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Abstract

This study particularly aims at understanding flamd pollutant dispersion when flat
terrain, single hill and hill with obstacles aregent. The emissions of ethylene from
a point source are located in eight different posg. For the hill cases, the sources
are located downwind from the top of the hill, aheé data are collected at various
locations.

The commercial software packages Gambit 2.4.6,nFl6e3.26 and Tecplot 360 are
used for the two-dimensional mesh generation, fier ftow simulation and for the
validation respectively. The numerical results eoepared with experimental and
numerical data for the single hill case and for pwent source using the Spalart-
Allmaras model, ks Standard, ke RNG and ke Realizable models. The comparison
of the results shows that theskStandard model is in good agreement with the
experimental and numerical data.

Results also show that the mass fraction of etlyigiighest for the flat terrain case.
The next highest mass fraction of ethylene is fotordthe case with the hill and
obstacles, and the single-hill case has the lowdsteover, upwind of the first
obstacle the average mass fraction is larger thaide the first and the second
canyons, and the minimum pollutant is downwind g tast obstacle. The average
mass fraction of ethylene is measured at the cerokthe canyons, and the results
show that generally the bottom left corners haveigher mass fraction than the
middle and bottom right side.



List of Contents

ACKNOWIBAGMENTS. .. .. e e e e e e e e
Y 013 1 = o Il
LISt OF CONEENTS. ... et e e e e e e e e e e I
I 0 T TP V
LISt Of TADIES. ...t e IX
NOMENCIATUNE. ...t e e e et e e e e e X
ADDIEVIALIONS ... ...t e e e e e e e e XI
Chapter 1
I [ 1 Yo [ T 1 [ o PP 1
1.1 AIMS and ODJECHIVES. ... ...ii et e e e e e e e e 5
Chapter 2
2. Literature REVIEW. .. ....ou ittt e et ettt e e e ren e eneas 6
2.1. Flow around hilly terrain.. .. TN ¢
2.2. Flow around single bwldmgs street canymmst h|II Wlth bU|Id|ngs .......... 10
Chapter 3
3. Classification and description of the fluidvflo.......................oo . 19
3.1. Laminar and Turbulent flows...........cooiiiiii e 19
3.2. Steady and Unsteady flOWS..........ccooiiiiiii i e 20
3.3. Viscous and INVISCId fIOWS.........c.oo it e 20
3.4. The Navier-Stokes equations for incompresgiole.............................. 20
3.5. ContinUItY EQUALION. .. ..o s e e et 21
3.6. Momentum Conservation EqQUationsS..........c.ccooviiiiiiii i e ceeeeeens 21
3.7. Conservation equation for scalars (for catreg#ions)...........................22
3.8.Reynolds —averaged Navier-Stokes...... cccceviiiiiiiicic i, 23
Chapter 4
4. Numerical MethOdS. ... .. .o e e 25
4.1. TurbulenCe MOAEIS. ... ... e e 52
4.2. 0ONne equation MOUEL. .. o ceuinin e e e e e e e 25
4.3. Two-equation le-mModel..........cooi i e 26
Chapter 5
S R 1 o o 1= 11T 30
5.1. Boundary Conditions and Computational Techesqu.................cc...... 32
S T2 4 o PP 34
5.3. Grid cONVEergence StUAY ... ....c.oueuuieiie it it it e e e ea e 35



Chapter 6

6. Validation of the model....... ... e 41
6.1. The mean flow and turbulent fields for theggeill case...................... 41
6.2. The concentration fields..........co oo e 47

Chapter 7

7. ReSUILS and DiSCUSSION.. .. .uinit ittt et e e e e e et e e aenenas 51
7.1.Computational Set-UpP........ovuiitieei e e 52
7.2.Boudary CoNditiONS. .. .....ouiiiuitiie i e e 54
7.3.A single obstacle in the recirculation bubble.......cccoooo o 54
7.4.Two obstacles in the recirculation bubble..........cc..cooii . 55
7.5.Three obstacles in the recirculation bubble. ..o iiiiiiih.....56
7.6.DisSpersion CharaCteriStiCS. .. ... ...t e e e e 57
7.7.Determination of ethylene mass fraction upwohthe first obstacle........ 61
7.8.Determination of ethylene mass fractiothie middle of the first street

(072 011/ 0 1 67
7.9.Determination of ethylene mass fractiothie middle of the second street
(072 011/ 0 T 1Y 1 |
7.10.Determination of ethylene mass fractiownwind of the last
ODStaCIe. .. ... e 1D
7.11.Characterisation of pollutant distribatiélill with obstacles................. 80
7.12.Summary of RESUILS.........c.ovini ittt 95
Chapter 8
8. Conclusion and Further WOork.......... ..o e e e e 98
R O ENICES. .ttt [
APPENAIX Aottt e e e e e Vi



List of Figures

Figure 2-1 Perpendicular flow regimes in urban cesyfor different aspect ratios

110 11
Figure 5-1 Size of the whole domain..............coooiiiiii e, 30
Figure 5-2 Mesh distribution around the hill.................ccocoo s 34

Figure 5-3 Plot of the velocity distribution withthe flow field using streamline field
for a grid with 2400 CellS.......ve e 35

Figure 5-4 Plot of the velocity distribution withihe flow field using streamline field
for a grid with 8000 CElIS........cuuieie e e e e e 36

Figure 5-5 Plot of the velocity distribution withthe flow field using streamline field
for a grid with 32000 CellS........oooeiiiiiiie e 36

Figure 5-6 Plot of the velocity distribution withthe flow field using streamline field
for a grid with 90000 CElIS.........oeeeeiiiiieeeeeeee e e e annes 37

Figure 5-7 Length of the recirculation zone as acfion of the number of

computational CellS... ... 38
Figure 5-8 Horizontal velocity profiles for the lhalt the summit......................... 39
Figure 5-9 Horizontal velocity profiles for the lhait the downwind base............... 39
Figure 6-1 Velocity profiles for the hill at thewmd base...................ccccene.. 41
Figure 6-2 Velocity profiles for the hill at theramit....................ooiiinin. 42
Figure 6-3 Velocity profiles for the hill at thewawind base........................... 43

Figure6-4 Streamlines and contours of horizontal velocity fere Standard
MOAEL. .. e e e A

Figure6-5Streamlines and contours of horizontal velocity fdre RNG



Figure 6-8 Position of the emissions for the sirglecase.............................48

Figure 6-9 Concentration profiles in flat terraindanormalised by the maximum

ground level concentration (Cmax )........c.ociviiiiiiiiiiiiiiici i e eeene .. 48

Figure 6-10 Ground level concentrations with soufoe the single hill case at
downwind base and height: 0.5H for the second seh@ter........................... 49

Figure 6-11 Ground level concentrations with soufoe the single hill case at

downwind base and height: 0.5H for the 2nd andoBd@r scheme..................... 50
Figure 7-1 Grid of the computational domain for tiéwith obstacles.............. 52
Figure 7-2 Grid between the two obstacles.............coceie it ommme e 52
Figure 7-3 Grid of the computational domain for gegle hill........................ 53
Figure 7-4 Grid of the computational domain for tla¢ terrain......................... 53
Figure 7-5 Streamlines of velocity for the casaiafle hill with one obstacle....... 54

Figure 7-6 Streamlines of velocity for the casaiafle hill with two obstacles....... 55
Figure 7-7 Streamlines of velocity for the casaiafle hill with obstacles..........56

Figure 7-8 Positions where the emissions are atbaghill and where the data are
collected next to the obstacles...........cooii 60

Figure 7-9 Position of collection the data at X423M.............c.ccovviiieininnnn, 61

Figure 7-10 Vertical profiles of mass fraction a0x3425m, from eight sources, for a

single hill with obstacles configuration...............ccccoo ittt e, 61
Figure 7-11 Emissions of ethylene from the souocated at x=0.035m............62
Figure 7-12 Emissions of ethylene from the souocated at x=0.310m............ 62

Figure 7-13 Vertical profiles of mass fraction a0x3425m, from eight sources, for a

single hill configuration.............ccooiim i e e e .. B3
Figure 7-14 Emissions of ethylene from the souocated at the top of the hill

Figure 7-15 Emissions of ethylene from the soummated downwind of the hill
10 3 10 0 P 64

Figure 7-16 Maximum mass fraction ofH for two cases...........ccovvvvvieenecnnnns 64

Vi



Figure 7-17 Vertical profiles of mass fraction a0x3425m, from eight sources, for a

flat terrain coNfigUIatioN . ..o i e e 64
Figure 7-18 Emissions of ethylene from the souocated at x=0.310m............... 65
Figure 7-19 Maximum mass fraction oflz at x=0.3425nfor all cases.............. 66
Figure 7-20 Position of collection the data at 8825m...............c.ccovevvveennnn. 67

Figure 7-21 Vertical profiles of mass fraction a0x3825m, from eight sources, for a

single hill with obstacles configuratioN................cooiiiiiiiii e 67

Figure 7-22 Vertical profiles of mass fraction ax3825m, from eight sources, for a

single hill configuration...........c.ooo it e e e ieeeen ... .08
Figure 7-23 Maximum mass fraction ofH: for two cases..............ccveeevnnenee. 69

Figure 7-24 Vertical profiles of mass fraction a0x3825m, from eight sources, for a

flat terrain CoNfIQUIAtiON ... ..ot e 70
Figure 7-25 Maximum mass fraction ofkx at x=0.3825m for all cases.................. 70
Figure 7-26 Position of collection the data at X225m..................cccvveieenne. 71

Figure 7-27 Vertical profiles of mass fraction aDx4225m, from eight sources, for a
single hill with obstacles configuration...............ceiiiiii i e, 72

Figure 7-28 Vertical profiles of mass fraction a0x4225m, from eight sources, for a

single hill configuration..........co.oe i e e e e e e 72
Figure 7-29 Maximum mass fraction ofH for two cases..........c.cceveeveennnnn. 73

Figure 7-30 Vertical profiles of mass fractidrka0.4225m, from eight sources, for a

flat terrain configUIatioN..........c.uir i e 74
Figure 7-31 Maximum mass fraction ofkx at x=0.4225m for all cases..........74
Figure 7-32 Position of collection the data at ¥825m................c.ccvviieeenenes 75

Figure 7-33 Vertical profiles of mass fraction a0x4625m, from eight sources, for a

single hill with obstacles configuration..................covviimmme e ie e e e 76

Figure 7-34 Vertical profiles of mass fraction a0x4625m, from eight sources, for a

single hill configuration..........oo i 77

Figure 7-35 Maximum mass fraction ofH for two cases.............ccovvvvvinnnn e 78

\1



Figure 7-36 Vertical profiles of mass fraction a0x4625m, from eight sources, for a

flat terrain configuration.............ove i oo 18
Figure 7-37 Maximum mass fraction ofkx at x=0.4625m for all cases............79

Figure 7-38 Position of data collection before fingt obstacle at x=0.3425r#) and

Figure 7-39 Vertical profiles of mass fraction a0x3545m, from eight sources, for a

hill with obstacles configuration............... oo 81
Figure 7-40 Maximum mass fraction ofH for two cases............coovviviienen. 81

Figure 7-41 Position of collection the data at ¥705m #), x=0.3825m #) and
XT0.3945 M 8 ) et e e 82

Figure 7-42 Vertical profiles of mass fraction a0x3705m, from eight sources, for a

hill with obstacles configuration... ... ..o e 83

Figure 7-43 Vertical profiles of mass fraction a0x3945m, from eight sources, for a

hill with obstacles configuration................oovi i e 83

Figure 7-44 Maximum mass fraction okl for the upwind (x=0.3705m), middle
(x=0.3825m) and downwind (x=0.3945m) inside thetficanyon from eight point

L0 10 1 o= 84

Figure 7-45 Streamlines of velocity for the case shgle hill and three

(0] 0 1) £= (o] [T 85

Figure 7-46 Position of collection the data at ¥A@5m #), x=0.4225m ¢) and
XT0.4340IM ) Lo e e 86

Figure 7-47 Maximum mass fraction ofH: for all cases................coeeeennen .. 86
Figure 7-48 Position of collection the data at 8425m #) and x=0.3825m#)...87
Figure 7-49 Maximum mass fraction ofH for two cases...........ccovevvviivnnnnne. 88
Figure 7-50 Position of collection the data at ¥505m #) and x=0.4625m+)....89

Figure 7-51 Vertical profiles of mass fraction aDx4505 m, from eight sources, for a

hill with obstacles configuration ................oooi i 89

Figure 7-52 Maximum mass fraction oK for two cases...........ccoceeviiennnen 90

VIii



Figure 7-53 Position of collection the data upwiodthe first (x=0.3425m %),
x=0.3545m ¢)) and downwind of the last obstacle (x=0.450%#), (x=0.4625m

Figure7-55 Position of collection the data inside thestfi(x=0.3705m ),
x=0.3825m ), x=0.3945m #)) and second (x=0.4105m+), x=0.4225m ),
X=0.4345M #)) StrEet CANYONS. .. ..uit ittt et i e e e e e 92

Figure 7-56 Maximum mass fraction ol inside the two street canyons.......93
Figure 7-57 Contours of2Bl4 Concentration.......cc....ccovevviieiiineiie v en. 294
Figure 7-58 Streamlines of velocity downwind of thikt and next to the obstacles..96

Figure 7-59 Streamlines of velocity inside theetiganyons.............cc........... 97

List of Tables

Table 5-1 Al PrOPerties. .. ....oui it e e e e e e e e 3
Table 6-1 Separation and reattachment points ®fdbr models...................... 46
Table 6-2 Ethylene properties........ccovve i iii i e e AT
Table 7-1 The symptoms of exposure in functiorhef¢oncentration [69]......... 58
Table 7-2 Eight coordinates of each source aloadhth................................. 60



Nomenclature

IIQ_—,UNOQOL:O,gogOgOg}>
>

o

Flow area
Functions of velocity gradients

Spalart-Allmaras Turbulence model constant

Spalart-Allmaras Turbulence model constant

Spalart-Allmaras Turbulence model constant

ke Standard, RNG and Realizable Turbulence modelstannh

ke Standard and RNG Turbulence model constant
ke Realizable Turbulence model constant

Hydraulic Diameter

Generation of turbulence kinetic gryerlue to buoyancy
Hill Height

Height of the domain

Turbulent kinetic energy

Characteristic length

Mass fraction

Pressure

Reynolds number
Time

Components of the velocity vector iand y direction.
Cartesian coordinates

Friction velocity

Free stream velocity

Mean velocity

Mesh dependent dimensionless, sublayer scaéahce
Width of the domain

Roughness length



Greek Letters

a, k-e RNG Turbulence model constant

a, k-e RNG Turbulence model constant

€ Turbulence dissipation rate
Karman constant
ya Turbulent viscosity

Hegt Effective viscosity j(+ut)

1% Kinematic viscosity

v Molecular kinematic viscosity

p Density

o, k-e Standard Turbulence model constant

o, k-e Standard and Realizable Turbulence models constant

o, Spalart-Allmaras Turbulence model constant

Abbreviations

ABL  Atmospheric Boundary Layer

CFD  Computational Fluid Dynamics
LNG Liquid Natural Gas

RANS Reynolds-Averaged Navier-Stokes
RNG Renormalisation Group

UDF  User Defined Function

XI



Chapter 1

1. Introduction

Environmental pollution is the contamination of tpéaysical and biological
components of the atmosphere system to such anteki® normal environmental
processes are adversely affected. Contaminati@ttefare certainly many and wide
ranging and can cause damage to humans or otheg kivganisms or instability to
the ecosystem. All types of pollutant, air, wasail pollution, have an impact on the
living environment.

Sources of contamination can be summarized in tatEgories:

1. Agricultural: It affects urban areas due to the ofgesticides, insecticides
that increase the pollutant in soils. Previous@diral areas that have been
urbanized have remains of such chemicals and heyle dhances of water
contamination of water supplies and soils [1].

2. Urban: Contamination can be caused by restructuthmg land surface
(building and road construction), extensive usegaboline, smokestacks,
vehicle exhaust fumes, industrial activities.

3. Industrial: Contamination can be caused by theaségoxic materials, by the
industries. Even in the occasion of moving or eigsdown the particular
industrial sites, the areas have already been coméded, making almost
impossible the use of land for other purposes witlexpensive clean-up. This
can have serious effects on people living in suehsa
All three categories consist of the major threafs tlee environment.

Surrounding areas can also get polluted, due tordéimsport of emissions through

the atmosphere [2]. Also because of the increagaingunts of pollutants in the

atmosphere, and the dangers those pollutants o hiake it imperative for

thorough studies of atmospheric flow and dispersimar urban areas [3].

Furthermore, other reasons for environmental polutare “terrorist attack”,

which for instance can be biological or chemical #hd natural events like

volcanic eruptions and sandstorms [5].



A large amount of the worldwide population livesuirban areas and air pollution
is increasing more and more each year. This ewnidtas lately inspired many urban
studies. Air pollution is related to meteorologydatopography of each area.
Dispersion of gases is crucial for the safety apde in the urban areas.

Computational fluid dynamics (CFD) provides a solutthrough the simulations
of gas emission in geometrically complex situatiamsl is a technique that can be
applied in both industrial and non-industrial are@6D is a tool for the analysis of
systems involving fluid flow, turbulent flows, hetaansfer and associated phenomena
such as chemical reactions, and is based on sionsat

Turbulent flows can be observed through variousneeduring our everyday life,
such as a smoke from a chimney, a waterfall, watan ocean, sea, lake or wind. For
more detailed observations of this phenomenon thevea can be examined in
laboratories. In the processing of liquids or gaséh pumps, compressors, pipe
lines, vehicles, airplanes, the flows are genetaltigulent. In engineering application
turbulent flows are prevalent, but less easily sef&m important characteristic of
turbulence is its ability to transport and mix flumuch more effectively than a
comparable laminar flow. Different models have adlg been used in order to study
CFD. All these models meet some criteria, suchthaddvel of description, cost and
ease of use, range of applicability, and the aocgura

There are different ways of studying turbulent fowsing CFD and the most
commonly applicable methods today are based opriheiples of Direct Numerical
Simulation (DNS), Large-eddy simulation (LES) anéyRolds-Averaged Navier-
Stokes (RANS) [6].

Direct numerical simulations (DNS) consist of solyi the Navier-Stokes
equations directly in all scales of turbulent moso DNS verify the instantaneous
velocity from which all the other information cam ldetermined from that for one
realization of the flow. Additionally, because #tie scales of motion need to be
resolved, in high Reynolds numbers where thereaatglifference between the small
and large scales, the computational cost increaapglly. The computational
difficulty decreases if the flow is stationary addcreases even more if boundary
layer equations can be used. In order to calctiteteurbulent flows the consideration
of the computer programs to solve the model egnatghould be considered and
developed. The cost and the difficulty depend andirailable software, algorithms

and the complexity of the model. In addition, amotmeason for the cost and



difficulty of DNS is due to the accomplishment betcomputer program to perform
the calculations and the results to be extractats depends on the amount of human
time, skill needed to perform the computation dreldvailable computer resources.

In Large-eddy simulation (LES) the effect of the afler scale motions are
modelled and superior to simulate the flow nearwladl. This requires a very fine
grid next to the wall. LES is a method that soltles Navier-Stokes equation with a
filtering operator in order to decompose the instaaous velocity into the sum of a
filtered component of the velocity. The filteredaaty field, represents the motion of
the largest eddies and provides as well an appitiom to the large scale motions in
one realization of the turbulent flow. This methsdbased on a filtering technique
that cuts off the small scales of turbulence asodlxes the bigger ones. LES requires
less computational effort than DNS but more eftban those methods that solve the
RANS. The computational demands also increase fgigntly in the vicinity of
walls, and simulating such flows usually exceeds thmits of modern
supercomputers today.

The Reynolds-averaged Navier-Stokes (RANS) equatama ensemble averaged
equations of motion for fluid flow. This method isased on the Reynolds
decomposition, the flow variables are split int@ thum of mean and fluctuating
components. Reynolds stresses are obtained frambalént viscosity model. Due to
the low requirements in computational power, RAN&s tbecome the preferred
approach in engineering applications. It has appbas particularly to high Reynolds
flows, where the methodology underlying DNS and LES not realizable
economically.

This study is based on RANS because they are catimually less expensive
and the computational time is less from the otker models. The purpose of this
work is to analyze the performance of various RAN&lels on flows around a single
hill and aims to understand the flow and pollutdispersion at flat terrain, single hill
and hill with obstacles. The emissions are locateeight different positions and for
the hill cases the sources are located downwind tiee top of the hill.

To understand the flow and the dispersion of pafititin a complex terrain a
study of flow and dispersion should be done firflya simple topography. In any air
pollution study, firstly it is necessary to havéormation about wind directions and
speed. The reason applying those measures in tH2 i@6del is to estimate

concentrations of pollutant at any distance frora Hource of the emission. The



capacity to dilute pollutants depends on the spddtle wind and this has the effect
to determine the concentrations of pollutant [7].

For many years in CFD various models have been. udssl desirable target of
this use of models is to understand environmetdals and dispersion of pollutant in
urban areas. The new and improved boundary conditi@ve the specificity to take
more into account the atmospheric boundary laykedcalso the friction layer or the
‘roughness layer’ near the ground. The roughnesbeoterrain surface will influence
the wind speed and the dispersion of pollutantsaand result any study’s metrics. A
main factor to consider for any simulation in CFxhe influence of the terrain. This
occurs due to the fact that the ground level commagans will be affected by any land
elevations and high turbulences can be caused \wryasteep terrain. Topography
and urban influences have to be considered witharabecause of the impact on the
wind speed and pollutant dispersion. In most of dhean areas the tall buildings
affect the airflow and the transport of pollutant§ie main reason for this is that a
recirculation or cavity zone is generated nexhtluildings, when an air stream gets
too close to them. In this region a highly turbwlfow is set up depending on the
height of the buildings. When the air passes oveplastacle, a recirculation zone
exists and the size of this recirculation depemdghe size of the obstacle and its
angle. Separation and reattachment are known edraulation zone. This may occur
on smooth surfaces due to high angles or curvatutiee boundary or can be caused
by a discontinuity in the surface geometry. Thisinalation zone will affect the
concentrations of pollutants around this criticahe.

A commercial Computational Fluid Dynamics (CFD)taafre, Fluent, is used to
simulate the flow and the dispersion of these pafits near buildings, urban areas,
hills etc. as it offers the possibility to investtg very complex geometries in high
resolution. This study will examine the effect opography on the dispersion of
ethylene in the atmosphere from a point sourcetéocan different positions. To
evaluate the accuracy of results, they are compaidexperimental and numerical

data.



1.1. Aims and Objectives

The aim of this study is to understand the flow gotutant dispersion in the
wake of a single hill, a single hill with obstaclasd a flat terrain. Moreover, the
effect of manmade topography on the dispersion @hemical pollutant is also
considered. The objectives are to evaluate whidhutance model is the best to use
for this study and also to determine the areasgbfen concentration.

This project considered the dispersion of ethylémethe presence of a
combination of natural (e.g. a hill) and manmadstgyaphy (e.g. buildings) in order
to determine the concentrations of pollutant irfedént regions of the domain and
how the emissions are influenced by the obstadles.case of a flow regime which
generates a recirculation bubble in the wake ofhillewill be taken into account.
Ethylene has been chosen in order to be complidiht the experimental data of
Khurshudyan et al. [17]. This work extends the aesle by Kim et al. [8] into a
regime where the ratio of the heights of the buaggi to the height of the hill is

smaller.



Chapter 2

2. Literature Review

2.1. Flow around hilly terrain

The flow of wind in cases with a hilly terrain isvary complex problem but
by using a fundamental approach to this problemmpk configurations and a
standard type of flow must be conducted first fekal by more complex situations. A
number of authors have studied the above problgmdding experimental and
numerical simulations.

Griffiths et al. [9] have done a comparison betwesamd tunnel measurements
and numerical simulations with Fluent software lsyng the ke standard turbulent
model. They simulate hills of varying aspect ratiosrder to analyse the flow around
the hills. Depending on the shape of the hill, ftbev separation downwind of the hill
differs and the steeper the hill the longer thércetation bubble.

Ferreira et al. [10] have done a comparison betweemerical and
experimental results to describe the flow arounid With different shapes, by using
the k€ model, which showed that the extension of thercaation region is strongly
dependent on the hill shape. In addition Pearsal.€tl1], found out that surface
roughness has a significant effect on the flow ¢jtiasa and causes changes up to
20% in the mean velocity close to the ground. Farrttore, Gayev and Savory [12]
have observed that trees can slow down winds througg, trap contaminants below
leaf level, etc. Tree trunks may actually incre@agbulence intensity near the ground.

Meroney et al. [13], illustrate how over complexragn local wind speeds
may vary over 100% in a distance of a few hundrextres as a result of flow
separation terrain shadowing or flow enhancemenirthErmore, to produce
equivalent wind speeds near ground level requicesirate reproduction of surface
roughness, shape and vegetation.

The measurements of the wind speeds predicted bye@@r et al. [14] are
higher values over the single shallow hill. For tiwe sinusoidal hill shapes the
largest measured wind speed is measured on theodfréee single steep hill. When

the hill configuration varies, the mean wind speddsreases compared to the single



hill configuration and also decreases downwindheffirst hill in the series. The gust
speeds at the crests of the hills show little wemmbetween different configurations
and between adjacent hills, except that the higbest speeds occur on the second
hill for the multiple steep hill test. Steps in thpwind profile of a hill produce large
changes in the wind characteristics at the crethehill. The height of the step, the
distance of the step from the crest and the sldpkeohill at the location of the step
are all important factors that influence the rasglflow at the crest of the hill.

The flow around three conical hills with vargoglopes was examined by Pearse
[15], who illustrates that as the flow approaches apwind foot of the conical hills
the velocity is reduced, and as the flow moves tdwahe hill crest the maximum
velocity occurs at the crest of the hills. The ¢getiincrease at the crest of all three
hills, in the mean velocity occurs for the steepestical hill.

Castro and Snyder [16] have investigated casts different hills and sources
placed at various heights and distances from theTlie numerical models used have
led to the examination of different parameters #fédct the size of the recirculation
region and the concentrations data. The resulte Bhewn that the roughness of the
surface can modify the recirculation region andirtlsudy suggests taking into
account the roughness of the hill. In this studyp#fication factors, which are the
ratios of maximum ground-level concentrations ia fpitesence of the hills to those in
the absence of the hills, and the stack heightalsee used to examine the effect of
the position of sources on the concentration datayder to explain the role of the
hill on the diffusion and transport phenomenon. @bpect ratio of the hill (defined as
the ratio of width/height) and the position of tlseurces, with respect to the
reattachment point were found to affect the angaifon factors. Their investigation
concludes that amplification factors increase wten source height is close to the
reattachment point.

Khurshudyan et al. [17] have done a wind turaxgeriment for studying air flows
and dispersion of pollutants in hilly terrain withrious slopes. Three hills were used,
having small, medium and steep slopes. The ethylaseemitted through a porous
sphere. They measured the mean velocity upwintheasummit, and downwind of
each of the hills, and similarly for the pollutadistribution. These results were
compared with theoretical models, for treating flamd dispersion over two
dimensional hills. The models with the small anédmm slopes have a good

agreement with the theoretical models but not tbdehwith the steepest slope.



This model does not have a good agreement withthiberetical model due to the
steep hill, because of its existence, a high tence is present, with a reduced
velocity downwind of the hill.

A simulation of hills of two dimensions with diffent slopes has been studied
by Castro and Apsley [18]. They used the kbulence model in order to compute
the flow over the hill and to make a comparisonhwibhe experimental data of
Khurshudyan et al. [17]. These data are obtainedifterent hills with various slopes
and a source at different positions near the Imlterms of velocities of the flow, the
differences between experimental and computed satme mostly observed at the
downwind base of the hill. However, at the upwirad® of the hill all computed data
are very close to the experimental data of the isoaled almost similar velocities are
found for different hill heights.

Arya, et al. [19] have experimented with varioull sihapes and they found
that the recirculation zone changes depending ershiape of the hill. Beyond about
five hill heights, the hill induced perturbation mean velocity. Regarding the
pollutant emissions, which are in various positjahe effect they will produce will
depend on the shape of the hills. If the point seus at the central line of the hill,
and if the hill does not have any recirculatiorerttihe emissions will not be affected
by the hill but if the hill is steep then the contations at ground level will be
reduced. If the emissions are located downwind hed till, the ground level
concentrations will be very high and this positiohthe source will be the worst
situation to consider when a pollutant emissioease¢ is diffused in any urban area.
In this case, the high level of pollutant concemtracan be dangerous for the entire
environment. But if the emission source is locasédhe upwind of the hill, the
ground concentration level will significantly dease and the environment will be
less affected.

Lai and Chan [20] have done a study over a twaedstonal hill with a small
slope which demonstrated that when there is anngwource located at the upper
layer, the concentrations decrease with distanmegathe upwind side of the hill and
tend to be a constant near the hill top. Resultenfithis study show that the
concentration distribution depends on the wind, tiedposition of the source.

Young-Rae et al. [21] developed a particular coslagithe Reynolds-average
Navier-Stokes equations in order to simulate tlmvflfield. The results of this

research have demonstrated that the shape and esfpeof the hill is related to the



pollutant concentration on the ground. The heighthe source and its location are
also key factorso the valueof these concentrations.

Egan [22], states that the main effects of topdgyapn the dispersion of
pollution result from changes to the mean flowbtlence and the possibility of
advection into recirculation regions. In additiamrse wind tunnel studies have been
accomplished by Arya and Gadiyaram [23], in whikbyt have examined hills with
various slopes, and discovered that the steepdrilihéhe larger recirculation it has.
A result of this study is that the hill slope ark taspect ratio are very important
parameters for flow dispersion.

Finardi et al. [24] have investigated the effectomplex terrain on the wind
field. They have described and then analysed th&d vaharacteristics and their
influence on pollutant dispersion in order to siifyptomputation and modelisation of
wind conditions. The report of the study proposedreain classification based on the
morphology of the terrains and their influence be wind field. For each class of
terrain, the wind characteristics are separatehsiciered and categorised regarding
their influence on pollutant dispersion.

Mello and Yanagihara [25] studied the mean conegintr and flow over a
two-dimensional triangular hill with a point polarit source. They have performed
simulations and calculations with aekurbulence model and the results have shown
that the numerical results of mean concentratioesalvays lower than experimental
results in this case. The reason is because thexrimgntal data are given by C/Cmax
which are relative measurements of concentratiows ae very influenced by the
maximal concentration Cmax and where this valueadBected. If this value is
measured very close to the source then, as sudgegtapsley and Castro [26] and
Bocon and Maliska [27], the numerical approachrnievin to measure unsatisfactory
results near the source. Except for this pointegaty in this study for the mean and
the variance of the concentration and also forullecity profiles, the numerical
results are in good agreement with the experimeesallts.

The dispersion of pollutant has been investigatgdChatzipanagiotidis and
Olivari [28] with experiments in a wind tunnel with hill and a stack located at the
left side of a hill in various heights. Measurensehiave been done in order to
determine the pollutant concentration of the pluifige results have shown that the
pollutant dispersion is influenced by the upstrefow conditions in terms of local

and maximum concentrations, particularly when thiekness of the boundary layer



varies significantly. In addition, the height ofettstack plays a big role for the
dispersion of the plume. For example, when theksgabalf the hill’s height, then the
concentration of the pollutant at the area neamhihevill be higher than if the stack
height was higher than the hill.

2.2. Flow around single buildings, street canyonsdhill with buildings

A configuration of a street with buildings in a ralong both sides described
as street canyon by Nicholson [29] and the dimerssif it are described as ‘ratio’,
which is the height of the building (H) to width thfe street (W). Dispersion in street
canyons depends on the rate at which the streetspge air vertically, with the top
level of the atmosphere and laterally, with conimgcstreets.

There are various configurations of street canyand depending on each
configuration, the flow will change. If the spacibgtween the buildings is too large
and the height is low, then their flow fields dat mderact. Oke [30] reported that if
the spacing is closer between buildings, the wakes disturbed and due to the
smaller spacing between the buildings, an isolateeghness flow regime exists
(Figure 2-1a). If the height of the buildings avels that they disturb the strength and
cavity eddies the flow regime changes and is kn@snwake interference flow
(Figure 2-1b). If the buildings are so close tha bulk of the flow does not enter
inside the street canyon, then within the canyaglsivortices exist and this is known

as skimming flow regime (Figure 2-1c).
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Figure 2-1 Perpendicular flow regimes in urban canyons for different aspect ratios
[30].

Many experimental and numerical studies are dealitly fluid flow around
buildings. Stathopoulos and Storms [31] have ingattd wind flow between two
rectangular buildings for particular configuratioasd the most crucial velocity
conditions is for the buildings of various heightBhe experimental study has
demonstrated that turbulence conditions exist ndren the wind is perpendicular to
the centre line of the passage. In addition, asmidéh of the passage increases, the
velocity in this area is lower and the turbulentemsities in the passage are higher.

Chang and Meroney [32] have conducted research riderstand the
concentrations and flow distributions around bwigdi in an urban area. From their
simulations they have observed that the upwind ar@as have higher concentrations
than the downwind wall areas. This happens dudddwo circulations flows inside
the street canyon. Orerculation flow is clockwise and carries the ptdint to the
upwind wall of the street canyon, resulting in hegltoncentrations on the upwind
wall. The other is a lower circulation flow whick tounter clockwise and carries

some emission to the downwind wall of the streetyoa, so the ground corner of the
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downwind wall also has high concentrations. In tase of an isolated building
because there is no wake zone to transport potlutanupwind, the higher
concentrations are located at downwind wall.

Meroney et al. [33] studied the flow and the dispmr of gases emitted by
sources using various &turbulent models using Fluent software. Numerreaults
were compared with experimental results, which sétbwhat for the same cases
different results were predicted for the reverkahf Also an adapted grid can help by
having details of the recirculation zone.

Zhang et al. [34] have compared & kaodel based on the eddy viscosity
conceptwith the wind-tunnel experiments of Castro and Rekji35] for different
approach flow conditions. A numerical model wasduge examine the influence of
shear and flow turbulences around a building. Is i@nd that the upwind shear
promotes the development of the upwind vortex atftont of the building, while it
reduces the size and strength of the much largetyda the lee of the building. The
result is that by increasing the wind and the tlebce intensity, the recirculation
zone weakens.

Chang et al. [36] focused on the formation of @i inside street canyons
and they have observed that in deep canyons twiicesrmay be generated. The
upper vortex is driven by the ambient wind flow ahe lower one is driven by the
circulation of the upper vortex. The particularity these vortices is that their
directions are opposites.

Experimental investigations have been achievediggdt et al. [37], on flow
and dispersion around an isolated building, whbeesttacer gas was upwind of the
building and with the help of a detector system ¢bacentrations were measured.
The purpose of this work is to compare the conegiotn distributions measured at
various locations in field and wind tunnel dataeTdifference in the concentration
distributions may be partially due to the differenastrument response time. The
field detector is faster and has greater resolutorthe high frequency concentration
fluctuations. However, by filtering the field daitato that used in the wind tunnel,
some parameters are affected.

In the same field, Wedding et al. [38] observedt thatall and isolated
structure are helpful in mixing pollutants in thewshwind side of the building but
they have also noticed that in the leeward sidthefbuilding a large concentration

level of pollutants may be measured.
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Mavroidis et al. [39] have done a comparison orpelision between wind
tunnel and field which shows that the plume is ndispersed in the field due to the
atmospheric wind. In order to understand the cempf of the dispersion in wind
tunnel, Snyder [40] has conducted physical simoastudies in wind tunnels and
these studies show a high potential to understdmed wide range of complex
dispersion phenomena. The main advantage using windels is the control of
variables at will and economy in terms of time amohey.

Delaunay [41] has illustrated the flow when, on top of a building, a
chimney exists. He shows that the second ordernseher turbulence modelling
seems necessary to reproduce recirculating flowth@mnoof and near the obstacles.

Characteristics of flow and dispersion have bedrmily examined in a wind
tunnel by Robins and Castro [42], who have investid the importance of the
velocity and the turbulence fields generated byfline dispersion around buildings.
Because flow dispersion in the surrounding ardaudtlings is very complicated, data
about concentrations need to be completed with dorawledge of their velocity and
also of turbulence fields in order to examine tifusion characteristics of the flow.
Also, concentration fields have been measured hyiriRoand Castro [43] from the
release of pollutants in the vicinity of large @rdées and the study has shown that the
maximum concentration and its position are functainthe pollutant dispersion
velocities and the height of the source.

Pollution dispersion modelling in an urban are@xamined by Galani et al.
[44] who observe that the presence of the voriiggisle a street canyon increases the
concentration of pollutant within the canyon. Moreothe wind speed, direction and
height of the buildings all play a big role in thespersion of the plume. The wind
velocity increases with height and causes a deergmashe pollutant concentration
levels.

Hoydysh and Griffiths [45] have investigated thdeef of buildings and
generally the influence of crosswind area on theceatration levels in an urban area.
They concluded that tall and isolated obstaclegesponsible for the decrease of the
pollutant concentration and these structures camsbd in order to reduce it.

Ahmad et al. [46] reported in their study that fleev and the dispersion of
pollutants inside a street canyon depend on itsngéy (building shape, aspect ratio,
and length-to-depth ratios). The formation of w8 inside the canyons is also due to

the geometry of the buildings. In deep canyons,vibrtices are not affected by the
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external wind flow on the top of the canyon. Ahmetdal. have observed better
ventilation for short canyons because corner vestiare created but this effect is
limited when the street length is increased. WHam \¢entilation is not effective
enough, the trapping of pollutants in the cornérhe building is observed and is due
to the formation of intermittent vortices in theaeeas. The trapping of pollutants
inside the street canyon will depend on the locatibthe canyons. A stable rotating
vortex is generated inside the canyons in urbaasatéis stable vortex has the effect
to suppress the ventilation of the street and tesalthe trapping of the pollutants.
The trapping of pollutants can be reduced by fogmmersections to the wind flow in
order to create better ventilation in those corndnsre the pollutants are blocked by
the corner vortices.

Ogwawa et al. [47] investigated a cavity wake langghind a cube, which is
influenced by the wind direction and the turbulenotensity. As the turbulence
intensity increased, the cavity wake length de@@&ad3he turbulent intensity was
varied by changing both the upwind roughness aadvihd direction.

For CFD simulations Blocken et al. [48] advise ass® the effects of
horizontal inhomogeneity by simulating the casesam empty domain, before
conducting simulations with the building models genet. They distinguished three
different regimes of flow conditions in passagesmMeen the buildings: Resistance,
Interaction and Isolated flow. The experimentablgtby Stathopoulos et al. [49] and
numerical study by Blocken et al. [48] indicatetthi@ese regimes appear to occur
within a well-defined almost universal range of th&o of the passage width divided
by the building influence scale.

Chu et al. [50] have determined the dispersionnaissions around buildings
and provide information about the height of the ssinins and the pollutant. A result
from their study is that near the inlet the windoedies are large at the edges of the
buildings, decrease in wake areas and are redasetkicanyons. These unbalanced
wind velocities will influence the pollutant disgén. When the wind speed is around
1.5m/s and the source is located at 2 metres heightbuildings are blocking the
dispersion of the pollutant but when the wind speedcreased to 5m/s, then the
pollutant goes inside the canyon. On the other hawheén the source is located at 20
metres height no matter what the wind conditiohs,follutant is spread over a large
area. Pollutant concentrations are usually blodkdn the canyons and this is due to

the existence of vortices, where the pollutant cale easily dispersed. The different
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heights of buildings will affect the distributiorf pollutants and moreover when the
wind becomes stronger, the pollution around thédmgs will be lower.

Tampieri et al. [51] have conducted a review ofrabteristics of the mean
flow and turbulences in the lee of a two dimensioolastacle. With a view to
understanding why in this area of hills and othbstacles the mean velocity is
usually reduced, they studied a case with a sopli@eed in this specific zone and
then analysed the dispersion and concentrationstder to understand the behaviour
of the dispersion, wind tunnel data were analysed aompared with model
predictions. The observations and measurementshisf study have shown that
turbulent flow is characterised by the existencecolfierent structures that affect
significantly the dispersion in the short-term. Tdrealyses of the concentrations data
demonstrate that these structures also have ail#tgence on the long-term average
concentrations. This work invites us to take gneaiecount of the turbulent flow
behaviour and especially the presence of largecesrin the lee of obstacles as these
have a big influence on dispersion.

Kim and Baik [52] have used a configuration modadel & simple building of
two dimensions and have examined the effects dbvnturbulence intensity and
pollutant dispersion on the urban street canyoreyThave also pointed out that the
more the turbulent intensity at the inflow incregsthe more the turbulent kinetic
energy rises. Consequently, the diffusivity andzwntal velocity at the height of the
roof grow and the vortex strengthens. Turbulenénsity at the inflow plays an
important role in the concentration in the streabhyon. If the inflow turbulent
intensity increases, the level of concentrationaay altitude will grow at the
beginning but at the end this concentration willnegligible. The low concentration
results from the transport of pollutant which istfdue to the high inflow turbulence
intensity and velocity.

Vardoulakis et al. [53] have made a review of tberstific understanding of
dispersion, air pollution phenomena in urban afdeey have reported for example
that high pollutant concentrations have been alwagasured on the leeward side of
urban canyons under perpendicular wind conditidihe review has also pointed out
that for the most part of the researches diffemrhbinations of monitoring and
modelling techniques for understanding pollutaspdrsion in urban street have been
adopted. Mathematical and physical models are tsegtimise pollutant dispersion

monitoring.
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A study of flow and pollutant dispersion in urbdrest canyons has been done
by Baik and Kim [54] where they have used a twoeatsional ke turbulent model.
From their research it has been shown that whermeight or width of buildings is
increasing, the vortices are also increasing. Théam at the bottom, downwind of
the canyon, is stronger than in the upwind canyom the same happens with the
turbulent kinetic energy because of stronger wiheass near the downwind of the
canyon. Results show that vortex circulation playsnajor role in the way that
emissions are distributed in street canyons.

Sagrado et al. [55] have conducted studies to méaterthe behaviour of wind
flow and pollutant dispersion in urban canyons gsiind tunnel measurements and
Fluent software. The results of this research df@é pollutant concentrations are
affected by the height of the downwind canyon waltreases in this height generate
a decrease in the pollutant concentrations indies.

Vardoulakis et al. [56] studied the dispersion ofiytants within urban street
canyons where generally the highest level of paflitg are concentrated because of
the presence of buildings which can not permit ratentilation. Within the canyon,
wind vortices may be created and high concentraéeels have been observed on the
leeward side of regular canyons.

Experiments by Mavroidis and Griffiths [3] examin#te characteristics of
flow and dispersion near obstacles. Mean velocigasurements indicated that the
effect of the shape of an individual obstacle endleeldn the array on mean flow and
dispersion is significant in the near wake regiorihis obstacle and is then reduced
until it becomes negligible approximately two ros@vnwind.

The pollutant dispersion of emissions in variouso téimensional street
canyons has been examined by Nazridoust and Ahfaa[iTheir research indicates
that the pollution depends on the building heightl ahe wind speed. They have
concluded that a large recirculation region withtofour vortices might be observed
in the street canyons depending on wind speedjihgiheight and street width. They
have used a two dimensionak kurbulent model in order to simulate a symmetrical
and asymmetrical street canyon and have also damnaarison with wind tunnel
experiments. It has been found, for the symmetrayon, that the pollutant
concentration is higher at the upwind wall of tl@yon than the downwind.

For the asymmetrical canyon, because of the diifeneights of the buildings, more

vortices have been observed at the top of the ecamddso for pollutant dispersion,
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the height and arrangement of buildings play anoitgmt role. The emissions which
are transported by the air are trapped inside dhgans, but as the velocity increases,
the concentration of pollutant reduces inside #gyons.

Ayata [58] has investigated the problem of buildimgght and roof effect in
Turkey. Buildings do not generally have a simpleph (rectangular) and many
studies can be found in the literature analysirgyithportance and effect of building
and roof shapes. Wind pressure distributions aoédepend upon roof geometry. In
his study, Ayata used Fluent and the tkwbulence model to simulate the airflow. The
results of this investigation have demonstrated tha roofs have the effect of
increasing the level of protection of houses aniddimgs and also of decreasing the
air velocity magnitude at the front of the houset Brxe phenomenon of turbulence
observed that turbulence is larger in front of lesuwith roofs. This investigation has
also shown that pyramid shaped roofs decreaselémt®iand that this is even lower
than in the case of rectangular shaped roofs.

Davidson et al. [59] have presented the resulthefdispersion of pollutant
from a source point through a large group of obstadetailed field results for the
flow and dispersion have permitted the conclusioat there are two mechanisms
which affect the behaviour of a plume as it passesugh a large group of obstacles.
The first is the divergence and the convergencgtrebmlines through the obstacles,
and the second is the changes in turbulence. k& gtudy the first mechanism
increases the overall height of the plume by apprately 50% and changes to the
structure of the turbulences have little effecttlo@ concentrations and spread of the
plume.

Kim et al. [8] have used a two dimensionat kirbulence model in order to
study the flow and pollutant dispersion when algifgll and two buildings exist in a
street canyon. The curve of the hill is very impattto the size of the recirculation.
As the angle of the curve is enlarged, the recatiah becomes larger. When there
are both single hill and buildings, the flow is ogang due to the height and angle of
the buildings and hill. Furthermore, with a souleeated upwind of a hill, as the hill
slope increases, the maximum concentration de@eagbe downwind region of the
hill.
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Cao and Tamura [60] have made an experimental sty a hill and a
number of small cubes on the hill surface, in otdepresent the roughness. Vertical
profiles of the turbulence statistics over the tougll were compared with the
profiles over a flat surface covered by cubes withsame pattern. Furthermore, for a
smooth hill with the same shape, measurements ta&en to identify the surface
roughness effects. The results show that the reegghaffects the flow and especially
the flow over the hill. The speed-up ratio abowve thest of a rough hill is larger than
that of a smooth hill. The separation bubble of caugh hill extends further
downstream, resulting in a larger reattachmenttkettgan a smooth hill.

Arya and Gadiyaram [61] found that the recirculatamne which appears downwind

of one obstacle, depends on the obstacle’s slobe.dfound level concentrations

when the emissions are on the top of the hill @ss than if they are located on a flat
terrain and the measurements are taken from the pasition. The hill slope and the

aspect ratio are the most important parametersgterhining the flow and dispersion

characteristics.

A study has been conducted on the use of CFD iligineg a pedestrian wind
environment Franke et al. [62]. They call for aigation study with an experimental
wind tunnel or water tunnel, before any simulatitaiee place, in order to secure the
help of complete data sets. The built area shoalid$s than 3% of the whole domain
and the outflow should be situated far from thdtlarea in order to have a developed
flow. In general, the numerical diffusion that appein the results of first order
schemes is significantly reduced by the use of @rst order scheme and the
accuracy is increased. Also in the examined aleagtid should be based on the
convergence study to check if the values in theaaare still the same. So for this
study, a second order scheme is used, the budtiaraken to be less than 3% of the

whole domain and the resolution proposed by the@gence study is used.
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Chapter 3

3. Classification and description of the fluid flow

In this section the main classes that distingisid flows are summarised.

3.1.Laminar and Turbulent flows

The presence of turbulence offers another way agsdly flows. Laminar flow is
characterised by lower velocities and fluid paescthat move in smooth lines. Thus,
the flow can be said to move in layers.

On the other hand, in turbulent flows the pathsndividual flow particles are not
straight but are disordered, permitting fluid mito take place. Turbulent flow
involves secondary components with arbitrarily,d@m and irregular behaviour,
superimposed on the principal motion of fluid. Angle particle follows an
unpredictable path in three dimensions. It showdnbted that most fluid flows in
engineering applications are turbulent.

The distinction between laminar and turbulent flovay be made by means of the

Reynolds number. This number is definedRﬂ;:ﬁI wherep is the fluid density,
y7]

pn the dynamic viscosity of the fluid, U a charag#ed velocity, and | is a
characteristic length. In general engineering doma, laminar flow occurs for flow

: I%Igd . .
through pipes, at a Reynolds num below 2000, where d is denoted as the pipe

y7]

diameter. Given the same flow conditions, turbulémw occurs for Re > 4000 and

transitional flows occurs for 2000<Re<4000 [63].
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3.2. Steady and Unsteady flows

The time-dependence of a flow classifies it asdstea unsteady. Since steady flow is
usually easier to implement, a suitable frame td#remce may be chosen so that the
flow appears to be steady. Turbulent flows are lswansidered to be steady by

using time-averaged values of the velocity field.

3.3.Viscous and Inviscid flow

Viscous flow is dominated by the effects of vis¢pskor instance where the velocity
gradients are large, the effect of viscosity im#igant on the characteristics of the
flow, and in the same manner when these velociylignts are small, the behaviour
of the flow is, of course, less affected by vistpsihe boundary layer is defined as

the region with dominating viscous effects in higgynolds numbers.

3.4. The Navier-Stokes equations for incompressiblexflo

Computational fluid dynamics solves the Navier-8®lequations, which are non-
linear differential equations that describe thenflof a fluid whose stress depends
linearly on velocity and pressure. The unsimplifegliations do not have a general
closed-form solution, so they have to be solvechbyerical means. The equations
can be simplified in a number of ways so that they easier to solve. The Reynolds
Averaged Navier-Stokes equations are based onithme averaging of the flow
quantities which are really important for solvinggeeering problems.

In the present study, the flow is at a much lowpeesl (M<<0.3), so that
compressibility effects can be neglected and inaesgble flow assumed.

CFD solves the fundamental governing equations loid fdynamics, namely
continuity, momentum and energy. Note that, in #gtigly, the flow is considered to
be incompressible, so thatis constant, which simplifies the Navier-Stokestsgn
and the energy equation is not specified.
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3.5. Continuity Equation

The continuity equation is based on the law of eovetion of mass, which says that
the mass of a closed system, irrespective to véhappening inside the system, will

remain constant:

ap

ot +V(pV) =0 wherep is constant because the flow is incompressible so:
ou oV

_t —=

ox oy

Where:u andv are the components of the velocity vector in tlad y direction
respectively.

3.6. Momentum Conservation Equations

The principle of conservation of momentum is intfaa application of Newton’s
second law of motion for an element of fluid. Aatiog to that, the net force acting

on the fluid particle under consideration must égsanass times its acceleration.
The equations are given by:

3.6.1. Conservation of u momentum

ou ou ou  1lop (62u azuj
U—+Vv—= —

— ——— V| S+
ot oxX oy L OX ox~ oy

3.6.2. Conservation of v momentum

—+Uu—+ ———tV| 5t
ox® oy

v, v, O 1p ov oW
oa ox oy poy

Where: p=pressurezviscosity, u =x-velocity andv=y-velocity
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3.7.  Conservation equation for scalars (for concentratis).

3.7.1. The conservation equation for a tracer

The balance for matter or temperature is givenwelo

oc oc o°c
—+ ) u—=Dc +S
ot Z,: b 0x] Zj:asz ’

Introduction of the fluctuations to the concentatiC = ¢ + ¢' in the conservation
equation and temporal averaging gives the follovemgression (same procedure as

with the current fluctuations above):

@+ u. oc =Dc)’

o°c o
== +S - —(u'c
ot <oy j sz ¢ Zj:axj( i©)

0
Q) am - (av) v

I: local temporal change of concentration (storage)

II: divergence of advective transport (due to acsmrration gradient)

[I: diffusion; Dc: molecular diffusion coefficierfor tracer c

IV: source minus sink term (volume term), which @aats for all other (chemical,

biological etc.) processes which depend on theas@alsources, sinks, production,

reactions...).

V: Divergence of the turbulent tracer flux.

Analogously to the Reynolds stress, fluctuationseh#éo be considered for the

turbulent transport of tracers. Accordingly, a tetascribing the turbulent tracer flux

is introduced uj'c’. The molecular diffusion (lll) can usually be necfied in

comparison to the turbulent flux (V). When the fluations are due to eddies of small

size, the turbulent fluxj’'c’ can be described with the so-called eddy formurati

The philosophy of the eddy formulation is that tleenporal averageﬂwhich

represents the sum of the many small fluxes evéntadd up to a flux which can be

considered a diffusion type flux. It depends ortl{g local gradientS—('t
Xj
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and (ii) the turbulent diffusion coefficient Kj.h€& form is identical to molecular
diffusion, however the Kj is usually several ordefs magnitude larger than the
molecular diffusivity. Kj is a function of the tuukent flow and not of the H20

properties or water constituents.

3.8 Reynolds —averaged Navier-Stokes

Reynolds-averaged Navier—Stokes (RANS) equatioms the oldest approach to
turbulence modelling. The central equations fordfldynamics are the Navier-Stokes
equations, which are non-linear differential equadi that describe the flow of a fluid
whose stress depends linearly on velocity and pres$he unsimplified equations do
not have a general closed-form solution, so theyoatty used in computational fluid
dynamics. The equations can be simplified in a rembf ways. All of the
simplifications make the equations easier to solmr. ensemble version of the
governing equations is solved, which introduces regparent stresses known as
Reynolds stresses. The idea behind the equationReigmolds decomposition,
whereby an instantaneous quantity is decomposed iiist time-averaged and
fluctuating quantities. The RANS equations are prify used to describe turbulent
flows. These equations can be used with approxamatbased on knowledge of the
properties of flow turbulence to give approximat@e-averaged solutions to the

Navier—Stokes equations. For incompressible flosveuation is the following:

J J

g U f_+i—|_3§+ ﬂ+@—ﬁ
Phiox P ox ! ﬂaxj ox | P

The left hand side of this equation representshange in mean momentum of fluid
element owing to the unsteadiness in the mean #losvthe convection by the mean

flow. This change is balanced by the mean bodyefotite isotropic stress owing to

the mean pressure field, the viscous stressesapparent stresépu{u'j)owing to

the fluctuating velocity field, generally referrdd as the Reynolds stress. This
nonlinear Reynolds stress term requires additionatielling to close the RANS

equation for solving, and has led to the creatiomany different turbulence models.
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3.8.1 Boussinesq hypothesis

This method involves using an algebraic equatiantiie Reynolds stresses which
include determining the turbulent viscosity, angel®ing on the level of complexity
of the model, solving transport equations for dataing the turbulent kinetic energy
and dissipation. The models available in this appinoare often referred to by the
number of transport equations associated with ththad. For example, the Mixing

Length model is a "Zero Equation” model becausé&rawasport equations are solved.
The k€ model is a "Two Equation” model because two trartspquations (one for k

and one fok) are solved. The following chapter analyse thesetypes of models.
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Chapter 4

4. Numerical Methods

4.1. Turbulence models

"Turbulence is an irregular motion which in generakes its appearance in fluids,
gaseous or liquid, when the flow passes solid sadaor even when neighboring
streams of the same fluid flow passes over onehandtWilcox [65], this definition
was originally proposed by Taylor and von Karmad @37. Turbulence modelling is
very important for CFD by creating mathematical misdwhich approximate and
describe the physical behaviour of turbulent flowke ideal model should not be
very complicated but should capture the fundamemaélire of the physics involved
in the flow. Generally Navier-Stokes equations swdficient to describe the fluid
flow but if more details are required, a large amtoof complex mathematics might
be needed.

Much software exists today, in order to solve tiq@ations of flow, and provides
various RANS models for turbulence. Fluent is a cmnly used CFD software
package and also the software is used for the atouok in this study. There are
various mathematical models used in flow modelinginderstand turbulence. The
turbulent models presented in this work are thde&pAllmaras, and all the family of

k-¢ models.

4.2.0ne equation model

Spalart-Allmaras model

The most common simple, one equation model is fra®-Allmaras model. It is
designed in particular for aerospace applicatiarerning wall-bounded flows and
can be used when the mesh at the wall is coarden@r This model solves an
additional transport equation for a modified tudmil kinematic viscosity. Turbulent

viscosity is determined from [66]:
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And ,, is determined from the modified viscosity transgayuation

Dy

2

—= Sv+i—(+1~/jﬂ+ v g
P Dt /:::aﬁon o | ox H+p ox. PG ox PCy w42

Diffusion

Destruction

Where in these equationg: =turbulent viscosityy=molecular kinematic viscosity.
For this model the constants are given by def&}: [

C,=7.1,C,=0.1355,C,,=0.622,0. =§

C, @+¢C,) _
__b21+0-—b2 , xk=0.4187.

14

Cwl

K

4.3. Two-equation ke model:

Within these methods, two transport equations akeed for two additional transport
variables, one for the turbulent kinetic energydkyl the other for the dissipation rate

(€). These variables are used to identify the charitics of the flow.

The k€ model has three variations:
v The ke Standard Model
v" The k€ RNG Model
v" The k¢ Realizable Model
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The k¢ Standard Model

This is the most widely used model in industry @dalid only for fully turbulent
flows. The Standard k-model is a semi empirical model based on modelspart
equations for the turbulence kinetic energy (kY &s dissipation rateg), from the
observation of physical phenomena and applicabititya wide range of flows with
satisfactory accuracy. It has also reasonable acguor a wide range of turbulent

flows such as industrial flows and heat transfer.

The turbulence kinetic energy k, is given by thiéofeing equation [66]:

ok oU, ou JoU, & ok
' ox ”{@g +8xjj8>g +6>g {(’ut a")éx} £
[ —"

Destruction
Convection Generation Diffusion

And the dissipation rate is given by:

oe & ou. ouU |oU. o oe &2
% £ BT 9 e ) e, pl &
0 “(kjﬂ{@faxj]@& +3>ﬁ{(ﬂt 0‘9)6&} zgp[kj
\—/—/

Convection Generation Diffusion Destruction

Where in these equations: U=velocity,, =turbulent viscosity, k=turbulence kinetic

energy, e=turbulence dissipation rate. For this model thastants are given by
default [67]:
C,=144 C, =192 0,=1.0 0,=1.3,

The RNG ke Model

The RNG ke mainly comes from the k-standard model, using a mathematical
technique called the Renormalisation Group (RNGbhoe: This model is similar in
form to the standard &-equations but includes an analytical formula fdaudoulent
Prandtl number, a differential formula for effediviscosity, the effect of swirl on
turbulence and an additional term in thesquation that improves the analysis of
rapidly strained flows. The use of this model isial/ for transitional flows, wall

heat, mass transfer and high streamline curvature.
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The turbulence kinetic energy k, is given by thiéofeing equation [66]:

ok 0 ok
A —= u4S’ +—(akueﬁ —j— pe
8)g Generation ax' 8)g Digﬁ;ﬂon
Convection Diffusion
1{oU; ouU,
S=./28 S == —]—i——'
where \ Sj S] YSJ 2( 8& aXJ— ]
And
o€ & 0 oe &?
% _c |yt %l c,pl&]- R
PY; ox k(kjut ox (akueff ax] zgp( kj R
—_— Additional term
Convection Generation Diffusion Destruction

related to mean

strain & turbulence
quantities

Where in these equations:
U=velocity, g =turbulent viscosity, u, =effective viscosity, % ,is the inverse
effective Prandtl number for k and k=turbulence kinetic energy=turbulence

dissipation rate. For this model the constants awen by default

[67]:C,, =142 C, =1.68,

The Realizable ke Model

The expression ‘Realizable’ comes from the modaidperties, which satisfy certain
mathematical constraints on the normal stressessistent with the physics of
turbulent flows. This model shares the same turthilt@retic energy equation with
the standard k-model. It is very practical for planar and rouetsjand is good for

cases when they have rotation and recirculation.

It is different from the standard «model in its alternative formulation for turbulent

viscosity [66]:

k? 1
#,=pC,— where C, =—————
& Uk
A+AS T
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The transport equations for dissipation rateis given by:

D 0 0 2
'O_g:_ vt - + PGS — PG, £ +Clgfcgng
€ Generation " ¥ "%,
Diffusion Destruction Buoyancy

Where in these equations:

U=velocity, 4 =turbulent viscositA,A,U" are functions of velocity gradients,
o,is the inverse effective Prandtl number for k and&=turbulence kinetic energy,

e=turbulence dissipation rat€, is the generation of turbulence kinetic energy wue

buoyancy. For this model the constants are given ldefault:
C,=142C, =168 5 -0.2[67].
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Chapter 5

5. Modelling

The simulations of this study are validated with ¢x@erimental and numerical data
of Khurshudyan et al. [17] and Castro and Apsle] fespectively.

In the present work, a simulation is performed g flow over a two-dimensional
symmetrical hill in order to observe the recircidatbehind the hill. The commercial
software that was used for the inspection of thiglys is Fluent 6.3.26 and for the
generation of the grid, Gambit 2.4 was applied.

The dimensions of the computational domain, as easelen in Figure 5-1 are: -40H
upwind of the summit of the hill and +40H downwind, total We=9360mm, with
domain height k=13.7H, where H is the height of the hill. The miidpoint is at
zero.The dimensions of the hill are as follows: heffi=117mm, length=W=702mm,

with a roughness lengthhZ0.16mm.

Wd

AN

Figure 5-1 Sze of the whole domain.
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The Reynolds number is Re=3%10 this experiment which is based on the height of
u.
the hill and the inlet velocity which is 4m/s. Tifrction velocity is U—:O-047

[e]

whereU., is the free stream velocity.

The Inlet Velocity is specified at inflow as:
U*

u ={—In(y/zo),0< y<h andU_y>h
K

Where h is the depth of the boundary layer, chageas to make the mean velocity
and turbulent kinetic energy profiles continuousotder to calculate h, the following

values are used: U=4mAg, =0.188m/sx =0.41, 2=0.00016m, giving h=0.9838m.

In general the finer the grid is the more accuraseilts are. When the size of the grid
is very fine then accuracy is increasing. So ireoitd capture all the details near the
wall the grid should be very fine. However the dgqrapredicts at y=0 (ground) that
U = . This is of course impossible because the velamitythe surface should be
zero. Only in the area around the hill the veloararies and this is due to the
recirculation zone that exists. The log formula fiee boundary layer is applied for

heights greater than the height of the roughness.

The Turbulent kinetic energy and Dissipation ratespecified as:
k={c, “U.@-y/hy?,y< 0. andk,,y>0.th

C 3/4k3/2

7]

E =
KZ

The hill is described by the functions:

X=£4’§|:1+ > ?2 > }
2 &r+mi@’-4)
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2 Efrmi(@t <)
Where:
m=n++n*+1, |£<aand n=HA is the average slope which is for this case 26

And where a=half-width of hill, &=arbitrary parameter, x is directed along the
approach flow direction (origin at hill center) amds directed vertically upwards.

Since the surface is two-dimensional, the equataess not include the y parameter.

5.1.Boundary Conditions and Computational Techniques

Flow calculations were undertaken using Fluentveai® and a vertical stretching
two-dimensional structured grid is used. For thietitboundary conditions, at the
main inlet the streamwise velocity has been sewith a User Define Function
(UDF) which is a function to define the discreteapé boundary condition type and it
can be found in the Appendix. Moreover, for theoedl inlet boundary conditions,
the specification method used for this study isttirtbulence kinetic energy (k) and
the turbulent dissipation rate) (which are defined with a UDF for theskStandard
and ke RNG models.

The C, constant is no longer the same for the Realizkblemodel because it is

computed from a more complicated equation. In shigly the data were not enough
to specify this number. That is whyekRealizable model has different boundary
conditions from the other two &models. For the Spalart-Allmaras model the k and
can not be specified. For this reason the turbulgansity and the hydraulic diameter

are specified for the last two models. Turbuletemsity is defined as the ratio of the

root-mean-square of the velocity fluctuatiamsto the mean flow velocity,,, and

the hydraulic diameter is given Wy, =‘;—A where A is the cross-sectional af@ais

w

in the 2D case equal to 2.

The discretisation of the various terms was seavddr upwind scheme (more details
at the Appendix B), except Pressure which was &r@atessure Staggering Option).
The Presto scheme is well suited for flows withvedar domains and for the steep

pressure gradients involved in swirling flows. Tach number is very low, Mach
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number=4/330=0.012, (where U=4m/s) and is less th@M consequently, for this
reason the flow is supposed to be incompressitdea 8D incompressible solver is
chosen and this flow is a steady flow. The airperties used in this study are the

following:

Temperature C) Density (kg /m°) Viscosity (kg / ms)

27C 1.225 1.789

Table 5-1 Air Properties.

The boundary conditions represent the influencéhefsurroundings that have been
cut off by the computational domain. At the infldwundary a velocity inlet is used,
in order to specify the velocity of the domain.tAé bottom, a wall boundary is used,
because of the tunnel and also to bind fluid arid segions. At the boundary behind
the hill, where the fluid leaves the computatiodamain, an outflow boundary is
used [62]. Outflow boundary conditions are usedntadel flow where the detail of
the flow and pressure are not known prior to anytem of the flow problem. No
conditions are defined at outflow boundaries. @uifl boundary condition is
appropriate where the exit flow is close to a fulgveloped condition, as the outflow
boundary condition assumes a zero normal gradienialfi flow variables except
pressure. The solver extrapolates the requiredrnrdbon from interior. Furthermore,
an overall mass balance correction is applied.

Also, at the top, a symmetry boundary is set doviaickv enforces the parallel flow.

Calculations of a boundary layer over ground fa $ingle hill case wind tunnel for
y =1 are:

I
RGZpUT ., where in this case R3x10'

+

y u
U

The equation is given by: y=

Where:
y=the distance from the wall and the first cell

p=air viscosity =1.789% 10°kg /s
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p=air density = 1.225 kg/m
U " =friction velocity=0.188 m/s

Y'=is a mesh-dependent dimensionless distance tlattifies to what degree the

wall layer is resolved

Cy'u 1.78% 10°
pU” 1.225¢ 0.18¢

y

So the distance from the wall and the first cetiassidered to b&.768< 10° mm.

5.2.Grid

Gambit 2.4.6 was used for geometry and mesh geoerathe grid geometry is
relative to the single hill case and representdeigre 5-2.
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Figure 5-2 Mesh distribution around the
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5.3. Grid convergence study

There is a choice of four turbulent models. Foudais are being selected in order to

assess their suitability: the Spalart-Allmaras nho@ad from the family of ke
models, the Standard, the RNG and the Realizaldegel an indication of the grid

resolution, the k- Standard model is initially useBor this case, the cells of the mesh

are quadrilaterals so the grid is structured. Thenlmer of nodes for the mesh

dependency study in the horizontal and verticaaions are the following: (60x40),
(100x80), (200x160) and (300x300).

A grid convergence study has been done in ordethéxk the dependency of the

results compared to the mesh size. Figures 5-3,5%54and 5-6 represent the size of

the recirculation bubble downwind of the hill inriais mesh sizes.
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Figure 5-3 Plot of the velocity distribution within the flow field using streamline field
for a grid with 2400 cells.
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Figure 5-4 Plot of the velocity distribution within the flow field using streamline field
for a grid with 8000 cells.
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Figure 5-5 Plot of the velocity distribution within the flow field using streamline field
for a grid with 32000 cells.
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Figure 5-6 Plot of the velocity distribution within the flow field using streamline field for
agrid with 90000 cells.

The coarse grid (Figure 5-3) has 2400 cells, amdrétirculation is about 0.176m
with a separation extent up to 0.239m and reattachmp to 0.415m. The medium
grid (Figure 5-4) has 8000 cells, and the recitooihais about 0.310m with a
separation extent up to 0.150m and reattachmerb up460m. The fine grid has
32000 cells (Figure 5-5) in which the recirculatmone is 0.315m and lays between
0.154m and 0.469m the same also applies to theafrD0O0O cells (Figure 5-6).
Numerical results by Castro and Apsley [18] dematst that the reattachment
downwind of the top of the hill is 0.479m which sgynificantly lower than the
experimental, by Khurshudyan et al. [17], deterrdittee reattachment at 0.760m.
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Figure 5-7 Length of the recirculation zone as a function of the number of

computational cells.

Figure 5-7 shows how the recirculation zone chardggsending on the grid. When
the domain has a small number of points, it wilt he as accurate as a domain with
two or three times the number of nodes. Also, withre points it will take longer for
the simulation to converge. As the number of nddsi&le the domain increases, the
length of the recirculation zone becomes constamm this it can be concluded that
the grid of 32000 cells is sufficient for the puspoof this project. The grid with
90000 cells has the same results as the grid dd®28ells, but because the time for
the simulation is doubled, the grid with 32000 £e8 used and preferred for the
simulations. The horizontal velocities on the téph@ hill at x=0m and downwind of
the hill at x=0.351m, have also been consideredHergrid convergence study. The

next figure shows the horizontal velocity on the & the hill.
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Figure 5-8 Horizontal velocity profiles for the hill at the summit.
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Figure 5-9 Horizontal velocity profiles for the hill at the downwind base.
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Figure 5-8 shows the horizontal profiles of theoedtly and, as can be observed, the
mesh with 2400cells is not fine enough to be asirate as the other meshes. On the
other hand, the results of the other three mesteegeay close to each other, with the
mesh of 32000 cells and 90000 cells giving the saesalts. This can also be
observed in Figure 5-9 which shows the horizonéddeity downwind of the hill.

From Figure 5-9 it can be observed that the limenfthe mesh with 2400 cells does
not have the same behaviour as the other linescesly at the beginning where the
difference is large. The other three meshes foltbev same trend, the mesh with
32000 cells gives the same results as the mesh90@O0 cells, so the mesh with

32000 cells is used for the simulations of thiggtin order to reduce the simulation

time.
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Chapter 6

6. Validation of the model

The objectives of this section are to select aabigt turbulence model which will be
the model whose outcomes are close to the expetan@sults, in order to assess the
pollutant transport performance of the model. Theparison will be done as well
with the numerical results of Castro and Apsley][IBhe flow calculations were
undertaken using their own code based on the fwoleme for a non-orthogonal
curvilinear coordinate system. The discretised muoma equations include
buoyancy and rotation terms so that the code canudexl for more general
atmospheric flow simulations. The resulting terrapresenting departure from first
order upwind scheme were included in the souragadein this study the validation
has been done with the mesh of 32000 cells. A numberins have been done with:
Spalart-Allmaras (1 equation model),ekStandard model (2 equation model)g k-

RNG model (2 equation model),skRealizable model (2 equation model).

6.1. The mean flow and turbulent fields for the singhell case

Figures 6-1, 6-2 and 6-3 represent the verticdilpsoof the x-component of velocity
normalised by the free stream velotity=U,. The data are collected at the upwind

base located at (-351,0), for the summit at (0,X) downwind base of the hill at
(351,0) respectively.

=== Experiment
—=— k-¢ Standard
—a— k-¢ Realizable
—s—k-¢ RNG

z/H
-

—s— Spalart Allmaras

—e— Numerical

0.0 0.5 1.0
U/Uo

Figure 6-1 Velocity profiles for the hill at the upwind base.
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The upwind base for the Spalart-Allmaras modeltt@ one hand follows the same
trend but on the other hand it is on average 2.@fyarom the experimental line.
The line of the ke Realizable model, does not match with the expeartaidine and it
has 1.7% difference from it. Closer to the expentakline is the ke Standard and
RNG model with the first one on average 0.5% défgrfrom the experiment and the
second model on average 0.3% different. Furthermatethe upwind base the
numerical data by Castro and Apsley [18] are almsygtchronized with the
experimental data.

e=¢==Experiment
—s—k-¢ Standard
—a—k-¢ Realizable

L1
N —o—k-e RNG
—a— Spalart Allmaras
=&—Numerical
0
0.5 1

U/Uo

Figure 6-2 Vel ocity profiles for the hill at the summit.

Concerning the summit, the results for the Spadimraras and ke Realizable model
do not match with the experimental line, as Spadirharas has on average an 8.2%
difference and Realizable 3.1% from the experimd@iie ke Standard and RNG
models are very close to the experimental line wittaverage 0.4% difference for the
k-¢ Standardand 1.2% difference for the RNG model. Over the mitmboth
numerical and experiment data indicates a nearifpum velocity over several hill
heights. For the downwind case, it can be seen tf@rbeginning that the Spalart-

Allmaras has 18.1% difference ands KRRealizable has 21.7% difference from the
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experimental line. The k-RNG model is closer to the experiment but notlasecas
the k€ Standard model, which is the only model from thfme that matches with
the experiment. The differences between the RNG with experimental data is
14.2% and the k-Standard model with experimental data is 5.4%tthHeumore, the
numerical results for upwind, summit and downwirfdtlee hill from Castro and
Apsley [18] are almost synchronized with the exmpemtal data, with some

discrepancies at the downwind base.

—&— Numerical
—eo—k-e RNG
—a—k-¢ Realizable
—=&— k-¢ Standard
—&— Spalart Allmaras
=& Cxperimental

z/H

0.2 0.4 1
U/Uo

Figure 6-3 Velocity profiles for the hill at the downwind base.

In order to observe the flow differences betweeaséhfour turbulence models,
streamlines and contours of horizontal velocityehbeen examined downwind of the

hill and are represented in the following figures.
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Figure 6-4 Sreamlines and contours of horizontal velocity for k-¢ Standard model.
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Figure 6-5 Streamlines and contour s of horizontal velocity for k-¢ RNG model.
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k-¢ Realizable model:
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Figure 6-6 Sreamlines and contours of horizontal velocity for k-¢ Realizable model.
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Figure 6-7 Sreamlines and contours of horizontal velocity for Spalart-Allmaras model.
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As can be observed in Figures 6-5, 6-6, 6-7 andtBeBcharacteristics of the

recirculation zone downwind of the hill for thesaif models are as follows:

Turbulent Separation Reattachment

Models Point (m) Point (m)
k-¢ Standard 0.154 0.469
k-¢ RNG 0.134 0.562
k-¢ Realizable 0.125 0.590
Spalart-Allmaras 0.125 0.518
Numerical Results Not available 0.479
Experimental Results Not available 0.760

Table 6-1 Separation and reattachment points for the four models.

The separation and reattachment points were olatdimen Tec plot software. Since
the air comes from the left side of the domain, ftbes remains unchanged until the
obstacle deviates its direction as can be seen ftwnfollowing section of this
chapter. The velocity of the flow is also influedday the hill and the presence of the
obstacles. The velocity of the air increases gédiyenath the height of the domain
because of the atmospheric conditions and also whieeflow is deviated by the hill
or by any other obstacle. The deviation in the flow the hill has the effect of
generating a recirculation bubble downwind of th#l khnd the size of the
recirculation will depend first on the dimensiontbé hill and second on the model
used for the simulations of the case.

The contours of the horizontal velocity are not shene for all models, especially for
the Spalart-Allmaras model, as can be observed fligure 6-7. One of the
differences between thes&kmodels and Spalart-Allmaras model is that for [dtiger
model, the maximum value of the velocity is at tbp of the hill and for the k-
models the maximum velocity is obtained only whéw theight of the hill is
increased. The k-models also have some differences in the recitionlzone. The
velocities and the reattachment zone downwind efhitl, vary depending on which
model is used.

To conclude this validation part, theekStandard model is the model which agrees
most closely with the experimental results in #tisdy. However, the k-RNG model
also agrees quite well with the experiment, sotf@ following validation of the

source point, both models will be used in ordesitaulate the cases and the results
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will be analysed with a view to finding which modelgrees more with the

experiment.

6.2. The concentration fields

The examination of pollutant dispersion is représeénn this section. An ethylene
(C2H4) source point has been used for the experimeras¢ @s well as for the
simulations, with a 15mm diameter porous sphetgattd downwind of the hill, at
y=0.5H where H is the height of the hill. The s@point has been defined with a
user defined function (UDF) which can be foundhe Appendix. At the beginning,
the coordinates of the specific cell where the seupoint is located have been

specified. The modified equation that has been t@isethe UDF is the equation for

the mass flow rate, which i = PUA wherem is the mass flow ratey the density

of the gas,u the velocity andAthe flow area. The mass flow rate is in kg/sec iand

being implemented through the following equation.

Viscosity Diffusion coefficient Thermal conductivity
(kg/ms) (m?/s) (w/m-Kk)
1.72x 10° 2.88x 10° 0.0454

Table 6-2 Ethylene properties

The mass flow rate is divided by the volume of ¢b#, because Fluent computes the
mass flow rate by multiplying the strength of tloeice by the volume of the cell for
each cell specified in the UDF.

In the current study, the transport equation oyletie arises from the conservation of
mass where a transport scalar is introduced irf (ktf sec)) units. The general scalar

transport equation is shown below with the foumeKunsteady, flux, diffusivity, and

source).
% + i pethui — r 8peth = S¢
—_— convection sources

unsteady diffusion

WhereT : diffusion coefficient,S,: source term (kg / (frsec))
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Figure 6-8 Position of the emissions for the single hill case.

Two turbulent models are illustrated in Figure @He ke Standard and the KRNG

models.

—&— Experimental

—B— k-¢ Standard

—o—k-¢ RNG
Numerical

z/H

0 0.2 0.4 0.6 0.8 1
C/Cmax

Figure 6-9 Concentration profilesin flat terrain and normalised by the maximum ground
level concentration (Cmax ).

As can be observed from Figure 6-9, the IStandard model is closer to the

experiment, than the &RNG model. At the beginning both lines are notaheig
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the experiment but the &kStandard model is closer to the experiment. Furibee,
the numerical data shows that agreement with exyet is very good.

Figure 6-10 shows the ground level concentratiors tae difference between those
two models with the experiment. The ground levelaamtration is normalised by the
corresponding maximum ground level concentratioreroflat terrain. At the
beginning the lines are very similar and both lif@k®w almost the same trend as the
experimental line but the line of theekStandard model is closer to the experiment
than the ke RNG model.

100 -

10 4
3
g 1] —e— Experiment
8 —s=— k-¢ Standard

—a—k-€ RNG
0.1 4
0.01 . . . :
-5 0 5 10 15
(X-Xs)MH

Figure 6-10 Ground level concentrations with source for the single hill case at
downwind base and height: 0.5H for the second scheme order.
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Figure 6-11 Ground level concentrations with source for the single hill case at
downwind base and height: 0.5H for the 2nd and 3rd order scheme.

From the graph in Figure 6-10, it can be also gbkahthe ground level concentration
of the ke Standard model is lower than the experimental eotrations. In order to
be convinced that the &-Standard model is the most appropriate for thisl\stthe
same case is simulated from the second order tohtree order scheme in order to
observe if any changes occur with the results. &she seen from Figure 6-11, there
is no difference and the results are still the sa@mnsequently all the simulations of
this study will be based on the second order schdrttee ke Standard model.
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Chapter 7

7. Results and Discussion

Using the validated model (for inert and reactil@w), which finally is the ke
Standard turbulent model, and focusing on the a#ibah of previous cases, the work
of Kim et al. [8] is going to be extended into giree where the ratio of the height of
the buildings to the height of the hill is smallertheir paper they did not consider a
real life simulation but they have studied moreib&aid mechanics.

They considered the case of gas dispersion in theevef a hill which also had a
number of buildings. In detail they considered,gheiof the hill to the height of the
building ratio of 1.92, 1.47, 1, and 0.65 (where tieight of the buildings is more
than the half hill's height).

This study considers the ratio of the height of55.@uildings lower than the hill
which often occurs in countries like Greece wharals towns/villages are located
close to large hills) and also this ratio is gotogoe constant and the location of the
source will be varied.

For the analysis of the results, profiles of ethglan a number of locations are
considered. Moreover, these profiles are compagathsat profiles without obstacles
and against flat terrain, in order to check theelision of the pollutant in each case,
and also to test the reaction and the differencthefpollutant distribution in each
case. (The flat terrain case will be examined ideorto see how the flow and the
emissions react without the presence of any hitlhstacle).

The numerical model is a two-dimensional incompbdsssteady model. The cases
considered in this study are: a single hill witheth obstacles (Figure 7-1), a single
hill (Figure 7-3), a flat terrain (Figure 7-4), aatl these cases with the source points
located in eight different positions.
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7.1. Computational Set-up

The inlet and the top boundary should be 5H awamfthe obstacle, where H is the
height of the tallest obstacle. The outflow bougdsrould be positioned at least 15H
behind the obstacle to allow flow development, @/ fdeveloped flow is normally
used as a boundary condition. For the same reasooutflow length should also be
applied in an urban area with many obstacles (Ingk), where H is to be replaced
by Hmax, the height of the tallest obstacle [62].

The computational domain dimensions in the horiabakis are: x=9360mm and in
the vertical axis y=1602mm. These dimensions aos& for the simulations, which
have been validated before. The height of theihill17mm and the centre of the hill
is located at x=0 mm. The height of the symmetrigh$tacles are 20mm, width
25mm and the distance between the obstacles is 3Bmentirst obstacle is at
x=355mm. The grid at the area of interest is firger,can be seen at the following
figures, this is so that the results are more ateunear the areas of interest).

Figure 7-1 Grid of the computational domain for the hill with obstacles.

Figure 7-2 Grid between the two obstacles.
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Figure 7-3 Grid of the computational domain for the single hill.

Figure 7-4 Grid of the computational domain for the flat terrain.

The computational domain has quadrilateral cellth \&ifiner resolution close to the

ground and in those regions where the emissiores gidce. The final number of the

is

dimension

is 40725. The Iwwd cell
and at the previous grid which was used for theda#ibn study, the

cells

quadrilateral

computational

5.52366x1F m?

number of cells were 32000 and smallest cell WaZ&.05x10F m?.
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7.2.Boundary Conditions

The boundary conditions are classified as follows:

At the inflow boundary a velocity inlet is used,arder to specify the velocity of the
domain. Thus, a UDF was used for the inlet velopitgfile. This is an atmospheric
boundary layer (ABL) velocity profile, used in ord® specify the velocity of the
domain. At the bottom, where the ground is, a Wwalindary is used, to bind fluid and
solid regions. At the boundary behind the obstaclelsere the fluid leaves the
computational domain, an outflow boundary is usé&].[ Outflow boundary
conditions are used to model flows where the detdilthe flow and pressure are not
known prior to the solution of the flow problem. e top, a symmetry boundary is
set down which enforces the parallel flow. Thedwling subsections are showing the
results of simulations of a single hill with onejot and three obstacles without any
pollutant in order to understand the flow around #pecific area.

7.3. A single obstacle in the recirculation bubble
7.3.1. Without emissions

.

Height {m)

| S T TR T NN SN TN TN T [N ST TN T SN N TN TN S TN NN TR SO SR M N . PR T N T T I PR
01 015 0.z 0.2 0.3
Length {m)

Figure 7-5 Sreamlines of velocity for the case of single hill with one obstacle.
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In Figure 7-5, streamline fields are represented simow clearly that the flow is
characterised by a recirculation zone downwind ftbom hill. The recirculation zone
is cut in the middle by one obstacle correspondm@ building. Two vortices are
formed at this area, one upwind of this obstacle e other downwind of it. The
upwind vortex is greater than the downwind whiclcamnected to it at 0.37m. The

whole recirculation is located between x=0.154 m &r0.452m.

7.4. Two obstacles in the recirculation bubble
7.4.1. Without emissions

—_—
02 —\—\\x

015

Height {m)

I e
Length {m)

Figure 7-6 Sreamlines of velocity for the case of single hill with two obstacles.

In Figure 7-6, streamlines are represented andstiite the flow which is
characterised by a recirculation zone downwind frdm hill. In this case the
recirculation zone is cut into three parts by twistacles. Three vortices are formed
in this area, one is upwind of the first obstaaleother is between the two buildings
(street canyon) and the last vortex is downwindhef last obstacle. The vortices are
almost trapped inside the street canyon and thakimmum height is almost the height
of the obstacles. The strength of the second vdimside the street canyon) is greater
than the third vortex because the first vortex,alihis upwind of the first obstacle, is

coming in on the top of the obstacle and is momenected with the second vortex
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than the third. At the point of x=0.37m, the biggesrtex is connected to the vortex
inside the canyon. Downwind of the last obstacke rigcirculation region is between
x=0.410m and x=0.461m. For this case the separasoat x=0.154m and the
reattachment is at a distance of 0.461m. As fdhaseattachment point is concerned,
this case has a small difference compared to teedase which has its reattachment

point at a distance of x=0.452m.

7.5. Three obstacles in the recirculation bubble
7.5.1. Without emissions

Height {m)

R
Length (m)

Figure 7-7 Sreamlines of velocity for the case of single hill with obstacles.

The same phenomenon occurs for the case with igéeshill and the three obstacles
(Figure 7-7). The separation for all these caseshés same and is located at
x=0.154m. The first vortex is connected with theas& one at the same position as
in the previous cases, at as distance of x=0.37ls0,Ahe strength of the second
vortex is stronger than the other two and thisus tb the first recirculation bubble

which is larger, so the first recirculation bubbl@mes on the top of the second one.
The reattachment also changes in this case andcited at x=0.490m. The

reattachment point is bigger for this case andithdue to the existence of the three

obstacles.
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7.6. Dispersion characteristics

A horizontal release of ethylene from a flow areavith a velocity of u at a height of
one metre over the ground is examined. The heiigtiteosource is chosen to be in the
same condition as the experimental study conduzya<hurshdyan et al. [17].

The equation for the source of ethylene is speatifig

source=(d *u* A/ C_Volume(c,t))
With:
Density (d): 1.178
Velocity (u): 0.09m/s
Cross section area (A): 0.047m

Volume of the cell (C_Volume (c,t)):

This equation is used to describe an accidenteasel from a source like pipelines in
the industry.

Ethylene is generally transported by pipelines friira storage area located away
from the reaction units in order to be transforméda fraction of the pipeline is
located near an urban area (for example in a raatifferent accident scenario (leak,
rupture, damage) can be considered and in this aasthylene release can happen.
Liquid Natural Gas (LNG) is also generally trangpdrby pipelines. Cleaver et al.
[68] have investigated for Advantica Ltd the ris&s LNG for the environment.
Advantica has recently conducted on behalf of BRtig® Petroleum) a review of
LNG explosions and gas dispersion. For the simuiatrealised in this project a mass
rate release of 0.005kg/s is considered for the oaethylene release. Advantica has
used the same mass flow rate release for an LNagel

Ethylene acts as a simple asphyxiant and has tebdey of displacing the oxygen
in the atmosphere. The latter characteristic autioally makes ethylene a significant
health hazard. Since it is a gas, it can spread @véde area. Another characteristic
of ethylene is that it can experience a violentngical reaction at high temperatures.
Ethylene produces toxic effects and those can teadnimal deaths or even low
growth rate in plants. Large amounts of ethyleneltave a huge negative impact on

the available amount of oxygen [69].
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The main characteristics of ethylenel{g) are the following:

« Physical state a20 C: Gas

o Colourless

o Slightly sweet odour

« Flammable gas

« Flammability range [vol% in air]: 2.4 to 34

e Auto-ignition temperature [°C] : 425

Another side-effect of ethylene is anaesthesia lwitien be caused by exposure to
extremely low concentrations of this gas (20%). 8w concentrations of ethylene

can cause an oxygen deficient environment, whosgtyms can cause:

« Headaches

e Dizziness

e Drowsiness

o Nausea

e Depression of all senses

o Death (under certain circumstances)

Like all hydrocarbons, ethylene is an asphyxiart eombustible. As an asphyxiant
gas, ethylene dilutes or displaces the oxygen-auntaatmosphere, leading to death

by asphyxiation if breathed long enough.

Concentration Symptoms of Exposure

12-16% Oxygen Breathing & pulse rate increased,

muscular coordination slightly disturbed

10-14% Oxygen Emotional upset, abnormal fatigue,

disturbed respiration

6-10% Oxygen Nausea & vomiting, collapse or loss of

consciousness

Below 6% Oxygen Convulsive movements, possible

respiratory collapse & death

Table 7-1 The symptoms of exposure in functions of concentration [69] .
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In the petrochemical industry ethylene is beingdpiced by steam cracking. By steam
cracking of a wide range of hydrocarbon feed-stpakbylene can be produced
commercially. Ethylene is obtained mainly from d&iag naphtha, gasoil and
condensates. This method is widespread in EurodeAaia [70]. In South Africa
ethylene is produced by using a different methoddene small quantities of dilute
ethylene can be obtained from refinery streamss &ha process from gases obtained
from coal, gasoil and condensates. Different metravé being used in order to crack

crude or residual oil but these are considerecetedny expensive.

As far as the production of ethylene is concerrthdre are many factors, mainly
developmental and environmental, that can affecDuring the life of the plant,

ethylene production is stimulated during certaagss of growth such as:

e Germination
e Ripening of fruits
e Abscission of leaves

e Senescence of flowers

Concurrently, ethylene production is stimulatedsbyne external aspects such as:

e Mechanical wounding

e Environmental stresses

e Certain chemicals such as auxin and other regslator
The following cases will be examined by placing #woeirce point at eight different
positions downwind of the hill, in order to obseme flow around the hill and to
measure the emission concentrations upwind and wowinof the obstacles. The
most complex case in this study is the one withhitleand three obstacles which is
chosen for the following simulations. The maximaldaminimal concentrations of
pollutant will also be determined regarding theipas of the source and their effect

on the emissions.
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Position at the x axis (m)| Position at the y arig (
0.035 118

0.071 117

0.120 94.2

0.165 75.6

0.208 55.2

0.235 42.4

0.272 251

0.310 9.9

Table 7-2 Eight coordinates of each source along the hill.

Figure 7-8 Positions where the emissions are along the hill and where the data are
collected next to the obstacles.

As can be seen from Figure 7-8, for the case with hill and obstacles, the first
location where the data are selected is at x=0134(#), which is 0.0125m upwind
of the first obstacle, the second and the thirdhigoare at x=0.3825mr#{, and
x=0.4225m ), which are in the middle of the first and secastteet canyons
respectively and the last location is at x=0.464* ) which is 0.0125m downwind
of the last obstacle. The same locations are asd tor the single hill case and for

the flat terrain case respectively.
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7.7. Determination of ethylene mass fraction upwinéthe first
obstacle

7.7.1. Hill with obstacles:

Figure 7-9 represents the case of the hill withtaxdes and the exact location where
the data of the pollutant are collected.

0.15

o
o o
U"| —

Height (m)
[am]
D'_I""I""I""I

i N T
0.1 0.2 0.3 04
Length (m)

Figure 7-9 Position of collection of the data at x=0.3425m.

The examination of pollutant dispersion at x=0.3#2%vith the existence of three

obstacles is represented in Figure 7-10:

Sources
0.2
0.18 ——x=0.035m
0.16 —8—x=0.071m
0.14 —&—x=0.120m
E 012 x=0.165m
3;:’» 0.1 —¥—x=0.208m
£ 0.08 —0—x=0.235m
0.06 —+—x=0.272m
0.04 x=0.310m
0.02
0 . ‘ |
0.0 0.1 0.2 0.3
Mass Fraction of C2H4

Figure 7-10 Vertical profiles of mass fraction at x=0.3425m, from eight sources, for
a single hill with obstacles configuration.
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As the air comes from the left side of the domamd #éhe plume passes over the
downwind base of a hill, it has been observed thatminimum concentration is
0.078 and is obtained from the source located 8t085m, which is far away from
the point where the data are collected, as carbbereed from Figure 7-11.

c2hd

013075
0138214
0127ETa
0116143
0.1 04807
009s0714
00815357
ooz

Figure 7-11 Emissions of ethylene from the source located at x=0.035m.

[ foe ¥ o o o ¥ o o o

Figure 7-12 Emissions of ethylene from the source located at x=0.310m.

When the source is located at x=0.310m (Figure )7-dRich is the closest source
near the first obstacle the maximum mass fractso8.22. The next maximum mass
fraction is when the source is located at x=0.27&2w the next one at x=0.235m with
a mass fraction of 0.16 and 0.13 respectively. Mlass fractions when the source is
located at x=0.120m and x=0.165m are comparable,0&4 and 0.096 respectively,

even though the first position is outside the mdation zone.
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7.7.2. Single Hill

0.04 -

0.2 Sources
0.18 —e—x=0.035m
0.16 —8—x=0.071m
0.14 —A&—x=0.120m
E 012 & x=0.165m
g 0.1 —%—x=0.208m
£ 0.08 —e—x=0.235m
0.06 - ——x=0.272m

x=0.310m

0.02

0 0.05 0.1 0.15 0.2 0.25
Mass Fraction of C2H4

Figure 7-13 Vertical profiles of mass fraction at x=0.3425m, from eight sources, for a
single hill configuration.

As shown in Figure 7-13, the minimum mass fraci®®.0766 when the source is
located at x=0.035m and the maximum mass fracto0.155 when the source is
located at x=0.310m. Figures 7-14 and 7-15 showctmtours of a concentration of
ethylene and help in understanding (at the locatibere the data are collected), that
the amount of pollutant emitted from the sourceated at x=0.035m is lower than the
emissions from the source at x=0.310m. Moreovex,stburces located at x=0.120m
and x=0.165m are emitting the same quantity ofypatit, at (0.3425,0) where the

data are collected.

chd

013075
0137756
0124521
011857
01035894
00355255
00725643
006

Figure 7-14 Emissions of ethylene from the source located at the top of the hill (x=0.035m).

63



c2hd

1K)
026373
02279
019 25
015
011874
00823
004623
am

Figure 7-15 Emissions of ethylene from the source located downwind of the hill
(x=0.310m).

0.215 - = position of the
I Source at x=0.310m
& 0.195 -
E 0.175 —a— Hill & obstacles
E 0155 —=— Single hill
L
@ 0135 -
=
E 0115 4
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E o
= 0.095 - position of the
= = 5
0.075 . . . . . ; Source at x=0.035m
0 0.05 01 015 0z 0.25 0.3 0.35
Distance from saource (m)

Figure 7-16 Maximum mass fraction of C2Ha4 for two cases.

In Figure 7-16 the x axis represents the distaretesden the point sourcgx,) and
the location of extracted the d@, (x— x,) . The examination of pollutant dispersion

for the case of a single hill and hill with obsexlis at (0.3425,0). The point sources
are in eight various positions each time. This cangon has been done in order to
see in which case between a single hill and awiilh obstacle has less pollutant.
Figure 7-16 shows the maximum mass fraction atsthime location of the point

source for both cases. It can be seen that the frzas$®n near the upwind side of the
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obstacle is larger for the case of the hill witle thbstacles; it has larger values of
ethylene than the single hill case. This is duthéovortices that appear upwind of the

obstacle where a large amount of pollutant is teapp

7.7.3. Flat Terrain

For the flat terrain case, by measuring the etlg/lainthe same position as before, it
has been observed that the values of pollutant haweeased. By placing the
emissions at x=0.035m, the minimum mass fractidh 185 and at (0.310, 0) (Figure

7-18) the concentration is 0.89 as can be obsdreedFigure 7-17:

Sources

—— x=0.035m
—8—x=0.071m
—&—x=0.120m

x=0.165m
—¥—x=0.208m
—0— x=0.235m
—+—x=0.272m
x=0.310m

Height (m)

0 0.2 0.4 0.6 0.8 1
Mass Fraction of C2H4

Figure 7-17 Vertical profiles of mass fraction at x=0.3425m, from eight sources, for
a flat terrain configuration.

Figure 7-18 Emissions of ethylene from the source located at x=0.310m.
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Figure 7-19 Maximum mass fraction of C2H4 at x=0.3425m for all cases.

In Figure 7-19 the x axis represents the distaratesden the point sourcgx,) and
the location of extracted the datéx),(x—x,). The examination of pollutant

dispersion for the case of a single hill, hill withstacles, flat terrain is at (0.3425,0).
For the case of the flat terrain, all the concemins of ethylene are higher than the
other two cases. On average the pollutant of thetdrrain is 63.8% larger than the
case with the hill and the obstacles and 65.7% rizne the single hill case.
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7.8. Determination of ethylene mass fraction in the ndiié of the

first street canyon

7.8.1. Hill with obstacles:

Figure 7-20 represents the case of the hill withdhstacles and the exact location

where the data of the pollutant are collected.
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Figure 7-20 Position of collection of the data at x=0.3825m.

Figure 7-21 represents the pollutant inside theesttanyon (x=0.3825m).

0.2
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0.16
0.14
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Mass Fraction of C2H4

0.12

0.14

0.16

Sources

—&—x=0.035m
——x=0.071m
—&—x=0.120m

x=0.165m
—X¥—x=0.235m
—0—x=0.272m
—+—x=0.310m

Figure 7-21 Vertical profiles of mass fraction at x=0.3825m, from eight sources, for a

single hill with obstacles configuration.
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In Figure 7-21, the minimum mass fraction whichresponds to 0.07 is given by the
source located at x=0.035m, and the maximum paitutarresponds to 0.142 for the

source located at x=0.310m.

7.8.2. Single Hill

Figure 7-22 shows the vertical profiles of the ptaht emissions for the single hill
case:

Sources

—&— x=0.035m
——x=0.071m
—&— x=0.120m

x=0.165m
—¥—x=0.208m
—0—x=0.235m
—+—x=0.272m
x=0.310m

Height (m)

0 0.05 0.1 0.15
Mass Fraction of C2H4

Figure 7-22 Vertical profiles of mass fraction at x=0.3825m, from eight sources, for
a single hill configuration.

Figure 7-22 shows the vertical profiles of the méasstion when the data are
collected at x=0.3825m. For this case it can beefesi that the values of the mass
fraction have decreased, the minimum is 0.068 wtten source is located at
x=0.035m, and the maximum is 0.14 when the sowgdedated at x=0.310m. Also,
when the source is located at x=0.165m and at ¥8d2which are both located
inside the recirculation zone, the mass fractiaesvary close, approximately 0.0868

and 0.0862 respectively.
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Figure 7-23 Maximum mass fraction of C2Ha4 for two cases.

In Figure 7-23 the x axis represents the distartevden the point sourcek,) and
the location of extracted the d&a., (x—x,) . The examination of pollutant dispersion

for the case of a single hill and hill with obstxis at (0.3825,0). Figure 7-23 shows
the maximum mass fraction at x=0.3825m for two sasiee single hill and the hill
with obstacles. It can be seen that the profilthefmass fraction at the middle of the
first street canyon, which is investigated in th&st, is higher for the case of the hill
with obstacles, except when the sources of thestomis are located at x=0.165m and
at x=0.235m where the values for the single hilecare higher. These discrepancies
they might appear because of the streamlines liegtdre passing from this specific
position of extracted the data and the pollutamiase at this specific points. As it has
been pointed out in the previous section, the rfrassion inside the first canyon for
the case of the hill with obstacles is higher thansingle hill case, and this is due to

the vortices inside the canyon, which trap emissioside the recirculation bubbles.

7.8.3. Flat Terrain

For the case of the flat terrain, by measuringdbecentrations at x=0.3825m it can
be observed from Figure 7-24, that the minimum nfeastion is from the source
located at x=0.035m, which is 0.12, and the maximsiftom the source located at
x=0.310m with a mass fraction of 0.47.
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Figure 7-24 Vertical profiles of mass fraction at x=0.3825m, from eight sources, for
a flat terrain configuration.
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Figure 7-25 Maximum mass fraction of C2H4 at x=0.3825m for all cases.

In Figure 7-25 the x axis represents the distartevden the point sourcex,) and

the location of extracted the datéx),(x—X,). The examination of pollutant

dispersion for the case of a single hill and hiilhwobstacles is at (0.3825,0). Figure

7-23 shows the maximum mass fraction at x=0.382&mvio cases, the single hill

and the hill with obstacles.It can be observed fiigure 7-25 that the case with the

higher mass fraction is the flat terrain case. Bemvthe other two cases, the case with

the higher mass fraction at the location of x=Q38 is the case with the hill and
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obstacles, which has on average 0.95% larger nastsoh than the single hill case.
However, for the single hill case when the locatidrihe source is at x=0.120m and
at x=0.208m, the mass fraction is higher than #s= ©f the hill with obstacles.

The flat terrain case has on average 59.52% langes fraction than the case of the

hill with the obstacles and 59.9% larger mass ioadthan the single hill case.

7.9. Determination of ethylene mass fraction in the ndiié of the
second street canyon

7.9.1. Hill with obstacles:

Figure 7-26 represents the case of the hill witstatles and the exact location where

the data of the pollutant are collected.
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Figure 7-26 Position of collection of the data at x=0.4225m.

Figure 7-27 represents the value of mass fractiotihé middle of the second street
canyon (at x=0.4225m). The minimum mass fractggiven by the source located at
x=0.035m and the maximum when the source is located=0.310m. These values
have decreased (from 0.07 to 0.063 for the mininaumath from 0.22 to 0.109 for the
maximum) compared with the previous case, wheredtta were collected in the

middle of the first street canyon.
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Figure 7-27 Vertical profiles of mass fraction at x=0.4225m from eight sources, for a
single hill with obstacles configuration.

7.9.2. Single Hill
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Figure 7-28 Vertical profiles of mass fraction at x=0.4225m from eight sources, for
a single hill configuration.
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Figure 7-29 Maximum mass fraction of C2Ha4 for two cases.

In Figure 7-29 the x axis represents the distaratevden the point sourcex,) and
the location of extracted the d@@, (x—x,) . The examination of pollutant dispersion

for the case of a single hill and hill with obstxis at (0.4225,0). Figure 7-28 shows
the vertical profiles of the mass fraction in thldbe of the second street canyon, at
x=0.4225m. For this case the values of the masdidra have decreased and the
minimum mass fraction (0.060) is obtained whengberce is located at x=0.035m,
and the maximum mass fraction (0.10) is obtaine@rwthe source is located at
x=0.310m.

Figure 7-29 shows the mass fraction in the middiehe second street canyon
(x=0.4225m) for two cases, the single hill and thik with obstacles. It can be
observed that the profile of the mass fractiorhmmiddle of the second street canyon
is higher for the case of the hill with obstacl€ke same observation has been made
inside the first street canyon in the same locatbent in the second street canyon the

mass fraction is lower than in the first canyon.
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7.9.3. Flat Terrain

For the case of the flat terrain, by measuringrtass fraction in the middle of the
second street canyon (x=0.4225m) it can be seenalhdahe values of the mass
fraction are higher than the previous two casedsiatspecific location. For this case
the minimum mass fraction is 0.11 when the souscléated at x=0.035m and the

maximum is 0.33 when the source is located at xEIh8

Sources
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Figure 7-30 Vertical profiles of mass fraction at x=0.4225m, from eight sour ces,
for aflat terrain configuration.
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Figure 7-31 Maximum mass fraction of C2H4 at x=0.4225m for all cases.
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In Figure 7-31 the x axis represents the distaretevden the point sourcex,) and
the location of extracted the d@, (x— x,) . The examination of pollutant dispersion

for the three cases is at (0.4225,0). Figure 7&}itasents the mass fraction in the
middle of the second street canyon, for eight diffié source positions. The flat

terrain case has the higher mass fraction, anddbke with the hill and obstacles has
on average 3.68% larger mass fraction than thdesimfj case. The flat terrain case

has on average 57.04% larger mass fraction tharabke of the hill with obstacles

and is 58.62% larger than the case of the singjle hi

7.10. Determination of ethylene mass fraction downd of the last
obstacle

7.10.1. Hill with obstacles

Figure 7-32 represents the case of the hill witstatdes and the exact location where
the pollutant data are collected.
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Figure 7-32 Position of collection the data at x=0.4625m.

The vertical profiles of the mass fraction at x828m, for the hill case with
obstacles are represented in Figure 7-33.

75



0.2 Sources
0.18 —e—x=0.035m
0.16 —#—x=0.071m
0.14 —A—x=0.120m

E 012 x=0.165m
£ 01- —%—x=0.208m
S 0.08 —8—x=0.235m
0.06 - —+—x=0.272m
0.04 - x=0.310m
0.02 +
0 \
0.00 0.02 0.04 0.06 0.08 0.10
Mass Fraction of C2H4

Figure 7-33 Vertical profiles of mass fraction at x=0.4625m, from eight sources, for
a single hill with obstacles configuration.

In Figure 7-33, when the emissions are located=8t085m, the mass fraction has the
lowest value (0.057) and when the source is located0.310m, the mass fraction is
maximal (0.088).
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7.10.2. Single Hill

The vertical profiles of the mass fraction fromhigources locations for the single

hill case are illustrated in Figure 7-34.

0.2

Sources

0.18
016 —&— x=0.035m
——x=0.071m

0.14
_ —A— x=0.120m
g012 x=0.165m
5 011 —%—x=0.208m
T 0.08 - . ——x=0.235m
0.06 - —+—x=0.272m
0.04 x=0.310m

0.02
0 T T
0 0.02 0.04 0.06 0.08 0.1
Mass Fraction of C2H4

Figure 7-34 Vertical profiles of mass fraction at x=0.4625m, from eight sources, for a
single hill configuration.

Downwind of the last obstacle, the minimum concatidn is 0.056 and the
maximum 0.089 from the sources located at x=0.03Bih x=0.310m respectively.
When the sources are located at x=0.120m and x5th1lthe mass fraction is 0.064
and 0.063 respectively. This shows that two difieource positions, which are far

from each other, can result in very similar leva@gollutant.
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Figure 7-35 Maximum mass fraction of C2Ha4 for two cases.

In Figure 7-35 the x axis represents the distaretesden the point sourcgx,) and
the location of extracted the déa., (x—x,) . The examination of pollutant dispersion

for the case of a single hill and hill with obs&xis at (0.4225,0). As well shows the
mass fraction downwind of the last obstacle for tases, the single hill and the hill
with obstacles. It can be seen that the profilthefmass fraction is higher for the case

of the hill with obstacles.

7.10.3Flat Terrain
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Figure 7-36 Vertical profiles of mass fraction at x=0.4625m, from eight sources, for
a flat terrain configuration.
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For the case of the flat terrain, measuring thesnfeaction downwind of the last
obstacle, it can be seen that all the values ofrthss fraction are significantly higher
compared to the previous cases at this specifintpdvhen the data are collected
downwind of the last obstacle, the minimum masstia (0.1) is obtained from the
source located at x=0.035m and the maximum (O.B&h fthe source located at
x=0.310m.
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Figure 7-37 Maximum mass fraction of C2H4 at x=0.4625m for all cases

In Figure 7-37 the x axis represents the distaretevden the point sourcex,) and
the location of extracted the d@, (x— x,) . The examination of pollutant dispersion

for the three cases is at (0.4625,0). As well regmés the mass fraction downwind of
the last obstacle for all the cases. The casetivgthigher mass fraction is the case of
the flat terrain as can be seen from Figure 7-3¥chvis on average 55.98% higher
than the case with the hill and obstacles and 36.6R)her than the single hill case.

The case with the hill and obstacles has on aveta#fg2% more mass fraction than

the single hill case.
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7.11. Characterisation of pollutant distribution: H with obstacles

In the previous sections, the mass fraction has besasured, upwind and downwind
of the obstacles and in the middle of the streetycas. In this section the mass

fraction is measured at the corner of the obstacles

7.11.1. Upwind of the first obstacle

Figure 7-38 represents the case of the hill with abstacles and the exact location

where the data of pollutant are collected.
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Figure 7-38 Position of data collection before the first obstacle at x=0.3425m (*)
and x=0.3545m (*).

As can be seen from Figure 7-38, upwind of thet folsstacle at x=0.3545m the
emissions emitted from the source located at xBh0D8orrespond to the minimum
mass fraction. The maximum mass fraction is whea $lource is located at
x=0.310m. The mass fraction from the sources lacatex=0.120m and x=0.165m
are close to each other, considering that the $iostrce is outside the recirculation

zone and the second one is inside.
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Figure 7-39 Vertical profiles of mass fraction at x=0.3545m, from eight sources, for a
hill with obstacles configuration.
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Figure 7-40 Maximum mass fraction of C2Ha4 for two cases.

For this case the data are collected at (0.342&n@)at (0.3545, 0) where these two
positions are located upwind the first obstacléne Fource of ethylene is located in

various horizontal positions each time. The horiabaxis (Figure 7-40) demonstrates
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the distance between the source and the positionllecting the datgx—x;) where
X is the position of collecting the data and is the position of the source. The

comparison of this figure is between the two posti The first one is upwind of the
first obstacle (0.3425, 0) in comparison with tleeand one which is the position of
the point source in eight different locations aldhg hill, for instance (0.310, 0). This
comparison has been done in order to see wherpdihgion is less between these
two positions. This figure shows that the maximumsmfraction is when the source
is located at x=0.310m and as the point sourcegeittang far from the area near the
first obstacle then the mass fraction of ethylengecreasing.

The mass fraction upwind of the first obstaclex@d.3545) is on average 2% larger
than the mass fraction next to the corner of thetaube (at x=0.3425m). This is due to
the large recirculation bubble that exists beftwefirst obstacle and also because the
location where the data are collected is closdgh#osources. Many streamlines pass
from the locations of the emissions and go inshke liig recirculation bubble. This
recirculation carries the emissions and due to dloekwise flow, most of the
pollutants are transferred to the region upwintheffirst obstacle.

7.11.2.Inside the first street canyon
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Figure 7-41 Position of collection of the data at x=0.3705m (#), x=0.3825m (#) and
x=0.3945m (*).

In this section the mass fraction in the middlehaf first canyon is compared with the
corners of the obstacles that make up this canys®.8705m and x=0.3945m
respectively).
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Figure 7-42 Vertical profiles of mass fraction at x=0.3705m, from eight sources, for a

hill with obstacles configuration.
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Figure 7-43 Vertical profiles of mass fraction at x=0.3945m, from eight sources, for a

hill with obstacles configuration.
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From Figures 7-42 and 7-43, it can be seen thanwdwdlecting the data on the
bottom left corner (x=0.3705m) and bottom right remr (x=0.3945m) of the first
street canyon, that the mass fraction upwind @tbttom left corner) of the canyon
Is increasing more than the downwind corner whenhigight exceeds 0.02m which is
the height of the building. This observation iswhan Figure 7-42 where the mass
fraction increases significantly when the heightted obstacle is reached. In Figures
7-42 and 7-43, when the emissions are located @085m, the mass fraction has the
lowest value and when the source is located at3&f0n the mass fraction is
maximal.

Figure 7-44 represents the comparison between #ranmum values of the data

which are measured upwind, downwind and in the tridfithe first street canyon.
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Figure 7-44 Maximum mass fraction of C2H4 for the upwind (x=0.3705m), middle
(x=0.3825m) and downwind (x=0.3945m) inside the first canyon from eight point
Sources.

For this case the data are collected at (0.370an@)at (0.3825, 0) and (0.394%,

where these three positions are located insiddirtstestreet canyon. The source of
ethylene is located in various horizontal positi@ash time. The horizontal axis in
Figure 7-44 demonstrates the distance betweendim gource and the position of

collecting the datgx— x;) wherex is the position of collecting the data ardis the

position of the source. In Figure 7-44 each pomthe graph corresponds to one
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source point. For each source point, a mass fragioneasured upwind (0.3705, 0),
downwind (0.39450), in the middle of the first street canyon (0.382%,a0d the

values are reported in the graph. For each positidhe source the three values will
be compared to each other. The mass fraction orupwend corner of the street
canyon is on average 5.2% higher than in the middtk at the downwind corner of
the canyon the mass fraction is on average 0.6%ehithan in the middle of the
canyon. To explain the mass fraction differencesidie the canyon, Figure 7-45
shows that one big vortex exists in the middleha first canyon and two smaller

vortices exist upwind and downwind.

Height (m)

Length {(m)

Figure 7-45 Streamlines of velocity for the case of single hill and three obstacles.

As the circulation flow is clockwise, a big recitation exists inside the canyon, with
two small vortices at its corner, which carries #missions upwind of the canyon,
resulting in a higher mass fraction in this arele Emissions are trapped inside the

small vortices at the corners of the canyon.
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7.11.3.Inside the second street canyon
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Figure 7-46 Position of collection of the data at x=0.4105m (# ), x=0.4225m (») and
x=0.4345m (*).

The mass fraction inside the second canyon (upwdodnwind and in the middle)

will be examined in this section as can be sedfigare 7-46.
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Figure 7-47 Maximum mass fraction of C2Ha4 for all cases.

For this case a mass fraction is measured upwirdd @8, 0), downwind (0.4348)
and in the middle of the second street canyon @4Q). The source of ethylene is
located in various horizontal positions each tiffilee horizontal axis in Figure 7-47

demonstrates the distance between the point samate¢he position of collecting the
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data(x—x;) where x is the position of collecting the data amd is the position of

the source. In Figure 7-47 each point in the gragpinesponds to one source point. As
can be seen from Figure 7-47 the pollutant upwihthe street canyon is on average
4.7% higher than in the middle of the canyon. Dowrdaof the street canyon the

pollutant is almost the same compared with theupatit in the middle of the street

canyon but has on average 0.9% higher mass fraction

For the first and second street canyons the massidn at the upwind corner is

higher than in the middle of the street canyontdha downwind corner. This is due

to the flow, which is clockwise, and transfers tireater part of the pollutant to the
upwind corner of the canyon where the emissiongrapped. There is a small vortex
as well at the downwind corner of the canyon (Fégar45) which also helps to trap

the emissions and explain why the downwind correes more pollutant than the

middle.

7.11.4.Upwind and downwind of the first obstacle:
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Figure 7-48 Position of collection of the data at x=0.3425m (#) and x=0.3825m (#).
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Figure 7-49 Maximum mass fraction of C2Ha4 for two cases.

For this case the data are collected at (0.342&n@)at (0.3825, 0) where these two
positions are located upwind and downwind the bisttacle. The source of ethylene
is located in various horizontal positions eachetimhe horizontal axis (Figure 7-49)
demonstrates the distance between the source a&ngbasition of collecting the

data(x—x;) where x is the position of collecting the data amd is the position of

the source. This comparison has been done in todsge where the pollution is less
between these two positions. This figure shows thatmaximum mass fraction is
when the source is located at x=0.310m and asdhme pources are getting far from
the area near the first obstacle then the mastidnaof ethylene is decreasing. As
shown in Figure 7-49 the pollutant upwind of thestfiobstacle (x=0.3425m) is on
average 24.4% larger than downwind of it (x=0.3825nMis is due to the pollutant
which comes directly from the sources along thé did a large amount of the
emissions are transferred to this region. The lgg®rtex upwind of the first

obstacle connects with the small vortex inside fire# canyon where some of the
streamlines are passing inside this canyon, soatheunt of the pollutant is less
important in this area than upwind of the obstacle.
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7.11.5.Downwind of the last obstacle
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Figure 7-50 Position of collection the data at x=0.4505m (#) and x=0.4625m (#).

Figure 7-51 shows the mass fraction when the dagacallected at the downwind
corner of the last obstacle at (0.4505, 0). As banseen from Figure 7-51 the
emissions from the source at (0.035, 0) have themuim mass fraction at (0.4505,

0) and the maximum pollutant is from the sourcated at (0.310, 0).
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Figure 7-51 Vertical profiles of mass fraction at x=0.4505 m, from eight sources, for
a hill with obstacles configuration.
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Figure 7-52 Maximum mass fraction of C2Ha4 for two cases.

Figure 7-52 shows the maximum values of the datalwéwre measured at (0.4505, 0)
and at (0.4625, 0), where these two positions @ratéd downwind the last obstacle.
The source of ethylene is located in various haotiabpositions. The horizontal axis
(Figure 7-52) demonstrates the distance betweenstluece and the position of

collecting the datgx— x;) wherex is the position of collecting the data ardis the

position of the source. This figure shows thatrtfeximum mass fraction is when the
source is located closer to the obstacles andeapdimt sources are getting far from
the area near the last obstacle then the massofrast ethylene is decreasing. The
mass fraction when the data are collected on tfiectener downwind of the last
obstacle (x=0.4505m) is on average 5.5% larger th@mass fraction which is
measured at (0.4625 ,0). This is due to the relaticun which exists downwind of the
obstacle, where the emissions are trapped, the dlothis location is clockwise and

the amount of ethylene is larger in the area nexté corner.
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7.11.6Upwind of the first and downwind of the last obstac
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Figure 7-53 Position of collection of the data upwind of the first (x=0.3425m (#),
x=0.3545m (#)) and downwind of the last obstacle (x=0.4505m (#), x=0.4625m (*))

For this case the data are collected at (0.342&n@)at (0.3545, 0) where these two
positions are located upwind the first obstacle ah@0.4505,0), (0.4625,0) where
these two positions are downwind of the last oldstathe source of ethylene is
located in various horizontal positions each tiffilee horizontal axis in Figure 7-54
demonstrates the distance between the source a@&ngbasition of collecting the

data(x—x;) where x is the position of collecting the data amd is the position of

the source. A difference is observed between thHeitpat upwind in the first and
downwind in the last obstacle (Figures 7-54). Thessnfraction upwind of the first
obstacle is on average 40% larger than the poliidawnwind of the last obstacle.
This is due to the emissions which are in the npast transported inside the first
vortex downwind of the hill and upwind of the firsibstacle. Figure 7-54
demonstrates that as the data are collected fay & this first big vortex and the
point sources then the mass fraction will decretisg,also explains why the amount

of pollutant downwind of the last obstacle is ldssn upwind of the first obstacle.
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Figure 7-54 Maximum mass fraction of C2Ha4 for all cases.

7.11.7Comparison of ethylene mass fraction inside the tstoeet

canyons
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Figure 7-55 Position of collection the data inside the first (x=0.3705m (#), x=0.3825m
(%), x=0.3945m (#)) and second (x=0.4105m (#), x=0.4225m (#), x=0.4345m (#))
street canyons.

92



For each source point, a mass fraction is measupednd (0.3705, 0), downwind
(0.3945,0), in the middle of the first street canyon (0.382p,a8d for the second
street canyon the data are collected upwind atl(®40) downwind at (0.4345, 0)
andin themiddleat (0.3945,0).
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Figure 7-56 Maximum mass fraction of C2H4 inside the two street canyons.

The horizontal axis (Figure 7-56) demonstratesdiséance between the source and

the position of collecting the datax—x,) where x is the position of collecting the
data andx, is the position of the source. As can be seen frayares 7-56 and 7-57,

the pollutant on the left corner (0.3705, 0) of tingt canyon is on average 20% larger
than in the second street canyon (0.4105, 0) asdhge position. On the right corner
of the first street canyon (0.3945,0), the masstitva is on average 15.4% larger than
the pollutant at the right corner of the secondettcanyon (0.4345, 0). In the middle
of the canyons, the first street canyon has onaaeel5.2% larger mass fraction than
the second. Considering the entire canyon, theufaolt inside the first street canyon
has on average 15.4% higher mass fraction thasett@end canyon.

Figure 7-57 shows the distribution of ethylene acbuhe street canyons and

especially in the corners.
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Figure 7-57 Contours of C2H4 Concentration.

The fact that the first canyon has more pollutdr@ntthe second is due to the big
recirculation bubble along the hill. This large t&r which transports emissions
connects directly with the vortices inside thetfecanyon and consequently the vortex
inside the first street canyon is stronger than wbeex inside the second. At the
corners of the canyons, the concentration of thessons is more important than in
the middle of the canyons and this is due to thallsvortices which have the effect of
trapping the pollutant in this area (Figure 7-9t)e circulation flow is also clockwise
and carries most of the emissions to these corfegare 7-57 shows clearly that the

corners concentrate more pollutant than in the haidfithe canyons.
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7.12. Summary of Results

Comparisons of the mass fraction of ethylene aibuarlocations have been
made for the cases of: hill with obstacles, singl# and flat terrain when a
continuous source is located at eight differentitmmss. It has been observed that in
all simulations, the maximum mass fraction of eting is higher in the flat terrain
case.

The flat terrain simulations have been conductedrnter to see how the
emissions react and how the flow is developed with@ving any obstacle or hill to
interrupt the flow. The wind comes from the leflesito the right side of the domain.
For the flat terrain case, nothing exists betwdmnemissions and the location where
the data are collected so the velocity will notrbduced and there will not be any
recirculation zone to change the flow, so the pgahu is transferred in high
concentrations from one location to another.

Comparing the single hill case with this of thd Wilth obstacles, it has been
observed that the maximum concentration in spegfsitions is higher for the
second case. For the case of the hill with obssa¢hee pollutants are trapped inside
the canyons, the vortices are moving clockwise #ma pollutants are blocked
between the obstacles. Without any obstacles, dfiatants do not concentrate in a
specific area, except in the vortex generated kg flow over the hill. As a
consequence, the case with the obstacles presghts Ipollutant concentration than
the single hill case at the same distance fronsthugces where the data are collected.
By following the streamlines of Figure 7-57, hove thow affects the emissions and
the concentrations of pollutant between the obstafbr the case of the hill with
obstacles can be observed.

On the right side of the hill there exists a bigireulation bubble (vortex)
which contains the highest mass fraction of ethgleecause all the emissions are
funnelled into this particular area. This first tet, which is stronger than all the
others, is connected to the vortex of the firstesttcanyon. The vortex of the second
street canyon is less connected to the first vaoigxis stronger than the last vortex

located downwind of the last obstacle.
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Figure 7-58 Streamlines of velocity downwind of the hill and next to the obstacles.

Consequently, the amount of pollutant transportethé first street canyon is
greater than the amount carried to the secondtstas®yon. This is because the
emissions convect directly inside the first streabyon. The vortex upwind of the
first obstacle which transports the largest amafninass fraction has on average
24.4% larger mass fraction than the middle of tret §treet canyon.

The concentrations of pollutant 0.012m upwind & finst obstacle and next
to its corner are also compared. Moreover it hanlmbserved that the data collected
upwind of the obstacle have on average 2% largessnfiaction than next to the
corner of the obstacle. This is due to the emissiaich are in the most part
transported inside the first vortex downwind of thd. As the data is collected
further away from this first vortex the mass fraotwill decrease. This also explains
why the amount of pollutant upwind of the first tdade is 40% larger than downwind
of the last obstacle. Compared to downwind of #e bbstacle the concentration of
pollutant in the second street canyon is highers T because more emissions are
transferred inside the second street canyon theimwind of the last obstacle.

The mass fraction on the left and right cornersvalt as in the middle of the
first and second street canyons was examinedslbban observed for both canyons
and also for the last obstacle that the left cotrees the maximum mass fractions of
ethylene. The presence of small vortices in eacheroof the canyons (Figure 7-58)

explains why in this area the mass fraction ofygaltt is higher than in the middle.
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The result of the circulation flow which is cloclsei is to facilitate the transport of
pollutants and to keep them on the left corner thgresents the highest

concentration of emissions.

Figure 7-59 Streamlines of velocity inside the street canyons.

The mass fraction on the left corner of the figeat canyon is on average
5.2% higher than in the middle of the street canyam the right corner the emissions
are on average 0.6% higher than in the middle efstineet canyon. For the second
street canyon, the mass fraction on the left aeditiht corners is respectively 4.7%
and 0.9% higher on average than at the middle efstreet canyon. Measuring the
mass fraction next to the corner of the last olbstand comparing it with the mass
fraction 0.012m away from this obstacle, it hasrbmind that the mass fraction in
the corner of the last obstacle is on average Scbger.

Comparing the pollutant between the first and theosd street canyons, the
first has on average 15.4% more pollutant thanst#tednd. The pollutants on the left
corner of the first canyon are 20% bigger thanhendecond street canyon at the same
position. On the right corner of the first streahgon, the pollutants are 15.4% higher
on average than the pollutants on the right coofieghe second street canyon. In the
middle of the canyons, the first street canyon &d$5.2% larger pollutant than the
second. The fact that the first canyon has morkigaoit than the second is due to the
recirculation bubble which is next to the hill. &aldition, it is connected more with

the first street canyon than the second.
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Chapter 8

Conclusion and Further work

The flow around a hill and obstacles with gas disip& has been studied

using CFD. This project presented a comprehens#teot results on wind

flow near the hill as well as the hill with obstesl The results included
comparisons of the flow downwind of the hill, arautme obstacles and inside
the street canyons.

» A grid convergence study has been conducted inroraecheck the
dependency of the results compared to four diftereesh sizes. The
analysis of the results has shown that the medh @0000 cells produces
the same results as the mesh with 32000 cellsdduibles the simulation
time. Therefore, the mesh with 32000 cells was @swtpreferred for the
simulations.

The validity of this numerical set-up developedtle present work has
been assessed by comparing the obtained resultsheitexperimental and
numerical data of Khurshudyan et al. [17] and Gastnd Apsley [18]
respectively, with the help of the commercial saitev packages Fluent
6.3.26 and Tecplot 360.

» Velocity profiles at the upwind base, summit andvdeind base of the
hill have been validated. Additionally the validibf the emissions has
been done by comparing the concentration profitefait terrain and also
the ground level concentrations downwind of théfbil a specific height.
Results from the performed simulations of this gtihve shown that
between Spalart-Allmaras, &«-Standard, k RNG and ke Realizable

turbulence models, the&kStandard turbulence model was acceptable and

showed a good agreement with the experimental ancherical
measurements.

The ke Standard turbulence model, with a very fine meshthe
downwind area of the hill and around the obstadhes, better predicted

the flow and has been compared well with experialefdta.
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» Simulations for the flat terrain case have beendooted in order to see
how the emissions react and how the flow is developith no obstacles
or hill to interrupt the flow. When the ground wiat the pollutant was
transferred from one location to another. The flowas completely

unobstructed, unlike the other two cases.

Some interesting features of the flow around a Isirfgll have been
presented in this study. A recirculation zone hesnbobserved downwind
of the hill. This had also been observed in thedation stage for both
experimental and numerical cases examined. The $tasl shown that the
formation of the vortex downwind of the hill resedt in a higher

concentration of the pollutant in that area.

» The hill with obstacles case has shown that thea ané intense
recirculation was located downwind of the hill at# basic flow in the
street canyon was a recirculating flow filling ttenyon.

The source points of ethylene have been locatedrious positions along
the hill and the outcome of this study was that thik affects the
emissions. Moreover, higher pollutant concentraibave been observed
around the first obstacles and this was due tobtherecirculation zone
which trapped most of the pollutant in these ar®dlsen the source was
placed near the middle of the recirculation bubtie, recirculation zone
had a large effect on the emissions and slightlyingpthe source, did not
vary a lot the mass fraction profiles at downwiaddtions.

Comparing the single hill case with the case of hiile with obstacles
showed that the maximum concentration in specifisifpons was higher
in the second case. As mentioned above, some &sriiere observed

inside the street canyons.

» In this study analysis of the results has shown tha existence of the
vortices helps the pollutant to be trapped nearvaiticin the canyons and
the presence of obstacles has as an effect thedaigbentration of the

pollutant.
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The amount of pollutant transported to the firsést canyon was greater
than the amount carried to the second street carfylua was because the
first vortex downwind the hill helped the convectiof the emissions
directly inside the first street canyon. Comparediownwind of the last
obstacle the concentration of pollutant in thetfiesmd second street
canyons was higher. As the data were collecteti¢du@way from this first
vortex the concentration of pollutant observed dased.

It has been observed for both canyons and alsthéolast obstacle that the
left corner had the maximum mass fractions of ethgland this was due
to the particularity of the flow in that area. Thpeesence of small vortices
in each corner of the canyons explained why in #hea the mass fraction
of pollutant was higher than in the middle.

Without any obstacles, the pollutants did not cotrege in a specific area,

except in the vortex generated by the flow overttitleand the obstacles.

» Study of three dimensional geometries with moreldig arrays could
produce important results and lead to more conmhssion the improved
placement of rural zones close to industrial andewothazardous areas.
Another factor to consider could be the velocitytbé wind, i.e. to have
various wind speeds which are significantly affdctyy the presence of the
obstacles. These simulations could be a usefu) todhe case of planning a
new building area next to an industrial area omeieghere was a danger of
pollutants which were emitted by accident. In tbi&se, it is possible to
examine the effect of pollutants on the plannedding area and how close or

far the building site should be located from contrarareas.
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Appendix A

UDF only for the single hill case without emissions:

#include "udf.h"

DEFINE_PROFILE(inlet_x_velocity, thread, index)vélocity in x-direction */
{

double position[ND_NDJ;
double y;

face tf;

double Zo = 0.00016;
double h=0.9838;

begin_f _loop(f, thread)

F_CENTROID(position, f, thread);
y = position[1];
/[F_PROFILE (f, thread, index)=y;
if (y>h) F_PROFILE(f, thread, index)= 4;
else F_PROFILE(f, thread, index)= 0.4585*og(y/Z0);

}
end_f _loop(f, thread)
}

DEFINE_PROFILE(kinetic_energy, thread, index)
{

double position[ND_NDJ;
double y;

double h=0.9838;
face tf;

begin_f _loop(f, thread)

F_CENTROID(position, f, thread);
y = position[1];

if (y>0.9*h) F_PROFILE(f, thread, index)= 0.1178%p((1-0.9*h/h),2);
else F_PROFILE(f, thread, index)= 0.1178*pow((1)yZh

}
end_f_loop(f, thread)
}

DEFINE_PROFILE(dissipation_rate, thread, index)
{

double position[ND_NDJ;
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double y;

double h=0.9838;
double Cm=0.09;
double k=0.41;
double ken;
face tf;

begin_f _loop(f, thread)

{
F_CENTROID(position, f, thread);

y = position[1];
if (y>0.9*h) ken= 0.1178*pow((1-0.9*h/h),2);
else ken=0.1178*pow((1-y/h),2);
F_PROFILE(f, thread, index)= pow(Cm,0.75)*pow(keB)1(k*y);

}
end_f _loop(f, thread)
}

UDF only for the single hill case with emissions:

#include "udf.h"

DEFINE_PROFILE(inlet_x_velocity, thread, index)vélocity in x-direction */
{

double position[ND_NDJ;
double y;

face tf;

double Zo = 0.00016;
double h=0.9838;

begin_f_loop(f, thread)
{
F_CENTROID(position, f, thread);
y = position[1];
/[F_PROFILE (f, thread, index)=y;
if (y>h) F_PROFILE(f, thread, index)= 4;
else F_PROFILE(f, thread, index)= 0.4585*log(y/Z0);

}
end_f_loop(f, thread)

}

DEFINE_PROFILE(kinetic_energy, thread, index)
{

double position[ND_NDJ;
double y;

double h=0.9838;
face_tf;
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begin_f_loop(f, thread)

{

F_CENTROID(position, f, thread);
y = position[1];

if (y>0.9*h) F_PROFILE(f, thread, index)= 0.1178%p((1-0.9*h/h),2);
else F_PROFILE(f, thread, index)= 0.1178*pow((1)yZh

}
end_f_loop(f, thread)

}

DEFINE_PROFILE(dissipation_rate, thread, index)
{

double position[ND_NDJ;
double y;

double h=0.9838;
double Cm=0.09;

double k=0.41,

double ken;

face tf;

begin_f _loop(f, thread)

{

F_CENTROID(position, f, thread);
y = position[1];

if (y>0.9*h) ken= 0.1178*pow((1-0.9*h/h),2);

else ken=0.1178*pow((1-y/h),2);

F_PROFILE(f, thread, index)= pow(Cm,0.75)*pow(keB)1(k*y);
}

end_f _loop(f, thread)

}

DEFINE_SOURCE(emissions, c, t, dS, eqn)
{
double position [ND_NDJ;
double H =0.117;
double source;
double A=0.047;
double d=1.178;
double x1=351*0.001;
double x2=361.826*0.001;
double y1=57.11*0.001;
double y2=59.78*0.001;

C_CENTROID(position, c, t);
dS[eqn] = 0;



if (position[0] <x2 && position[1] <y2 && posion[0] >x1 && position[1] >y1)
source = d*(C_U(c,t))*A/ C_VOLUME(c,1);

else

source = 0.;
return source,

}

UDF for the cases of flat terrain, single hill and hill with obstacles (for example
for the emissionslocated at x=0.310m):

#include "udf.h"

DEFINE_PROFILE(inlet_x_velocity, thread, index)vélocity in x-direction */
{

double position[ND_NDJ;
double y;

face tf;

double Zo = 0.00016;
double h=0.9838;

begin_f _loop(f, thread)

F_CENTROID(position, f, thread);
y = position[1];
/[F_PROFILE (f, thread, index)=y;
if (y>h) F_PROFILE(f, thread, index)= 4;
else F_PROFILE(f, thread, index)= 0.4585*log(y/Z0);

}
end_f_loop(f, thread)
}

DEFINE_PROFILE(kinetic_energy, thread, index)
{

double position[ND_NDJ;
double y;

double h=0.9838;
face_tf;

begin_f_loop(f, thread)

F_CENTROID(position, f, thread);
y = position[1];

if (y>0.9*h) F_PROFILE(f, thread, index)= 0.1178%p¢(1-0.9*h/h),2);
else F_PROFILE(f, thread, index)= 0.1178*pow((1)yZh

}
end_f _loop(f, thread)

}



DEFINE_PROFILE(dissipation_rate, thread, index)
{

double position[ND_NDJ;
double y;

double h=0.9838;
double Cm=0.09;

double k=0.41;

double ken;

face_tf;

begin_f_loop(f, thread)

{

F_CENTROID(position, f, thread);
y = position[1];

if (y>0.9*h) ken=0.1178*pow((1-0.9*h/h),2);

else ken=0.1178*pow((1-y/h),2);

F_PROFILE(f, thread, index)= pow(Cm,0.75)*pow(keB)1(k*y);
}

end_f_loop(f, thread)

}

DEFINE_SOURCE(emissions, c, t, dS, egn)
{
double position [ND_NDJ;
double source;
double y1,;
double y2;
double A=0.047;
double d=1.178;
double u=0.09;
double x1=308.78*0.001;
double x2=311.12*0.001;

C_CENTROID(position, c, t);

dS[eqn] = 0;
y1=-0.34*position[0]+115.7652*0.001;
y2=-0.34*position[0]+115.6752*0.001,

if (position[0] <x2 && position[1] >y2 && posibn[0] >x1 && position[1] <yl)
{

source = fabs(d*u*A / C_VOLUME(c,t));

printf("And the source is: %f at %f for veloci#gf\n",source,position[0],C_U(c,t));
}
else
source = 0;

return source;

}

Xi



Appendix B

Second-Order Upwind Scheme

When second-order accuracy is desired, quantitieglafaces are computed
using a multidimensional linear reconstruction aggh. In this approach,
higher-order accuracy is achieved at cell facesutin a Taylor series
expansion of the cell-centered solution about tk @entroid. Thus when

second-order upwinding is selected, the face vglués computed using the

following expression:

¢f’sou:¢+V¢ -r

Where ¢ and V ,are the cell-centered value and its gradient inupgtream

N

cell, and I is the displacement vector from the upstream aatitroid to the
face centroid. This formulation requires the defeation of the gradient

V,in each cell. Finally, the gradieM, is limited so that no new maxima or

minima are introduced. Second-order upwind is lalkke in the pressure-

based and density-based solvers.
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