeling is in the explicit formulation of 

the eddy viscosity Γ𝜙. In general the dispersion coefficient is formulated as  

 

   (5.) 

    

 

where 𝜎𝜙𝑡 is the turbulent Prandtl or Schmidt number that relates turbulent 

momentum diffusion to turbulent diffusion of heat or mass and set to unity. 𝜈𝑙 

is the laminar viscosity of air and 
l

 the laminar Prandtl or Schmidt number. 

Models where the equations of momentum and heat are filtered with the Reyn-

olds averaging method, are often called RANS models. These models do not 

have any turbulent scales that depend on grid size as the averaging is made 

over ensembles. Therefor the quality of a RANS simulation can be judged by, 

among other criteria, the independency of the solution from grid resolution.  

According to Kolmogorov's theory [10] of self-similarity, large eddies of 

the flow are dependent on the geometry while the smaller scales are more uni-

versal. Thus, it should be possible to explicitly solve for the large eddies and 

implicitly account for small eddies by a sub grid scale model (SGS model). 

This technique is referred to as large eddy simulation (LES). The LES-models 

are inherently unsteady as the eddy viscosity is modelled only for turbulent 

scales smaller than the filter size or grid size. That makes the simulation de-

pendent on the grid resolution. The coupling to the grid also makes the as-

sumption that the stress term is the only result of the averaging not fully justi-

fied according to the averaging criteria [5]. However, by assuming that the 

effects of turbulent sub grid dispersion is small and is taken care of by the 
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eddy diffusion concept, the model is agreeable. The main advantage is that it 

reduces the modelling effort considerably [11].  

2.2.1 The standard K-epsilon model 

The standard K-epsilon model, which origins from Launder and Spalding in 

1974 [12], is popular due to its stability in convergence and its simplicity and 

low cost in computational effort and is commonly used in confined flows like 

pipe flows. The model assumes scalar eddy viscosity. Harlow and Nakayama 

[9] recognized the anisotropy in regions of strong shear but pointed out that it 

is much less restrictive than what might be supposed. The model is used in 

paper I. 

The eddy viscosity is modelled by combining a turbulent velocity and a 

length scale to determine the size of the eddy and is written  

    

(6.) 

 

The Kolmogorov theory outlines that the dissipation rate is scaled with the 

inverse of the size of the energy-containing eddies. This assumption is valid 

at high Reynolds number. For atmospheric flows this condition is met. This 

relation is commonly written 

    

   (7.) 

 

In the surface layer 𝑐𝜇
3 = 𝑐𝐷 and 𝑐𝜇𝑐𝐷 = 0.09 [12]. Combining equation 

(6) and (7) gives a relation between turbulent kinetic energy (k) and dissipa-

tion of turbulent kinetic energy () to describe the turbulent eddy diffusion 

coefficient. 

    

   (8.) 

 

To account for transport and history effects, the following semi-empirical 

equations usually are employed, the turbulent kinetic energy is modelled as  

  

 (9.) 

 

 

Ps denotes the production of turbulent kinetic energy due to shear and is 

given by, e.g. Stull [13] and Pb represents the contribution from buoyancy 

effects. Generation and dissipation of turbulent kinetic energy by buoyancy 

effects is written  Pb=P+Pc 

The thermal contribution is  

t
c l k


 

3 2
/

D
c k l 

2

t D

k
c c







 
 t

i s b

i k i

ρk ν k
ρku ρ ρ P P ε

t x σ x

  

  
    

 
 
 



7 
 

    

   (10.) 

 

 

The contribution from differences in molecular weight of released gas to 

air is modeled as   

 

   (11.) 

 

In equation (11), D equals (Ra/Rg -1) where Ra and Rg is the gas constant of 

air and dispersed gas respectively. 
The dissipation of the turbulent kinetic energy is modelled as 

 

(12.) 

 

Table 1. Constants in the standard K-epsilon model 
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c1 c2 c3: stable /unstable conditions  k  

1.51 1.92 0.0 / 0.5 1.314 1.0 

2.2.2 K-epsilon Chen model 

Considering flow around buildings, the standard K-epsilon model tends to 

over predict the level of turbulent kinetic energy in strong shear. By adding an 

extra term that allows smaller scales of turbulence to balance the equation, 

some of the flaws could be handled. The Chen model is used in paper II [14]. 

In the equation for dissipation of turbulent kinetic energy () the standard for-

mulation connects production and destruction of with the dissipation rate 

time scale expressed as k/. In the Chen-model a production term for  is 

added that is governed by a second time scale k/P, where P is the production 

rate of turbulent kinetic energy. Thus turbulence created at this second time-

scale is balanced more swiftly. These equations have by necessity modified 

constants compared to the standard formulation, see Table 1. Buoyancy was 

not considered when using the Chen-model. 

Table 2. Constants in the K-epsilon Chen-model 

c1 c2 c3: used for second time-

scale 

  k 

1.15 1.90 0.25 1.15 0.75 
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2.2.3 K-epsilon MMK model 

The model developed by Murakami et al. [15] is based on the standard formu-

lation of the K-epsilon model but it operates on the eddy viscosity of the stand-

ard model by multiplying with F=min(1.0,/S). With S2=(ui,j+uj,i)
2/2  and 

2=(ui,j-uj,i)
2/2. 

The MMK formulation of the eddy viscosity is then: t=FccD k
2/. The 

MMK model is used in paper III representing RANS-models. It is specifically 

developed to handle flow and pressure around buildings and therefore should 

be suitable for the purpose. 

2.2.4 Smagorinsky LES model 

The LES-model developed by Smagorinsky was intended to simulate circula-

tions in the atmospheric boundary layer and as such is theoretically justified 

only for locally isotropic turbulence. But according to Schumann [16], for 

flow within complex geometry it is eddies in the scale of the roughness ele-

ments that dominate the flow. Within complex geometry the mean shear 

should be negligible while eddies in the scale of the roughness elements are 

resolved. Therefore, the Smagorinsky model should be quite representative, 

for the studies with urban application. The Smagorinsky model is used in pa-

per III. The sub grid scale eddy viscosity is here modelled as 
2

t s
l S    

where S  is defined as |(2SijSij)
0.5| and ls is the characteristic length scale and 

is modelled as 

s s
l C F


   

    (13.) 

Here  is a cell size parameter given by 

∆= 𝑉
1

3⁄     (14.) 

 

V is the volume of the cell. 

 𝐹𝜇 = (1 − 𝑒(−𝑦+ 𝐴+⁄ )𝑚
)

𝑝
   (15.) 

 
F


 is the van Driest damping function and y  is the dimensionless distance 

from the wall, A+=26, and here is chosen m= 2 and p=2. Cs is the Smagorinsky 

constant and ranges between (0.1<Cs<0.25).  

2.2.5 WALE LES model 

The WALE model proposed by Nicoud and Ducros [17] has the desired prop-

erty that the SGS-viscosity is always positive, it decays as the distance to a 

solid boundary to the third power and it vanish in pure shear as well as in a 
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flow in solid rotation. Moreover, it is derived from local gradients so it is eas-

ily implemented and computationally effective. 

The SGS-viscosity is expressed as 

          (16.) 

 

 

where Cm is the model constant, here chosen to be ~0.57, Δ is a characteristic 

scale (see eq. 14) and Dm is the model operator acting on the resolved velocity 

field. For the WALE model Dm is defined as 
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2.2.6 Sigma LES model 

The Sigma-model proposed by Nicoud [11] share several properties with the 

WALE-model ( see chapter 2.2.5). The differences can be summarized by a 

few properties. The Sigma-model tends to zero if the flow is two-dimensional, 

then no sub-grid scale activity is expected. The second property that deviates 

compared to the WALE model is that the sub-grid eddy viscosity should be 

zero if the resolved scale are in isotropic expansion or contraction. 

In the Sigma model the eddy viscosity is modelled in the same way as the 

WALE-model. The coefficient Cm should be in the range of 1.3-1.5 for the 

Sigma model. The model-operator, though, is different and is defined as 

 𝐶𝑚 =
𝜎3(𝜎1−𝜎2)(𝜎2−𝜎3)

𝜎1
2   (18.) 

 

where 
i are the singular values of the tensor Gij , i.e. derived from the ordered 

square-roots  0321   of the eigenvalues of 
ij ik jk

G A A . The 

model has the property of always being positive and it is used for the purpose 

of stability. The effect of backscatter of turbulent energy is acknowledged, but 

to achieve a local stable SGS-model, backscatter is not included. For details 

about backscatter, see Sullivan [18] and references therein. 
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2.3 Numerical model 

Solving the equations of motion and turbulent parameters, the commercial 

software package PHOENICS by CHAM is used. It take use of the strongly 

implicit methods developed by Stone [19]. In papers III and IV, the second 

order method MUSCL, developed by van Leer[20] is used. This is because 

unnecessary numerical diffusion has to be avoided in the convective terms or 

else it might damp the movement in the resolved eddies in an unphysical way. 

These numerical methods are a part of the software package. For all used tur-

bulence methods in papers III and IV, the temporal scheme used is a 3rd-order 

implicit Adams-Moulton [21]. In paper V, the solution algorithm used for 

pressure is the Hypre AMG-solver [22] and the conjugate gradient residual 

solver with the point-by-point pre-conditioner for the other variables [23].  

 

2.4 Flow and dispersion over simple structures 

Studying simple cases and varying a few parameters will support the under-

standing of processes studied. In paper I an airborne agent is released at a road 

and the concentration level for a flat surface case is compared with scenarios 

where a solid fence (see Figure 1), a hedge and a case where the road is in a 

road canyon. 

 

Figure 1. A sketch of the solid fence scenario. The release point is on the road. The 
distance ‘a’ is 15 m. 

The solid fence scenario also examined the effect of a heavy gas release. 

The heavy gas release was to mimic the effect of a release of sulphur dioxide. 

The results are exemplified in Figure 2 where the ratio of the concentration 

from an obstructed plume to an unobstructed plume is plotted, both for neutral 

gas and heavy gas releases. It is clear that the effect is largest closest to the 

obstacle and is decreasing at larger distances. For a heavy gas release the effect 

is strong as the heavy gas will need advective forcing to be lifted over the solid 

fence or need to be diluted enough so that the turbulent diffusion can transport 

the plume over the fence.  
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Figure 2. The graph shows the concentration ratio of the obstructed plume to the un-
obstructed plume. The lines represent neutral gas and the single symbols represent 
heavy gas at the corresponding distances, (2 and 4 meters only). 

The height of the fence will scale the dispersion as the mixing wake behind 

the fence is defined by that height. A heavy gas plume will be broadened be-

fore passing over the fence, due to gravitational effects, and thus it will have 

an even larger mixing volume. This is seen in Figure 2 where the relative con-

centration of the heavy gas is much lower than the solid fence results for the 

weight-neutral gas. 

 

Figure 3. A sketch of the design of the scenario studied in Figure 4. The distance ‘a’ 
is 15 m. 

The second scenario studied a hedge of birch trees, (see Figure 3). It is 

expected that branches and leaves will affect the size of the turbulent eddies 

and break down the turbulent eddies that are in the size of, and smaller than, 

the tree itself into smaller scales and thus increase the dissipation of turbulent 

kinetic energy in the wake of the hedge. This effect was seen in the Phase II 

trials at Thorney Island [24]. The modelling approach for the standard K-ep-

silon model [12] was suggested by Green [25]. Terms for turbulent kinetic 

energy, dissipation of turbulent kinetic energy were added to the correspond-

ing equations and also a sink term for momentum was added to simulate the 



12 
 

effect of the hedge. The effect is that the turbulence is damped downwind the 

hedge at a distance more than 10 times the hedge height. The dispersion is 

damped and the concentration is higher than in the case without hedge. The 

effect is consistent with wind tunnel experiments by Judd et al. [26]. For a 4 

m high hedge, a significant part of the plume passes over the hedge and is 

dispersed at the same rate as in the case without hedge (see Figures 2 and 4). 

At this height the hedge acts almost as the solid fence and only increases the 

dispersion of the plume that is passing over the hedge. If the hedge is 8 meters 

or higher the plume will mostly pass through the hedge. Then the level of 

turbulence is damped and, compared with the case without a hedge, the level 

of concentration is higher.  

  

Figure 4. The graph show the concentration ratio of the obstructed plume to the un-
obstructed plume. The lines represent neutral gas. If the hedge is 4 meters high, the 
plume for the most part travels over the hedge and thus increases the dispersion in 
the plume. For higher hedges, the plume travels through the hedge and the level of 
turbulence in the plume is therefore damped. Compared to the unobstructed plume 
the concentration is therefore higher. 

The third scenario with a road valley, (see Figure 5), includes atmospheric 

stability. In Figure 5 the depth of the road valley is explained. 

 

 

Figure 5. A sketch of the design of the scenario studied in Figure 6. The distance ‘a’ 
is 5 m and the distance ‘d’ is the valley depth. 
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Figure 6. Additionally to neutral boundary layer stratification here we also study sta-
ble stratification. The lines represent stable boundary layer and single symbols a 
neutral boundary layer. The potential temperature gradient is 0.01 K/m. The concen-
tration at a distance from the source is higher for the stable case but close to the 
road-valley the difference is small. The dispersive effect from the road-valley is 
dominant up to approximately 100 m 

In Figure 6 it is clear that while increasing the depth of the road valley it 

will lower the concentration downwind. Moreover, the damping of the disper-

sion due to atmospheric stability is obvious from about 100 meters downwind 

and distinct from 200 meters. This indicates that close to topographical ele-

ments and buildings, the turbulence and dispersion that comes from the obsta-

cles will dominate the flow and that the influence from atmospheric stability 

on the dispersion will be of importance when the generated turbulent kinetic 

energy has dissipated. In Britter [24] it is stated that the corresponding effect 

goes for heavy gas releases. If the internal density gradient is larger than that 

found in the atmospheric boundary layer, it will dominate and no effect from 

the atmospheric boundary layer stability is noticed.  

In the above 2-dimensional structures are considered though they were sim-

ulated in 3D. In paper II, a 3D study was performed to evaluate the necessity 

of detailed information concerning the shape of the roof on buildings. The 

question was: can a flat roof building give a similar flow-pattern as a roof with 

topographical correct shape? The aim was to construct simplified geo data for 

emergency dispersion models but the result also in general elucidates the use-

fulness of simplified house shapes when studying urban dispersion using 

CFD-models. 



14 
 

In Figure 7 the method of the study is outlined. By comparing flow param-

eters between a flat roof building and a building with another roof configura-

tion, the assumption is that, for a certain height of the flat roof building, the 

flow patterns are similar.  

  
Figure 7. Streamlines around the studied building types. Flat roof (left pane) with 
recirculation on the top and gabled roof top (right pane) with elevated flow over the 
building. 

The parameters used are the velocity components as the flat roof geo data 

was intended for mass conservative flow models where only the velocity com-

ponents were to be calculated. An evaluation matrix is defined at points 

around the building and downwind. At these points the velocity components 

are compared. The points are chosen at specified coordinate values horizon-

tally from the buildings and vertically from the ground surface. The evaluation 

needs some well-defined statistical performance measure. A suggestion from 

Jagger et al.[27] is Factor of 2, (FAC2). The FAC2 parameter represents the 

fraction of data that satisfy 0.5 < p/o < 2, where p is the predicted value 

and o is the reference value. For a perfect model FAC2 equals 1. In this case, 

the measure is robust, consistent and easy to understand. First a referent da-

taset with flat roof buildings are calculated and then a comparison dataset is 

constructed with different configurations. Below an example is shown. In Ta-

ble 3 the Configuration A is defined.  

 

 

Table 3. Description over configuration used for establishing the efficient height. 

A Test Set Referent Set 

A) Gable roof, side Square footprint 20x20m2, 
gabled roof with side towards 
the wind, 15-35 m. Wind at 0 
m is 2 m/s. 

Square footprint 
20x20m2, flat roof with 
height 15-35 m 

 

In Figure 8 the evaluation sheet is shown. For a specific line, that will be a 
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specific height of a building with a gable roof, the performance measure will 

be at a maximum and indicate the heights with the most similar flow.  

The results for the configurations chosen indicate that the efficient height 

should be somewhere between just below rooftop height and rooftop height + 

5 meters. But most of the results indicate that the efficient height should be 

close to the roof top value. The concluding results from the study boils down 

to, if to use flat roof buildings in a simulation, let the top of the original build-

ing give the height of the flat roof replica. If there are some antennas or chim-

neys these can be disregarded in general. 

FAC2, Case A
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0,7
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Figure 8. The evaluation sheet show efficient height for configuration A for the 
tested heights respectively. For a gable roof with the ridge at 17 meters the best fit 
will be with the 16 meters high flat roof building. And a gable roof with the ridge at 
24 meters, the best fit will be with the 30 meters high flat roof building. 

Measuring the flow around buildings only by velocity components does 

merely consider turbulence implicitly. Measurements and simulation of tur-

bulent properties will give more clear indications on how well the model can 

simulate the turbulent flow. Flow around a single surface mounted cube is 

well studied [28, 29]. For urban flows it may be of interest to study the impact 

on flow and turbulence from buildings close to each other. As a model for that, 

experiments have been performed with two surface mounted cubes in a row 

[30, 31]. In paper III, a comparison with the experimental data from [30] and 

a LES turbulence model implemented in PHOENICS has been conducted. 

From the experiment the mean velocity field is used for comparison but also 

the frequency of the velocity field fluctuations. As the fluctuations are strongly 

linked to the resolved dominating turbulent eddies, it is a proper measure for 

a LES model. The MMK K-epsilon model used [32], is compared with the 

mean velocity field. In Figure 9 the mean velocity field for the experiment and 

the simulations are presented. The distance between the cubes is two cube 

heights. This distance is chosen as it falls in between two regimes that are 
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more easily distinguishable. Smaller distance places the second cube in the 

wake of the first cube. Larger distances places the second cube in a regime 

where it can be seen as a new single cube. The distance two cube sizes was 

also seen by Britter [24] where he noticed that for a building with the same 

height and length the lee wake extended two building heights downstream in 

contrast to a fence, where the size of the wake could be 10 fence heights. 

The MMK-model captures the recirculation on top of the first building and 

also simulates the lack of recirculation on the second building, (see Figure 9). 

The Reynolds-averaging is inherently averaging out temporal properties from 

the solution and therefore the k-epsilon model results essentially can be seen 

as stationary solutions to the problem solved. Thus there is no result for fre-

quencies in the simulation as the turbulent eddies are included in the calcula-

tion for the eddy viscosity. 

LES-models only calculate sub-grid values for the turbulent diffusion. The 

well-known Smagorinsky model [33-35] is used to simulate the surface 

mounted cubes in a row. The standard value of the coefficient in the atmos-

pheric boundary layer is ~0.17 but this is to dissipative close to the ground 

surface and therefore the constant here is chosen to be 0.1 as discussed by 

Esau [36]. In Figure 9 the velocity vectors are plotted in the symmetry plane 

for the MMK- and LES-model. The lowest panel show the resulting velocity 

vectors from the experiment by Martinuzzi and Havel, [31]. Comparing the 

LES average field with average fields presented by Martinuzzi et al., it is seen 

that the LES simulation shows a basically correct field. Havel [37] measured 

the position of the recirculation behind the first cube [(xc/H), (yc/H)], where xc 

and yc are the horizontal and vertical distances, respectively, and H is the cube 

height. Havel also measured the maximum height of the separation streamline 

(ys/H), where y is the vertical distance. The measured values were [0.932; 

1.08] and 1.44, respectively. The values of the presented LES simulation are 

[0.96; 0.93] and 1.44. This is a reasonable agreement even though the position 

of the recirculation center is 13.8% lower than the measured value. In the LES-

simulation it (middle pane) can be observed that the vortex in front of the first 

cube is small compared to the experiment. This is probably a result of the 

constant value in the sub grid model coefficient. In case of strong shear it 

should tend to zero but here it is fixed to 0.1. Schumann [16] points out that 

while the Smagorinsky model is theoretically justified only for locally iso-

tropic turbulence where the mean shear should be negligible for flow within 

complex geometry it is eddies in the scale of the roughness elements that dom-

inate where separation and reattachment occur, and these eddies are resolved. 

 



17 
 

  

Figure 9. Snap-shots of the flow-field viewed in the symmetry plane for different 
methods to calculate turbulence. Uppermost picture shows the flow-field using the 
MMK turbulence model, middle when Smagorinsky LES model is used, bottom 
show experiment by Martinuzzi, Havel. The flow is from the left to the right. 

The fluctuations measured by Havel [37] were also simulated by Paik [38]. 

They found that the Strouhal-number calculated as St=f H/U, where f is the 

measured frequency, H is the height of the cube (4 cm) and U is the inlet 

velocity (8.8 m/s), was about 0.1. In Figure 10 a peak at 0.1 is shown. This 

indicates that the dominating frequency is well simulated by the LES-model. 

In an urban environment the convective flow and large scale turbulent eddies 

can be expected to dominate the dispersion of contaminants. Therefore, LES-

models could be suitable for simulation of contaminant dispersion in an urban 

environment.  
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Figure 10. The peak of the Strouhal number measured at 2H downstream of the sec-
ond cube at the centerline 0.5H from the surface. The maximum is at 0.1 which cor-
responds well with the experiment by Havel [37]. 

2.5 Variability in modelling results in urban 
environment 

Dispersion of hazardous materials needs a measure to quantify the threat it can 

pose to humans and the environment. This measure is commonly taken to be 

the toxicological effects, which are normally given as a function of dose. One 

way to express the exposure is the product of concentration and exposure time, 

Ct (Haber's law). However, the Ct relationship does not account for the me-

tabolization of the agent in the body, nor the dose rate. Reported results [39-

41] points to that the toxic effect rather depends on ∫ 𝐶𝑛𝑑𝑡. Therefore, in the 

scenario presented in paper III, the Ct relation has been replaced by the probit 

function  

 

𝑃𝑟 = 𝛼 + 𝛽𝑙𝑛(∫ 𝐶𝑛𝑑𝑡)  (19) 

 

where , and n are statistically determined regression parameters where 

corresponds to different levels of injuries andis related to the toxicity for 

the specific substance. Then the probability to be injured is 𝑃 = 𝑒𝑟𝑓(𝑃𝑟). This 

is also referred to as the casualty model. Concentration peaks will contribute 

much to the injury because n normally is >1 for both CWAs (Chemical War-

fare Agents) and many TICs. In this study, n=4 corresponding to SO2.  
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Figure 11. The domain where the dispersion is simulated. Circles with numbers 
show the three release positions. The probe positions are marked as P1-P4. Numbers 
show the height of each building (m). 

Casualty assessment simulations have been made by combining the CFD-

model with the casualty model in an urban environment, resembling part of 

the city-center of Stockholm. The simulation domain is shown in Figure 11 

along with the main wind direction. The inlet boundary conditions are, for the 

RANS-models, calculated according to Richards and Hoxey [42] in accord-

ance with COST recommendations [3]. For LES, no inlet turbulence quantities 

are added assuming that the disturbance of the flow from the buildings at the 

inlet will dominate the LES turbulence field. The standard logarithmic law of 

the wall was used with RANS methods and also for LES. Bridging the non-

resolved gap from the closest cell to the surface with law of the wall will un-

derestimate the turbulence contribution from the surface[43]. But as the main 

contribution to the turbulence is from bluff body flow around the buildings 

this error is deemed small. In the studied area of the domain, y+ is in the range 

30 < y+ < = 600. Convergence is considered to be obtained when all residuals 

have decreased by a factor of 10-6. To illustrate differences in results between 

different plume realizations, all initial conditions are kept identical for each 

realization, but the initial simulated time before each specific release is shifted 

by 5 seconds.  

A detailed study of the calculated flow field reveals recirculation zones on 

the roof tops, at the building fronts and building-sides, in the downstream cav-

ity regions, and on- and off-axis channeling between buildings. The length, 

height, and size of the recirculation regions and their orientations are depend-

ent on building heights, widths, downwind lengths and wind angles, resem-

bling suggestions derived from atmospheric and wind tunnel experiments by 

Röckle [44]. An analysis of spatiotemporal fluctuations resolved by LES in 
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the square (at source position #1) and closer to a building (at probe P1) shows 

that the spectrum density as a function of non-dimensional Strouhal number 

based on building height 35m and velocity 6m/s, StH, have maxima around StH 

= 0.15. Supporting the results, this could be compared to 0.13 < StH < 0.21 for 

different single bluff bodies measured by several different investigators, as 

summarized by Lyn et al [45]. Also supporting the results, Martinuzzi and 

Havel [46] found that StH decreased from below 0.2 towards 0.1 when the 

distance between two surface-mounted cubes was increased somewhat above 

two cube distances; thereafter, StH remained slightly above 0.1. However, the 

calculated power spectrum density curves were not as distinct as the measured 

curves. Thus, it is difficult to exclude the possibility that the spectra simply 

represent turbulent flow and not vortex shedding. Taking the height of the 

buildings (h=35m) close to the open square and the velocity at that level that 

by examination of the flow-field is approximately u=8 m/s and 𝑓 = 𝑆𝑡𝐻 ∗ 𝑢/ℎ 

gives f=0.034 s-1. Thus the eddy envelope is about 30 seconds for the domi-

nating frequency. This indicates that for a number of instantaneous releases 

over a period of 20 seconds, the dispersive conditions will be continuously 

changing in a LES-simulation. This is clearly seen in Figure 12 where the 

concentration is plotted over time for five realizations of the release, each 

shifted by 5 seconds. In the leftmost pane, the concentration at the sensor P1 

shows that both time of arrival and level of concentration can change a lot 

depending on the actual initial conditions at release time. The other panes 

show results for the same sensor but other release points. The corresponding 

measure, toxic load is plotted in Figure 13. 

 

 
Figure 12. For different LES-plume realizations with equivalent releases and condi-
tions, examples of concentration variations (mg/m3) versus time (s) at different 
probe-positions (see Figure 11) for releases from different source-positions. Please 
note that the scales for each column are different. The legend in the left most pane, 
marks the five realizations. 
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Figure 13. For different LES-plume realizations with equivalent releases and condi-
tions, integrated toxic load ([mg/m3] min) versus time in seconds at probe position 
#1 for releases from source-positions #1-3. Please note that the scales for each col-
umn are different. The legend marks the five realizations. 

The aerial distribution of toxic load interpreted as injuries are plotted in 

Figures 14 and 15. Thus an explicit area can be calculated and compared 

among the models used. In Figure 14 the result of the LES-modelling is 

shown. It is clear that a small change in both temporal and spatial position of 

the source will give a remarkable change to the resulting footprint. Comparing 

the LES results with the results from the K-epsilon models can’t be done di-

rectly as these are inherently steady state solutions of the flow. They are basi-

cally ensemble-averaged models and therefore it can be appropriate to make 

ensemble mean values of the LES results and then compare. In Figure 15 the 

LES-mean plot and the MMK-plot are more similar than if compared with the 

standard K-epsilon plot. It is known that the K-epsilon model does not perform 

too well simulating flow past obstacles while MMK is developed to handle 

these cases better. Assuming that LES can handle flow past obstacles (as 

shown previously) this indicates that MMK indeed is a better model than the 

standard K-epsilon model for urban dispersion studies. In the comparison be-

tween model results, the area covered by the different levels of toxic load cal-

culated by LES is presented in row 1 in Table 4. However, there are alternative 

ways to calculate this area just by changing the order of calculation. In doing 

this the area for lethal damage can be twice as large, as seen by comparing 

row 3 to row 1 in Table 4.  

The problem with calculating the toxic load as mean values is that, if it is 

to be used as a hazard area indicator, large parts of the areas in Figures 14 and 

15 that are clearly seen to be hazardous areas, will falsely be described as safe. 

The opposite is also possible, falsely dangerous.  

Concluding, methods to calculate hazard areas in urban areas need to be 

scrutinized and undergo further research. 
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Figure 14. All graphs show probability of injuries in each area estimated by inte-
grated toxic load ([mg/m3]n min) in a horizontal plane at 1.5 m height with identical 
simulation conditions for LES flow-field. Graphs on each row represent different 
plume realizations. The columns show estimated injury from each source. Middle 
gray represents 10% light injuries for individuals at risk, light gray 10% severe and 
dark gray 10% lethal injuries, where the limits were chosen to more clearly demon-
strate the problem.  
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Figure 15. Comparison of probability of injuries in each area estimated as ensemble 
means of integrated toxic load ([mg/m3]n min) in a horizontal plane at 1.5 m height 
with identical boundary conditions for different turbulence models. The columns 
show estimated injury from Source 1. Middle gray represents 10% light injuries for 
individuals at risk, light gray 10% severe, and dark gray 10% lethal. 

Table 4. Results when different averaging methods are used to calculate hazardous 
areas (m2) at different casualty levels based on the same concentration field. The 
first row shows the average of the calculated hazardous areas. The second row 
shows calculated hazardous areas based on the average concentration. The third row 
shows the hazardous areas based on the average toxic load. 

 Method Mild Severe Lethal 

1 AVE (AREA (TL 

(Conc))) 

6639 3736 190 

2 AREA (TL (AVE 

(Conc))) 

6536 3325 244 

3 AREA (AVE (TL 

(Conc))) 

8286 5588 380 

2.6 Comparison with experiment in urban environment 

There are a number of experimental studies of dispersion in urban environ-

ment that could be used as reference data in a comparison study. In paper IV 

was chosen the field campaign in Oklahoma city in 2003, JU2003[47]. The 

experiments are well studied and the data is accessible.  

The scope of the investigation is to find, demonstrate and discuss the mag-

nitude and character of differences in dispersion characteristics and results 

produced by typical LES models used for dispersion simulations in urban ar-

eas, and how these results compare with full scale experiments. 

From the JU2003 experiments the IOP2 case (IOP = Intensive Observation 

Period) was chosen. The release point is situated in between large buildings, 

thus the dispersion should be strongly linked to effects of urban flow. The 

GIS-data for the domain used in the study is extracted from the dataset from 

JU2003 and limited to the central part of Oklahoma City, (see Figures 16 and 

17). It has the dimensions 800x850x300 m. For the simulation it is divided 

into 3x3x3 regions, and includes 218x272x100 nodes. The LES-models used 
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for the simulation are the Smagorinsky, WALE and the Sigma model pre-

sented in chapter 2.2.4, 2.2.5 and 2.2.6. 

 

Figure 16. The figure shows the calculation domain, which is a selected part of the 
2003 Oklahoma City joint urban experiment. 
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Figure 17. The figure shows the locations where the simulated turbulence is evalu-
ated. Red star is the location of the source of the IOP2 experiment and also the probe 
location HA. The blue circle location represents the probe location LA and the blue 
triangle is located at the probe location IB. 

The wind direction and speed, together with information on the wind pro-

file is taken from the paper by Hanna et al. [48]. Moreover, the boundary con-

ditions for the LES-models are evaluated by comparing the results having sta-

tionary inflow profile and the results with synthetic fluctuations, on the inflow 

boundary. The purpose of the synthetic BC is to trigger the resolved turbu-

lence to resemble the measured velocity- and turbulence field. The triggered 

turbulence field will have the effect to turn the velocity field into a more cor-

rect representation, [49]. The alternative is to use a very long build up distance 

for the boundary layer which can be prohibitive expensive for the simulation. 

At the inlet boundary the normalized energy spectrum is defined using a 

von Karman spectrum. The intensity of turbulence applied in the boundary 

conditions for the LES-models is varied up to the level of the measured values 

of turbulent kinetic energy at the closest mast. In Table 5 it shows that for a 

static boundary condition the level of TKE is small or very small in the “low 

sparse building area” [LA] compared to if synthetic turbulence is applied at 

the inflow boundary [IB]. At the “high dense building area” [HA] the differ-

ence is small. However only looking at the local TKE will not be enough to 
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see if synthetic boundary conditions will change the dispersion pattern. The 

energy spectra at IB is seen in Figure 18.  

 

Table 5. TKE at inflow boundary and at probe positions in low sparse and high 
dense building areas calculated with the Smagorinsky model and the WALE model 
without synthetic BC and corresponding calculations with the Sigma model with and 
without synthetic BC. Measurements at Tower #1and Tower #2 are 10 minutes aver-
age values at 2.5 m, 5 m and 10 m height, Positions and data can be found in (Gar-
vey et al., 2009) 

Calculation 

method 

TKE in inflow 

at probe 

(Figure 2), 

10m height 

[m2/s2] 

TKE in inflow 

at probe 

(Figure 2), 

50m height 

[m2/s2] 

TKE in ‘low 

sparse building 

area’ at probe 

(Figure 2) 

[m2/s2] 

TKE in ‘high 

dense building 

area’ at probe 

(Figure 2) 

[m2/s2] 

Measurement 

at Tower #1 

__ __ >1, <3.2 __ 

Measurement 

at Tower #2 

__ __ __ >1, <3.6 

Static BC, 

Smagorinsky 

0 0 0.00 1.58 

Static BC, 

WALE 

0 0 0.08 0.92 

Static BC, 

SIGMA 

0 0 0.00 2.04 

Synthetic BC, 

SIGMA

, case 1 

0.10 0.37 0.03 1.13 

Synthetic BC, 

SIGMA

, case 2 

1.18 

 

2.38 

 

0.48 

 

1.29 
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Figure 18. The figure illustrates the effect of the synthetic boundary condition by the 
graph of the normalized energy spectrum of longitudinal velocity at the probe 
position next to the inlet boundary, IB (Figure 2) at two heights, 10 m and 50 m 
(synthetic additions according to level 2, see Table 2). The frequency is normalized 
to a Strouhal number (St=f ˑH/U) where H is 10 meters and U is 3.5 m/s (mean 
velocity at 10 meters height).The theoretical turbulent energy dissipation rate is 
indicated with the dotted line. The data are de-trended and smoothed (bell taper). 

Looking at the two probe locations, HA and LA, the normalized energy 

spectrum show that the peak is found at St≈0.05, for both static and synthetic 

BC. In the static case (see Figure 19) the Smagorinsky model at LA show an 

energy drop from St≈0.2. This is due to the unrealistic non-developed turbu-

lence field as LA is close to the inlet without significant building structures. 

Moreover there is no inertial range at all in this case at LA. The Sigma model 

(right pane) at LA does also show this energy drop from St≈0.2. As it is clear 

that the resolved turbulence at LA is very low (unrealistic, see Table 5) these 

figures are only indicative. Figure 19, right pane, show energy spectra at HA. 

Here the models show almost identical spectra. It is also clear that there is 

more turbulent energy at higher frequencies in the HA location. This is turbu-

lence that is generated by the buildings at that location. 

At HA the Smagorinsky model shows a developed inertial range with a 

tendency of under predicted turbulent dissipation at the highest scales. The 

Sigma model also shows a developed inertial range but with an over predicted 

turbulent dissipation at the highest scales 

Comparing static and synthetic BC, see Figure 19 and 20, there is no big 

difference at the HA location but it is at LA, turbulence where is present when 

synthetic BC is used. There is an indication of energy drop at St≈0.3 (Figure 

20, right pane) which was not visible with the static BC. For higher frequen-

cies at LA the SGS dissipation is low. At HA more turbulent energy at high 

frequencies is generated compared with LA and the SGS dissipation follows 
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the -5/3 drop. The timescale at HA is not significantly changed going from 

static to synthetic BC, which indicates that the pattern of a release of an air-

borne substance at HA should not be significantly changed either.  

 

  
Figure 19. Normalized energy spectrum for longitudinal velocity at the probe posi-
tions in the low sparse building area (LA) and in the high dense building area (HA) 
calculated without synthetic BC using the Smagorinsky model (left) and the Sigma  
model (right). The data are de-trended and smoothed (bell taper). 

 

 

Figure 20. Normalized energy spectrum for longitudinal velocity in ‘low sparse 
building area’ and ‘high dense building area’ calculated using the Sigma  model with 
synthetic BC level 1 (left figure) and with synthetic BC level 2 (right figure). The 
different levels of RMS of the fluctuations supplied as input when creating the von 
Karman spectrum are labeled “level No.”, where level 1 is the weakest addition, 
compare Table 5. The data are de-trended and smoothed (bell taper). 
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Figure 21. The figure shows contour plots of the predicted normalized concentration 
C/Q at 1.5 m height for a continuous release in IOP 2 using the Smagorinsky model 
(left column) with static BC, the Sigma  model (middle column) with static BC, and 
the Sigma  model (right column) with synthetic BC (case 2). In the uppermost row 
the mean of the concentration C/Q is shown and in the middle row the maximum 
concentration C/Q is shown. The third row shows the standard deviation of the con-
centration C/Q for the Smagorinsky model (left), the Sigma  model (middle) with 
static BC, and the Sigma  model with synthetic BC (right), respectively. The calcula-
tions are done from 115 seconds after the release until 360 seconds after the release, 
i.e. during a period of 245 seconds. 

The JU2003 IOP2 experiment studied the release of SF6 within HA, see 

Figure 17. Here is studied the continuous release experiment. In Figure 23 

presented is the results from simulations using the Smagorinsky and Sigma 

models using the static BC and the Sigma model using synthetic BC, case 2, 

cf. Table 5. As seen in the Figure the predicted mean of the normalized con-

centration C/Q s/m3 by the Smagorinsky and Sigma model are reasonable sim-

ilar. The noted difference is that the Sigma model shows a larger high-con-
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centration area closer to the source. In agreement with the observation re-

ported in Hanna et. al (Hanna, 2011) it is also seen that the initial plume is 

mostly transported north along Broadway with little upwind dispersion. Also, 

for both models, the mean concentration shows almost no dispersion westerly 

along Main and a moderate spread easterly along Main, which seems to quan-

titatively agree with reported observations (Hanna, 2011) of the real plume. 

However, simulations without synthetic BC show a somewhat higher spread 

easterly than does the model with synthetic BC where the dispersion tends 

more to the north. Also, for both models it is interesting to note that the stand-

ard deviation is of the same magnitude as the mean concentration and, closer 

to the source, even higher. Furthermore, the maximum concentration is one 

order of magnitude higher than the mean concentration up to about 150 m in 

the flow direction. In the maximum and standard-deviation plots it is also seen 

that the Sigma model tends to spread more along Broadway while the Sma-

gorinsky tends to spread a bit more easterly. Furthermore, both models show 

high maximum and standard deviation values close to the source in the cross-

ing between Main and Broadway while the mean concentration shows a more 

confined pattern there. 

As seen in Figure 21 (bottom row) the overall picture of the areal variation 

of the standard-deviation, with and without synthetic BC, is quite similar. 

However, marginally the simulation with synthetic BC renders a spread some-

what more westerly, in particular close to the source. Furthermore, synthetic 

BC is seen to contribute more to a variation north along Broadway. 

In Figure 22 the locations of measurement instruments are shown and in 

Figure 23 a comparison of measured and simulated values are presented. The 

normalized concentration C/Q is the mean value measured over 5-15 minutes 

in the experiment but only 4 minutes of simulated time. 
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Figure 22. Sensor locations north of the source (marked with ‘star’)  
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Figure 23. Comparison of experimental and simulation results close and north of 
source (partly downwind) using the Smagorinsky, WALE and the Sigma  model 
without synthetic inflow BC as well as the Sigma  model with two levels of syn-
thetic inflow BC. The dotted line represents a minimum threshold (i.e., believable) 
SF6 concentration of 23 ppt that was assumed by Hanna et. al [48]. The scale is also 
chosen according to Hanna [48]. The calculations are mean values from 175 seconds 
after the release until 420 seconds after the release, i.e. during a period of 245 sec-
onds. 

In Figure 23 it is seen that all models predict a zero concentration at the 

points ‘45’ and ‘55’, which are situated downwind and westerly of the release. 

These measurements, which are below 23 ppt, are also marked as zero in Fig-

ure 4a in the report by Hanna [48]. Noted is also that the Smagorinsky model 

predicts only a tiny concentration at the point ‘PARKROOF’. Furthermore, it 

is seen that the Smagorinsky model predicts too low concentrations at the 

points ‘56’, ‘946’ (roof-top value) and ‘P B SW’. Among the other simulations 

there are more reasonable values of calculated concentrations compared to the 

experiment. Comparing these, it seems like ‘Sigma case 1’ would give the 

best overall agreement compared to the measured concentrations north of 

source, i.e. mostly in the flow direction. 
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Figure 24. The Figure shows the location of the NOAA samplers (Clawson et. al, 
2005) used for the maximum values comparisons shown in Figure 25.  

Figure 25 demonstrates the ability of the models to predict maximum val-

ues of the concentration. Generally, all models seems to be able to predict the 

measured maximum concentrations reasonable well, except for the three 

points ‘66’, ‘45’ and ‘55’. This is expected since the predicted dispersion does 

not reach so far westerly as ‘45’ and ‘55’ with the used inflow wind direction. 

In addition, regarding ‘66’ the simulated time might also have been too short.  

Disregarding the three points mentioned above, it is noted that both Sigma 

simulations ‘Sigma static’ and ‘Sigma case 1’ predict values near or above the 

measured maximum concentrations, while the simulation ‘Sigma case 2’ pre-

dicts two values under and two values above the measured maximum concen-

tration, which is also the case for the simulations ‘Smagorinsky’ and ‘WALE’, 

which seems to have very similar performance regarding the ability to predict 

maximum values. For consequence analysis involving dispersion of hazardous 

gases, it seems that ‘Sigma case 1’ would be the most acceptable alternative 

among the investigated models, since this model appears to over-predict the 

maximum concentration in all measured locations, i.e. it seems to render a safe 

prediction. 
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Figure 25. The Figure shows reported [50] maximum values from JU2003 IOP2 and 
corresponding simulation results for five simulations with different models. The lo-
cations can be deduced from Figure 24. Three models used static inflow boundary 
conditions. In two of the simulations synthetic inflow boundary conditions were ap-
plied with different levels. In these simulations the LES model Sigma was used. The 
dotted line represents a minimum threshold (i.e., believable) SF6 concentration of 23 
ppt that was assumed by Hanna [48]. The scale is also chosen according to [48]. The 
calculations are mean values from 175 seconds after the release until 420 seconds af-
ter the release, i.e. during a period of 245 seconds. 

The overall picture is that the tested models without synthetic BC are rea-

sonable similar looking at the energy spectrum, the amplitude spectrum, the 

autocorrelation of longitudinal velocity and the integral time scale and could 

be useful even without synthetic BC in the ‘high dense building area’. This 

points to that in the ‘high dense building area’ the turbulence is mainly deter-

mined by the buildings and the configuration of buildings and only weakly 

affected by SGS-model type and assumed turbulence at the inflow boundaries.  

However it is a big difference between the two areas, LA and HA. In the 

HA all parameters seems to be only marginally affected by the imposed syn-

thetic BC and also quite similar between the models while there is a difference 

in the integral time scale between the models in the ‘low sparse building area’. 

In this area it is essential/ needed to invoke synthetic BC to achieve a reason-

able TKE level and mean wind profile. Though the tested modelling of syn-

thetic BC is promising, there is a potential for improvements, for example to 

introduce anisotropy.  
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Summarizing some notable results, all models appears to produce quite 

similar horizontal contour plots of the normalized concentration which also 

seems to agree with reported observations of the real plume 

Furthermore, the maximum concentration is much higher (one order of 

magnitude) than the mean concentration up to 150 m from the source and the 

standard deviation is of the same magnitude as the mean concentration. In 

addition, within the predicted flow-path all tested models produces reasonable 

similar predictions of maximum values which in turn are reasonable similar 

to the experimental data. Thus, though spatiotemporal fluctuations obviously 

cannot be predicted in a directly useful way at specific points, there seems to 

be a good possibility to use predicted maximum concentration values to render 

more safe predictions which could be useful for hazard area estimation in case 

of a release in cities of hazardous gas. 

2.7 Comparison between CFD-model and a wind tunnel 
experiment with a stably stratified boundary layer 

In paper V synthetic forcing used as boundary conditions is evaluated by com-

paring LES data with wind tunnel data. Four cases are considered, se table 6. 

All have forcing at the inlet and cases 3 and 4 also have forcing at the wall 

surface to mitigate the lack of backscatter that a static boundary condition can 

not provide, [51-53].  
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Table 6. Overview of presented cases 

Presented cases 

 

Case 1 Forcing is applied at the inlet with setting:=0.2 s, Lt=0.075 m, 
𝑢∗=0.035 m/s. Well resolved grid close to the ground surface, first node 
at y+=1 with no-slip conditions at the surface. Boundary conditions for 
temperature set at the surface for all cases. 

Case 2 Forcing is applied at the inlet as in case 1. The dataset has a grid with 
the first node at y+=20. A wall stress model is applied (see “boundary 
conditions” and “walls” in the following text). 

Case 3 Forcing is applied at the inlet and at the bottom. The dataset has a grid 
with the first node at y+=20. The inlet settings are the same as those in 
case 1. The forcing at the surface uses =2.0 s. The stream-wise length-
scale is increased six times. The coefficient is 0.4 (see Eq. (7)). 

Case 4 Forcing is applied at the inlet and at the bottom. The dataset has a grid 
with the first node at y+=20. The inlet settings are the same as those in 
case 1. The forcing at the surface uses =2.0 s. The stream-wise length-
scale is increased six times. The coefficient is 1.0 (instead of 0.4 as in 
case 3). 

In this study, synthetic volume forcing is used. Properly designed synthetic 

body force terms added to the Navier-Stokes equations within a control zone 

can accelerate the development process into turbulence starting from either an 

upstream velocity profile and/or another boundary such as the surface bound-

ary. Such body force terms should be strong enough to produce rapid transi-

tion but at the same time be sufficiently weak to avoid leaving notable foot-

prints in the downstream turbulent region. This distance can be described as 

an adaption distance [54] (buffer region, [8]). The RMS of the expected fluc-

tuations and their integral time scale are supplied as input when creating the 

von Karman spectrum. Forcing is introduced as sources in the three momen-

tum equations at the boundary. The model parameters employed to scale the 

synthesized turbulence is a timescale τsynth, (integral time scale), length scale 

lsynth, (10% of the boundary layer height) and a turbulent velocity 𝑢∗synth, which 

all are taken from the wind tunnel data. 

The objective of this study is to check how well the models represent the 

experiment using suggestions for validation by Hertwig [55]. Thus, mean flow 

analysis on velocity and variances followed by frequency distributions are in-

vestigated, as well as autocorrelations and more.  

In this study, the SIGMA SGS-model proposed by Nicoud et al. [11] is 

used, see chapter 2.2.6. 
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It is assumed that the density variation is small enough to be retained only 

in the buoyancy term, i.e., the Boussinesq approximation. 

In the studied area of the domain, y+ is 20 at the lower boundary, where 

y+ is the dimensionless distance to the wall at the first cell, i.e., the distance 

to the wall multiplied by friction velocity divided by the viscosity of air. For 

comparison, in case 1, y+ is unity at the first cell. 

The number of cells used is 257, 200, 50 in the direction of the flow, 

spanwise and in the wall normal direction, respectively. In case 1 there are 80 

cells in the wall normal direction with an expansion of 6%, the other cases, 

3%. The friction velocity, 𝑢∗, derived from the experimental data, was esti-

mated from the mean of the shear stress over the lower 20% of the boundary 

layer (i.e., below z/H = 0.2), giving 𝑢∗ 0.035 m/s. That gives values of 

x+,y+ being 42, 17 andz+ ranging from 25 to 117, for cases 2, 3 and 4, 

respectively. For case 1, z+ goes from 1 to 119.  

The SGS-model does not consider SGS-density effects as the resolution 

should be good enough to discard the sub grid contribution. To verify that the 

resolution is sufficiently high, the resolved range of scales are compared with 

the Ozmidov length scale [Loz]. Brethouwer et al. [56] stressed that to resolve 

stratified turbulence all scales down to Loz and beyond needs to be resolved , 

and supporting this, according to Stull [13], the inertial range starts at the 

Ozmidov length scale. 

The Prandtl number (Pr) in the transport equation for temperature follows 

the results from Li [57] where Pr for LES is 0.47 in the neutral case but in a 

stable regime it increases. As the experimental data for most part does not 

exceed z/Lo =0.5 (z is height and Lo is the Obukhov length scale) in the lower 

part of the surface layer where the SGS heat flux is not negligible, an assump-

tion of Pr=0.7 is taken as acceptable, see also [58]. 

The timestep is chosen to be 0.01 s to ensure that the Courant number is 

below 0.9. 

2.7.1 Boundary conditions 

A mean velocity profile taken from the log law is prescribed for the inlet 

boundary and adjusted at the upper part of the flow to mimic the profile found 

in the wind-tunnel data. The inflow temperature profile is also set to what was 

found in the experiment. At the top and lateral boundaries, slip-conditions are 

used. At the surface, a constant temperature of 14 degrees Celsius is set. 

A wall stress model is used at the ground surface with forcing (case 3 and 

4) and without forcing (case 1 and 2). The wall stress model includes the Obu-

khov length scale and thereby the roughness depends on stability. The formu-

lation by Högström [59] 
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𝑈 =
𝑢∗

𝜅
[𝑙𝑛 (

𝑧

𝑧0
) + 𝛽𝑚

𝑧 − 𝑧0

𝐿𝑜
]                                                    (20)    

 

is used and follows findings in [60], βm is set to 8, z0=1.5e-4 m and =0.41. 

The wall stress model with forcing follows the method presented by Da-

vidson and Billson [61]. The forcing is added to the momentum equations as 

 

 𝑆𝑈 = −𝛾𝜌𝑢𝑓
′ 𝑤𝑓

′𝐴𝑛  (21) 

 𝑆𝑉 = −𝛾𝜌𝑣𝑓
′ 𝑤𝑓

′𝐴𝑛 (22) 

 𝑆𝑊 = −𝛾𝜌𝑤𝑓
′𝑤𝑓

′𝐴𝑛 (23) 

where 

 𝛾 = 𝑐𝛾𝑘𝑇(𝑥, 𝑦, 𝑧𝑚𝑙)/𝑘𝑓  (24) 

 

𝑐𝛾 is set to 0.4 and 1.0 for the cases 3 and 4, respectively. 

In this study, kT is the observed TKE in the wind tunnel experiment and zml 

is the distance from the wall at which the forcing is applied.  

With some modifications, the same method to generate fluctuations at the 

inlet is also used at the surface. The fluctuations on the surface are elongated 

in the x-direction to better mimic the stretching of the turbulent elements that 

occur close to the surface. The fluctuation at the surface is stretched with a 

factor of 6 in the streamwise direction and the timescale generating the fluc-

tuations is increased compared to what is used at the inlet, =2.0 s. The actual 

values were chosen after some testing, not shown. Moreover, the fluctuations 

are translated in the wind direction into the CFD-domain using the mean ve-

locity at the distance from the surface where the forcing is applied. Using local 

instantaneous velocity for translation did not improve the generation of turbu-

lence, the opposite was observed. This was also found in [61] and explained 

in [53] as to avoid zero correlation. 

Static pressure boundary condition at the outlet is applied. 

2.7.2 Wind tunnel data  

The wind tunnel has heating capabilities at the inlet and cooling capabilities 

at the working-section panels. Thereby a suitable temperature gradient can be 

applied for simulation of stable conditions in the atmospheric boundary layer. 

The deep boundary layer was generated by using spires with a height of 600 

mm. Furthermore, surface roughness elements were placed in a staggered ar-

rangement. The data used here for comparison is measured at 12.850 m from 

the inlet of the working section of the wind tunnel. 

The free stream flow was set to U=1.2 m/s with the temperature difference 

between the free flow above the boundary layer and the lower surface, equal 
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to 10.9° K . The reported data comprises mean values and variances for ve-

locity components and temperature. Auto correlation was also recorded. Av-

eraging time was 3 minutes.  

In Hancock [60] the preparatory work and considerations are presented. 

The height of the spires was one of the issues. Conclusively the mean profile 

was set by the spire-type flow generators and the Reynolds stresses and other 

turbulence quantities were affected by stability. The setting of the temperature 

gradient is delicate as it is a stable boundary layer and the initial configuration 

is long-lasting.  

2.7.3 Results  

For case 1, a data set was created with a well resolved grid close to the ground 

surface. The first node was set at 𝑦+ ≈ 1 to get a reference to the results of 

coarser grids. Cases 2-4 has a grid with the first node at y+=20.  

  
   

 

  

 
 Figure 26.  Two-point correlations. Integral length scale for the two-point correla-
tion is for each of the four cases: 0.21 m: 0.09 m, 0.23 m: 0.10 m, 0.22 m: 0.09 m, 
0.20 m: 0.07 m, for U and V, respectively. For case 3, the integration of the integral 
length scale for V stopped at the lowest point. Referring to Table 1, the figures from 
the top left are case 1 and case 2, and in the second row from the left case 3 and case 
4. Please note that, in the following, all figures are presented in this order unless 
specified otherwise. 

The third and fourth cases have the same grid as the second case but addi-

tionally also have stochastic forcing at the second computational cell from the 

surface, at y+=48. The simulation is run for 60 simulated seconds with start of 

data sampling after 20 seconds. That corresponds to four run-throughs of the 
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domain prior to sampling. The sampling is made over 70 tUb/where t is 

simulated time, Ub is the velocity at the top of the boundary layer, and  is the 

boundary layer height. 

To verify that the resolution is good enough, two-point correlations are 

studied stream- and spanwise. If there are few nodes included before the cor-

relation goes to zero the resolution is too poor [62]. In Figure 26 it is shown 

that the streamwise correlation for u, falls to zero within 18 cells which is 

deemed to be good enough, [62]. There is a small difference between the cases 

regarding integral length scale. It is clear though that it is spanwise that the 

change in boundary conditions is most obvious. By comparing the shear 

stresses computed by the SGS-model and the resolved stresses in the turbulent 

mixing layer, Pelmard et al. [63] concludes that the ratio should be much less 

than 5%. In this investigation the ratio is always below 2%, see Figure 27. In 

[63] it is concluded that the most useful quantities are the spanwise two-point 

correlations. This indicates that the resolution is acceptable. 

As pointed out by Dhamankar [54], there is an adaption distance (buffer 

region, [64]) that should be as short as possible where the synthetic fluctua-

tions can develop to turbulence with the desired properties. By looking at the 

wall normal vorticity (see paper V, Figure 3) case 1 does not settle at a sus-

tained level while case 2 has an adaption distance of 1.5 m, case 3: 1.0 m and 

case 4: 0.5 m. 

 

  
 

  

 

 
 

Figure 27. Resolution evaluated by the ratio of SGS shear stresses and resolved 
shear stresses. Curves are averaged horizontally. 
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In the work by Hertwig [55], a hierarchy of analysis methods is listed. By 

looking at mean flow characteristics, spatial-temporal correlations, spectra 

and other methods, the result from the simulation may be validated.  

The experimental data begins at y+ =110 (48mm) and from that point the 

simulations are in good agreement with the experiment, regarding the mean 

values of velocity and temperature, (see paper 5).  

The normal and shear stresses are plotted in Figure 28 and 29. A general 

remark is that v2 and w2 are underpredicted for all studied cases. Also, the ver-

tical development of u2 is underpredicted. The peak values for u2 for the cases 

1 and 2 are acceptable. The cases 3 and 4 have forcing which increase the 

turbulent fluctuations. The forcing is isotropic, but it is clear that u2 gains the 

most. In case 3 and 4, by the spike in the v2-plot, it can be seen at what position 

the forcing is applied. The difference between case 3 and 4 is the setting of the 

coefficient 𝑐𝛾, 0.4 and 1.0, respectively. 

 

   

 

 

   

 

 
   

 

   

 
 

Figure 28.  The normal stresses plotted together with corresponding measurements 
in the wind tunnel. The different color of the symbols represent different sampling 
periods. 

In case 3 and 4 forcing is applied which is seen in the v2 plot. Case 3 sets 

𝑐𝛾=0.4 and case 4 𝑐𝛾=1.0. Uref is set to 1.2 m/s as used in the dataset for the 

experiment. 
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Figure 29. The temperature and velocity correlations plotted together with corre-
sponding measurements in the wind tunnel. DTref is 10.9 K as it is in the dataset of 
the experiment. The different color of the symbols represent different sampling peri-
ods. 

The purpose of the forcing at the inlet is to generate a level of turbulence 

that may decay to a level where the flow can sustain the turbulence from the 

adaption distance from the inlet. The autocorrelation will increase with the 

decay of turbulence, (see Figure 30). If the integral time scale is the same at 

different positions downwind it can be assumed that the adaption distance is 

reached. All cases use the same inlet forcing. The integral timescale from the 

experiment at z=0.25m is 0.11 s and for the simulation the integral timescale 

at the inlet is 0.1 s. The resulting timescale at the inlet is 0.06 s for all cases. 

In case 1, the turbulence seems to be stabilized at an integral time of 0.35 s. In 

case 2, the decay of turbulence is ongoing throughout the channel with a time-

scale 0.30 -0.45 s. While case 2 has increasing auto correlation time with po-

sition, cases 3 and 4 tend to remediate this, but at 4 m the small eddies seem 

to have dissipated leaving the larger eddies, leading to larger integral time.  
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Figure 30. Autocorrelation at 0.25 m height at the inlet and 1, 2, 3, and 4 m into the 
domain.  

 

 

 

  

 
   

 

   

 
Figure 31. The gradient Richardson number for the four cases. The vertical line rep-
resenting the critical Richardson number equals Ric= 0.25. 
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The stability of the turbulent boundary layer is studied using the Richard-

son number and The Monin-Obukhov length-scale. 

In the paper by Hancock et al. [60], a number of measures are calculated 

from the measured data in the wind tunnel. The Obukhov-length and Richard-

son number are essential parameters for comparison regarding the ability to 

simulate the SABL. In Figure 31 the gradient Richardson number is plotted 

for all cases at 4 positions in the domain. The curves are very similar and 

follow the experimental data besides the upper part. The measured data indi-

cates, although scattered, that the Richardson number is exceeding the critical 

value at about 150 mm. The simulation passes the critical number at 350 mm. 

 

   

  

Figure 32. The Richardson flux number for the four cases is compared with the wind 
tunnel data. 

In Grachev et al. [65] it is discussed that there may not be a “clear ´critical´ 

Richardson number” for decaying turbulent fluxes, but it shows that the fluxes 

are damped by the stable stratification. Hancock et al. [60] describes the at-

mospheric stability in the experiment as moderately stable. This is clarified if 

also the flux Richardson number (Rf) is examined. Grachev et al. [65] de-

scribed the criterion for an inertial range to exist and thereby no collapsing of 

turbulence should occur, and that is Ri<Ricr and Rf<Rfcr  where both Ricr and 

Rfcr are about 0.20 – 0.25. In Figure 32, it is clear that the experimental data 

are well below the critical value and the simulated values for all cases are 

mostly even smaller. Thereby using LES, that rely on the energy cascade in 

the inertial range, should be acceptable. The gradient Richardson number in 

the simulation lies within the somewhat scattered data in Figure 31, but for the 
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flux Richardson number the simulation under predicts the values. This follows 

from the small wall normal fluxes in the simulation, while the gradients are 

set with the boundary conditions and been modified in the flow domain to a 

small degree. 

 

   

 

    

 
    

 

    

 
Figure 33. The similarity function for temperature plotted against z/L0 for all the 
cases.  

Regarding the similarity function for temperature different cases mostly 

overpredicts the experimental data. This indicates that the ratio 𝜃∗ =
− (𝑤𝜃̅̅ ̅̅ )0 𝑢∗⁄  is underestimated as 𝑤𝜃 is underestimated even if the friction 

velocity is underestimated, (see Figure 29 (tw in the Figure)). The cases 3 and 

4, with forcing and thus larger 𝑢∗, moves the curve a bit to the left, setting  𝜙𝜃 

to a lower value achieving a better resemblance to the measured value, see 

Figure 33. The similarity function for momentum shows the same properties 

as for temperature which is also connected to an under estimated u*, not shown. 
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Figure 34. Spectra of filtered velocity variances for all cases. In Case 2 an additional 
dashed line is plotted with the slope of ~f -2. The curves are smoothed for clarity. 

In Figure 34, a spectra of filtered velocity variances is plotted and a dashed 

line is marking the corresponding frequency to the Ozmidov length scale. All 

cases have a resolution that resolves the Ozmidov length It is a function of the 

dissipation of turbulent kinetic energy (see below) and the Brunt-Väisälä fre-

quency taken as  𝐿𝑜𝑧 = (휀 𝑁3⁄ )½ where  𝑁 = (𝛽 𝜕𝑇/𝑑𝑧)^½ and   

𝛽 = 𝑔 ⁄ 𝑇0. Consequently, there is no need to include density effects into the 

SGS-model. A line with a -2/3 slope is included for comparison, and it indi-

cates an inertial range. A second dashed line is included with a slope of -2. 

Most obvious in Cases 2 and 3 it can be observed for u’2 that there is a slope 

of ~f-2. In Stull [13] this effect by enstrophy is linked to the buoyancy subrange 

but here it seems to bridge over to the inertial range. As there is an evolving 

boundary layer from the surface, blending with the inflow turbulence, the re-

sult from this process, with different peaks in energy, can explain the shape of 

the curves. Diwan et al. [66] performed a wind tunnel study with evolving 

boundary layers with resulting bimodal energy spectra. Most sensible to the 

surface forcing are u' and v’ @ z=0.05 m, which is seen in Figure 34 for cases 

3 and 4, but w’ is also larger compared to case 2. 

Using dimensional analysis, and assuming equilibrium between production 

and destruction of turbulent kinetic energy, the dissipation of turbulent kinetic 

energy in neutrally stratified boundary-layer flows can be calculated as Wang 

[67]: 
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 휀 = 𝐶
3

4⁄ 𝑇𝐾𝐸
3

2⁄ (𝜅𝑧)⁄   (25) 
    

 

where  𝐶 = 0.09; and 𝜅 is the von Karman constant. Eq. 25 is used in Figure 

35 for experimental data and dimensional analysis. In cases 3 and 4, the dissi-

pation is higher by necessity, as forcing adds turbulent kinetic energy that 

needs to be dissipated. For stratified boundary-layer flows, Zilitinkevich [68] 

added a correction for stable boundary layers with a dependency on the flux 

Richardson number. As in the present work, the flux Richardson number is 

small and does not contribute substantially through the correction term (see 

Figure 35, “+Corr”). Using the Smagorinsky closure method, Wang [67] cal-

culated the dissipation rate of SGS turbulent kinetic energy as: 

휀 =
1

2
𝜈𝑡 (

𝜕𝑢𝑖

𝜕𝑢𝑗
+

𝜕𝑢𝑗

𝜕𝑢𝑖
)

2̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅
  (26)  

 

and the dissipation rate of the resolved turbulent kinetic energy by: 

휀 =
1

2
𝜈 (

𝜕𝑢𝑖

𝜕𝑢𝑗
+

𝜕𝑢𝑗

𝜕𝑢𝑖
)

2̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅
  (27) 

 

 

 

   

 
  

 

  

 
Figure 35. The dissipation of turbulent energy compared to the data from the wind 
tunnel. Three complementary ways to estimate dissipation of turbulent kinetic en-
ergy. 
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As the normal stresses are underestimated also the dissipation of the turbu-

lent kinetic energy is, compared to the experiment. Case 1 shows the smallest 

SGS-contribution as it should and the resolved part is larger. The dissipation 

is close to the experimental values close to the surface for case 3 and 4. It is 

clear also that the SGS-contribution is largest for these cases. Case 2 show the 

least good result and indicates that an additional forcing gives a better result 

for this grid. The correction factor by Zilitinkevich does not contribute signif-

icantly to the dissipation due to small values of Rf, (see Figure 32).  

Some properties of the -model are presented in Figure 36. In case 1, it is 

shown that eddy viscosity goes to zero at the surface, and for a coarser grid 

eddy viscosity increases close to the surface as a response to the boundary 

condition set, but tends to zero at the surface.  

 

  
   

 

   

 
 

Figure 36. Eddy viscosity as calculated by the -model and is plotted as a horizon-
tally evaluated mean value and as a spanwise mean value at 1 m and 4.5 m. 

For cases 3 and 4, it is the increased level of shear stresses by forcing that 

causes the eddy viscosity to have an even larger value. Figure 36 also shows 

how the eddy viscosity attenuates streamwise away from the inlet as the tur-

bulent kinetic energy dissipates. 

By looking at the mean velocity gradient expressed as 
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  Γ = 𝑦+ 𝜕𝑢+

𝜕�̅�+ ,    (27) 

the effect of forcing can be seen (see Figure 37). The velocity gradient is re-

duced, and the peak of the velocity gradient is pushed in the wall normal di-

rection. A peak on the curve corresponds to a positive velocity shift. The ex-

periment reveals a peak at approximately y+=250, and case 4 is close to this 

profile. Indeed, the data from the simulation of the flow gets closer to the data 

found in the experiment when adding forcing. The velocity plotted log-line-

arly (see Figure 38) displays this effect of forcing. Furthermore, Larsson [53] 

observed a velocity shift, in his study, from the region close to the wall or 

boundary, up to the wake region where the boundary has a small or no effect 

on the flow. By applying the forcing at the location of the peak of   the effect 

of forcing would be highly effective.  

In this study, forcing is applied at the second cell from the wall to reduce the 

number of cells included in the handling of wall conditions. Nevertheless, it 

is clearly a velocity shift induced by forcing, thus improving the result for 

cases 3, and 4, when compared with case 2.  

 

 

 
 

 
 

 

 

Figure 37.. The non-dimensionalized velocity gradient is highest in case 1. Cases 3 
and 4 show that the addition of forcing moves the peak of in the wall normal di-
rection. The symbols represent wind tunnel data. 

The corresponding effect is seen on the inner scale plot of velocity (see Figure 

38). The shape of the curve is closer to the experimental values for cases 3 and 

4 than it is for case 2. For case 1, no data are available for y+ below 100. 
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Above this level, the data compare fairly well. The effect of adding forcing as 

boundary conditions has been identified in this work, and the results are prom-

ising.  

The exact value of the coefficient governing the forcing is not evaluated here, 

but left for future work in which a control mechanism might be employed (see 

also Larsson [53]). Also the possibility to apply forcing according to measured 

data at the inlet and wind velocity or velocity gradients at the surface is also 

left to future work. 

  

 

 

 

 
Figure 38.. Mean velocity plotted together with corresponding measurements in the 
wind tunnel. Case 1 starts at y+=1 at the surface. Cases 2, 3, and 4 start at y+=20 at 
the surface. Cases 3 and 4 set forcing at y+=48. 

 

 

 

 

 

 

 



51 
 

3 Conclusions  

As CFD modelling allows the modeler to include very detailed description of 

turbulence and also any other process that can be important, like models for 

the thermodynamic properties of a released agent, not all of these may be fea-

sible. Models need to be computationally effective and, in the end, be “fit for 

purpose” and be as close to reality as possible.  

The goal within this work has been to find methods that can improve the 

final result in the simulation and be useful for those working with the ques-

tions in the framework of emergency preparedness. 

The present work has shown that CFD models  

 can assist in understanding dispersive effects from objects in the 

flow-path of a released airborne substance, and the effect on the 

concentration of the released air-borne substance  

 can, regarding dispersion modelling for emergency preparedness, 

motivate simplifications of geometries in a 3D-model of an urban 

environment  

 can be used to study effects from turbulent flows on hazard area 

estimations in urban environment. 

 boundary conditions can be chosen so that calculational efforts can 

be distributed to enhance the goal of the simulations. 
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4 Future work 

An important issue that is inherent in all of these studies, if not in full men-

tioned or discussed here, is the importance of knowing the initial conditions. 

Both as mean values, turbulent properties and other conditions as temperature 

and density gradients. All of these are not available at all times, but knowledge 

on statistics can improve simulations, if the model used is capable of handling 

this type of data. Depending on what the purpose of the study is, a suitable 

model, RANS or LES, can be chosen. Maybe a time independent solution will 

give the answer. In other cases a time resolved study has to be performed. 

What was seen in paper IV and from the last study (paper V) was that the 

level of turbulent statistics was improved by including forcing as synthetic 

boundary condition. If the method to impose a synthetic turbulent boundary 

condition could be developed to create even more realistic statistics of turbu-

lence, that could really improve the possibilities to support emergency prepar-

edness agencies and others with studies on specific scenarios for a variety of 

atmospheric conditions. 
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