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Abstract

I'n this study CompytCa&tdi)en auls el udaflripd yerdd &t d & thwer e
pollutant retentioninhsi decouhbtdnuteb @ mmeshos eafr & k& catde
order to imitate dherdiatr habht hegtiolwentlha cfelégw b L
struanmorld ut ant concentration will be completel

The epment ed method departs from a 2D domain com
land different 2D t-AaesagedtRANSe( Rbmabbdbeaen

conducted usisongh®Opeshkigdmiceb lhe astuirnfga caen dh enautlitnig
consi der ed. For all of t henpr otchees sre@s wlstisn go bPtaar |
Matl ab to be abhtotmadanahysel atkedtwéeth velocity
concentration, Tshterseea nrldsnwelst,s etacve been also co
obtained-tiumom| wieapaerotmeet sCFD sibmudrmtdaomdu ovhe & h

a2z2D model and conditions similar to the ones us:
Finally, thtaicmed | fusrn oms a@ibrfl ow with a Reynol c
cases, a single main vecerrteerx titbe fooaamesd whdrceh lies
surfaces are heated up compar ed atldaswdeea ev drhtee x
windward side is hegattead inp, va rsdexo md pceau rst edru e
the main one from the center of the canyon. Al s
of pollutants increhsedh anbyt he podhsstdrei ad aesv el
Further improvements may be considered to cont
guality, considering an additional heat source

consi demiondgil mc 8 Dt he buagpaunnsf éadg adadeRMQudmar ac
compl ex numeri cal model s to obtain more accur at
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Resum

En aquest estudi l a di wtmildda zdie pfelru ipdesd dder mpedlt am
retencdnt almihanési ar lde canyons wurbans tenint e
de |l a radia@imi fessacladlrf apreerntt adi ¢diescabbaemenhadcigumn
la fl otabil i téastt,r udcet unmiaan edteal a gfwheulxa dconcentr aci

seran compl et ament &doirfaereenntgsu s eegnosn st redb ednm.a i I

El m tode pr@sedbobmt npalbDefor dat Gaperecvuirtatdanylo:l
del Gual realitzat @Df dreamtsd t s ir mek\a eRilaNgSs d( R\eayvni od
Stokes) mitjankhant cOpehn#enat el s c disrma  Warsiod a r
superfzcie i escal fament de mwul tiples superf2c
postpr oictejsamtantm Par aVi ew i Matl ab per poder an
la velocitat, la pressi -, la temperatur a, l a ¢
Aquests redgluadn adon ttraarsbt®a ts i va feixdaetr i anan t da dees ty
ventalitres si mul édainomdsutCRD tgeuenes mi t j an-ant un
similars a les wutilitzades en aguesta tesi

Final ment , l es conclusGone ambi ngudhesnbpe0 dae Re
s-n gue en | a majoria del s c asdorst emesi ffiooamap aulns
gudesscal fa | a paret de sotavent o el carrer en
i sot r mic. En qual sevolveodda®c aInf aq,u apdr ecioxs tlan «
contotaci - a causa de |l a flotabilitat i despl a-:
Ai x2 mat é&isx,aldwanrls costat de barlovent o, Il a c
ni vellandemtw de tal forma que es pot considerar

Es poden considerar millores addicionals per <co
de I'a mall a, considerar una font rdbeulc anlcoira a(dLdE S
fins i tot considerar un model 3D ja que |l a flo
duns model num rics complexos per obtenir resul
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Effect of the diurnal heati ng

1. l ntroducti on

1.1 Obj ect

Thmaipur pose of t hibhsow rdoijuercita li @hre avhad smegumeayf tf LetcH ost
tranispsardeur ban <stom@e t seiahgiymgs of the same hei

di mensional street campan awii lolnab@HB wu dli e€d nwsnii ©¢
This thesis wildl cowntt i pueViohWs[l§vcradiy Ras u2t@@ r ¢ 2 a

t he same tfeinepled.a tHierrge nwiolrld ebre taod duendd er st and how i
and pollutant removal i n urban street canyons ¢
1.2 Scope

The poinpsotbeéer shase the foll owing:

- State ofurtblhemcamyewrs and heat island effect

- Prepar et hieddecaalsvyner e al | wall s are considere
(I sot her mal case)

- St utdhyees s It fheer i sot.her mal case

- Vali dahé omebti bviiseeldmi | asushudbesesults from o
as well as experiment al resul ts.

- Premardetrthuree di fdilerefeande hesgdiirnegc ts cgerncaurndo f | o c
|l eeward heating ))and windward heating

- Val i datthe® rodbswmlvineeld ot her sour ces.

- Set wup andurfiacemuhetating scenaunbsghth or dent
and shaddwicng in the canyon.

- Analtyle obt abaeedelviad atkhoatiiet h sotulr ere s .
- Ma& a comparison and a discussion about r es!
- Explaienngronheent al i mpact of the project.
- Conclusions and future i mprovements.

Some atstpaetcttshi s study does not cover are the fo
- Thr-demen<F®nali mul ati ons

- Radi atli onmtwible considered in the CFD simul at
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1.3 Requirements
The requirements that should be achieved on t hi

iate solver of OpenFoam to incl

- Fimad app r
o] e bempemnsteure in the b

op
to intr uc

- Beable to creatieoanusnngi ki sosmoli aet heoaanal:
as well as the pollutant transport in an id

- Obtain results wit hi spohtyhseircnaall sceansseas faohry ctdbhhes
in temperature has an effect on the struct
transport.

- Beable to make oabtcaommxrd ruisdtamesairadfd wtence of t hi
di fferencanypenhwwahl s. and ambient air

- Propfausu@mpr ovement s.

14 Justificati on

One of the main enviwiodnemeknntoawn BRirgo bg icetnisea swoarnled a

emi sesmomospheric pollutant sources (hydrocar bon
ot herBt)etyd i ncrease their emissions sasenbities, Db
i ndustri alespgrdaa@ad s sas,at ments, etc.

Nowadays siodreev ecliotpieeds countries are byawipdgithg d
traffic resbmecddwealsqg p iwidsgulcao uanstCrhliihedsisa | micireas ed
emi ssions during | ast year s.
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80 80

=100

60 60
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PM2.5 Index 2000

40 40
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FEFFF LSS
S s e
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(2] >

20, 03

=) 04

~
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o

CO =—— NMVOC = NOx PM2.5 = SOx === SOx excluding international shipping

FigOte Trends in emissions BXtrad ocd3dpdp[l |l utants fr

Neverthelgsewth of ¢hei asgboudphedtwi im some of
and taller buildings. Because of this, the quar

There is an important problbmisetbaetedi toqubhese
on the wind direction and also the temperatur e

2
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perpendicular to the canyon a vortex flow is cr

t he airfl ower gieanuciohg tdiesppol | utants and, t he
concentrations. On the other hand, &ahtettheeanpgr at
polladmaneéentration inside the canyon.

Summingtwe justifiicatihen nefedt hios utnldeegsiss and how
air movement wdiidh dirdbtami baniyons. Therlow si talcsan
affect the distribution «fi taaiersmmog pandaeidgh pheelall u the
pr obl ems of the inhabitants of the city.
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2 Reviodwt he state of t he art

21 St ate of the art

Ur b@aaanyons are being studnedrgi nAmongttehgearst u
simulations have been carriednowtanyomsi dvrtihn gd
geometries and boundary <conditions to obtain
pollutant concentration. Some of these studies
how temperature aftifeemsvailr omoaéememptol dutants i

T. OReonducted some of initial studies among whi
bal ance wi-ltahtiint utdhee umibdan canyons during summer
al mosttBO%mbtday solar energy received by the <c
[4]. On the other hand, the analysis of regular
regi me flows that depend5on their geometrical [

atefli @lanki m [dfmade some of the first CFD studi
ncluded as they discussed the thermal effects
xchange transfer i n diff ercantr aurhbeasne dsahnuydo ness , v
i mul ations were carrbEpepdi loun modeasli.deReée qiagr &i MR\ NS
ocated in three different surfaces: upwind bui
urface) Kiniddgmeclonded t hat the pollutant distr
spect ratio eolfl tde tchaeylaahaeans ouhrec es ol uorccaet iiosn . |
pwind building, it appeaapecbne ay dfime req@aemceey awald
ound when the source is | ocatedRiahltyhewhreoauhbde
s located in downwohdtbogldongextappeansr aithi

—

——hc o wmw—0 o —

During the fSitremtt udec assevmmfes2cladird ed out wusing t
requires major computational -epsitl amamodédloseFpr
Xia&nang Li perfor med nag GF L asrignrey |IEEt8yo BU Imaurl cag i noonc

9.

I't i 4 ainmptthat some wind tunnel experiments hav
of XXth centur yExampglhes tdfe rtemate daaBreevna d elaowm te u @ y
the pollutant concent raanttdhen migmp er @gu [Usenh aieadr degt

study how ther mal stratification affects the
experiments are currently used in most of the C
mo d 9] §D

Undoubt edlayrsef | et udames udad as reference | itera

compare and prove tapmebs labbhosvdecebsaimrpedf These
used as a reference.
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22 Probl em definition

From the 1920sthe wohel dr poent ati on has increas
Thi s significant popul ati on gr owt h has been

devel opment worl dwide, giving rise toawsa@adkspr ec
tobhe need to create more jobs [Ihlearby the indust
This has produced the creation of |l arge cities
peopl e. I n additi on,i oanc cduemnistiat i sersy il amghap emdt ad

to the needitgoh ear esatreu cetvuernehsa vien etvhoelsvee dc ittoi ewsh a tw
ref ersr eudd ban canyons.

There are two major problems related to the a
wor seniquwaloift wiirn cities akdowheuwmpaerahaatei of a

On t he @iiydegumpiost tom miot e that as cities and popu

of combustion vehicles <circupaltliwayi hagll cersg htalse
increased. This is a proble that is aggravated
of these canyons, since air vortices appears ir
canyon, espechal.ght at pedestrian

The appearance of large cities has | ed ntgo naomn i n
urbanized areas, a phenomenomWhknown nas uonmabaihah
replaced by a |l arge amcoptsbhebideinfti ciodlad ma taalri
retains it for a | ongctriemes.i nTghitsh ee ftfeemptera@a ru rlee
way that i f the appropriate conditions are met
ajaat areas can readP between 10K and 15K

One of the most i mportant factogedwmetthe @ampipem
and construction matiarciealtshegf purolvamec anyamrsge ¢
refl edt iadonsoamti on of sunlight. Mor eover, when
direction to them, the buildings block the act
convection is inhibited and the pollutant r emo\
I ts i mportant to highlight the fact that there
i nsi de umrbamotcamryloyn sol ar radi ati on, such as t
vehicles, air conditioningcandteapnshligh tadehsts
tempemakimge microclimate effetP inside the can

Convectlve
I
Synoptic o
wind
direction

F c P > 1
g /// ‘%g Urban heat plume ™\
3 +4 = E =
: PR
= | g
é +3 / /{ v
8 /
e / FH
g / /T \;-—
S [~ / n_Jo 5 ’\
3 5 p o
% e - — - - % ~
s 0 “ g [
[ €N \ ™ O N
d
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B
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Urban canyon

Vertical view

<4 Surface temperature heat island R

Fi gt Bi agram of the hgé&Etxtiraaydlrgdd ffrromm an UHI
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I'n thiest webi meéynsi owal | mtide lcsased y out simulations
di fferent canyons with an identical aspect rat
to thosieniptrieessenstuch as Bar celldna.e Aaldsdoe da apso Iweu tl
scenarios including different temperatures bet:
the pollutant concentration and the air distril
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23 Main concepts of wurban canyons

Fir,sttlhyere @oecsespims and characteristics that wi
an ua adrayloftn

- Aspect ratio: is the ratio betwe®rptemei mgi g
on théetheyahi beg classified as:

0 Regul ar catntyeonassspeshtenr ati o i s approxi mat
o Avenue canyons: when the aspect ratio is
o Deep canyon: when the aspect ratio is ap

- Upwind building: when the windiits bhewbuagl di
that refceaewdédse bBction of the wind.

- Downwind building: when the winditssthleotwund

ing that receives | ater the action of the w
- Windward side: is the side of the building
- Leward side: is the opposite side of the bu

£— «

Leeward side

Mean wind

Primary
vortex

| — =
Figk2e Parts of an urfbxaotmf)dJanyon (Extracted

- Fl ow patterns: three dibher enratv ef Ibewkpaltetser n
(9 :

o Il solated roughness fl ow: when tihte iansdpie-ct
cattenat the width of the canyon is enough

o Wake interference fl owecthiratfbowsapppano
and it is characterized by secondary flo
canyon is reinforced by deflection down
downstream.

o Skimming fl ow: when t hle als poercte vreant iho gihse
ming flow appears. This flow is characte
in the canyon and it is of special inter

uate proposadisr foual impy oofi nghe city
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fa) lsolated roughness flow

§ _./é- o% (;2)\_- 37 ‘D\‘\‘r

W

b) Wake interference flow fe) Skimming flow

Figg3 el nteraction of difféEeanhtacéegedmérbimoijvs wi

0.20 T T T T T T T
3
0.25 F %% I Isolated roughness flow o
~w -
0.33 | /,_- ------ 1
T Wake interference
0.50 1
______________
1 — 1
Skimming
3 Cu:x —— Canyon —=
0 1 2 3 4 5 6 7 8
L/H

Fig4d e Classification of fl ow tredrdsixme acdleue fidiomg [ o
I'n addition menttihen ed efvi owspgt teenaspleat dapeéeo

canyons, there are two more causes defined by

canyon and t hefurelcan Heheets ei claaursces are the incr
caused by multiple refiwawvtei comdarmaditome | rosdyctdiiar
sky view factor. Regarding the socel aorf rsaudifaatcieo na,

and sol ar access.

y viewHllhet 8YF i s a di mensionless value f
action of sky visible from the ground up.
g density; f dr dexmaeompelse tehavwaltihee ofkys i s corn
a
a
e

ntities and also its geometry | imit the
son increase the net heat storage as wel |
y dormofass muc h énhaetaetr iaasl sb.ui | di ngs
- rface al bedo: is the ratio of radiosity (
the irradiance received by a surface. The al

material s ias geeolmetasg :t lne aastpieoe basneds iass tghr e at e
We sotr i ent ed canyons.

- Solar access: is the ability of bwim oithmes t
buil di ngs, Avsegsehtocawn oirme ltettveichfiodg i iméod ar access
canyonsoddeamperndegree of penetration at the wi
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(b)

Fi g3 e Sol ar access in canExng ac[bfedi fffrement as
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3 Theoretical framewor k

Thmat hemat i cal models of this thesis are based
flow equations as wel/l as to the transport eq
transport principles in incompressible turbuler

31 Convedtiifdmsi on equation

The convection diffusion equation, al so known
physi cal phenomena where particles, energy or
physical system duen@® diffusion and convectio
HO/
T—‘ oon "@o N 3% Y (3.
T O
Wher e,
f —is the transient term. This term i%dicatec
in the control vol ume.

T & "®ois the convection terrm%ahficd d4ocdhret £ xfiert
the velocity field.

3is the diffusion coefficient or diffusiwvit

=

T n 3M%is the diffusion ter m %dnude atcoc oiutnst sg rfaodri e

T Yis the source fermaanyds® cdceosat¥tohyast cr eat e

32 NaviSemkes Equations

Due to the |l ow velocitiées babammeeehcompyesnss| baie
some of the following expressions that describ
simplified.
- Mas conser vflthi on equation

T"T()

— — 3.
Tolw (
Due to the fluid is incompressible:
16
- Momentum conser[vfati on equations
T T taf .. . T 0
T(‘)o o 00 o Q o ( 3.
The gener al mo ment une sesq uba tei ofl ofwo rc aann bien ceaxxnppr |
Te .10 ptnf " " T 0
Tbon) ”T(b ” Q T(b (3
I n this thesis, unli ke those carried out by

cannot be neglected since the buoyancy forc:

10
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The ter@describes the ioftceeovnoeaoffbowyawby
Boussinesq apmextximmadptoer ( see
- Energy conserflvfati on equation

r-f 1+ o1 .

— 0 — —0%<¢ 3.

To°%To fo° T (
Where Re and Pr are di memdidesnlnausrs emru mbhd rcsh. i
of the scaling of the inertia of the flow t
number which is a similarity parameter that

stresses:
0 Reynolds number:
00

YQ — ( 3.
Where u is the flow speed [ m/ s’li,s Lt hies ktihnee nca
viscodistly [ m
o Prandt| number :
5o ('0-
O i o ( 3.

Whergies ct he speci tie hkeratdyddmkg LK) Jtcloes i tttye | R
conductivity in [W (mLK)].

33 Boussi p®xadg mAap i on

The Boussinegs approgsedat o solve natural convec
of the fluid anges. Variations on fel Wiechsprop e
ltiplying by thdgllgravitational é

gn
ch
only appears mu
bt
t h

The results o ained using this approximati on
assumed that ese vari atthatnst ey npitv ea frifiescd ttd e
Ther ed viraegs ol ver t hat i mpl ements this aaplproxim
resourciesi si moe necessary to solve ti4¢okasl c

equalligon.

By t & kNeenwgbteaokes efjuahkbogemenamprcassi ife af l ui d ar
that temperatdependediti pidesspiltagced byoex ce@nstiantt h
body force term that wepgesenhses :bolblyawicygfequeat

» ;_c;éno B tn O aC (3.

Whet bjet ecmn be divefdedenme odansiowye viathat khasd ar
dependence on temperatur e:

m o m T Y ( 3.
I ntroducing this term to the conservation of mc
ro ., . 2 o
” T—oorlo np "CU thO C7T1 Y Y (3.

11
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34 Computationali ckl UICFDDy nam

Comput ati ogmalmi Elsuiid D he process of mathematica
involving fluid flow and solvind®pit numericall

CFD is widely used in a | ot o/fs i e€ermd i me eorbil egn g exd
thedf moid flow which is agfoveomedar bat itohne (tMuarsese,
Energy). A discretization method shal/l be appli
by uamalgyti ¢ met hyodosf. tThhee raecscuulrtasc i s hi ghly defj
di screti zcah itomerfeorarwehini f hies enhesies hobde . finite
will be used

The Finite Volume Met hod approach @oon®i $ts omtt
form using the divergence theorem andteevéretua
differenti @hemrxptrkesessvoihsme i s dvihsegreepiermhmdesn a
evaluated in cawner@Pxf the cell or in

The @EDhodol ogy is the same for every problem t
1) Preprocessing:

a. Creatthemggeometry: this process can be do
the current thesis, the chosen software
b. Meshicmgsi sts owmoHuwmediofhgtthlee geometry in

create a mesihe @meltiwiclrletailzseo t he CAD mo

c. Defiinmintgi al and boaoandpegi EpnHowi bhe: fl ui
surrounding surfaces ofhibkb @apbpdet haspwep
the fluid. For this thesis, OpenFOAM wi
running it.

2) Si mul:attihreg governing equations of the probl e

3) Postprocessing: r e syusletds aonbdt avi anl ei dd es eadle I8 nb eo ra
accuracy 0Od0fn tomeddemodel obtain map wiilell dose oufs eed

35 Turbul ence

There are three different flow regimes which a

regiTrhee. cl assification of a flow in one of thes
Reynolds number: lamina flow for a R®and 2500;y t
devel oped turbulen%1fl ow for values Re > 10

I n thiisnceeasRe, =s 12000, the flow regime of the ¢
The turbulent regime is characterized by wunsta
there is a |l arge exchanmgeacoft i md ment Wihtilse ut\wdpeai t
of f1l ow, inertial forces are prdgxdlomi nant, Vi scc
Thus, tur bulent fl ows ar c h adoetpiecn,d ednitf faunsdi vi en vcoa
di mensional vorticity fI

e
uctuati ons.
u

The most commiomé gr Wnomfw t ur bul daeacel oped hley ekKel g
turbulent flow is charaedvskeridizetlebegnta siazge rhaat
ot her exchanging energy. The mai n e daeta tihse tlhaart¢
scal es of mogyi oins. tTrharss feenteo e d mpt bgressiaveb unti
energy is dissipated emyerwiyscdlbhe @ctoicers si otf o etnlee
to smal Iknoosamleersggiast@a and t he canallédesKolsmad @rso va
scadPe. |

12
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it [njection
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Fig&re Schematic illustration of t he( Eexnterragcyd Bsip efcrtornu n
Most fl ows whbeseawvedt imbwlaéent. This turbulence c
but it is very difficult to predict and give
randomness is a characteristic of all turbul ent
For alll theseeceasanyg, tdbtresort to turbulence

turbulence to be resolved and to obtain correct

36 Turbul ence modelling in CFD

The governing equa$ti olnsa toidgnas )& ltuheadtd yhbbhvece e e ¢ i n
this thesis can be directly solved without wusir
call ed Direct Numerical Simulation H®&NSY)santdhey
are the most costidemanhée ngompumubtat domals sesourc
most cases. These simulations shall be carried
with a |l arge number of grip points to get t he
probl em.

Since DNS is an exception arglitatpey balr eniao®t ma o a
neededorder to reduce the | arge computational {
Large Eddy Simulation (kE$S) ywbemael haede waddieas
scal es are mogdreild egc aulsei nrgo dseul bs . The main conce
choostctalbes | arger t sen Tthhues , milmirnguem feidldti eers wi t h
ener gy arseoldvieedecvihliyl er et he small est eddies are s
saves a |l ot of computational resources compar ec
Anot her widely used approach to model turbul en
Stokes equatsitoansi swh ecrad talveer aging is based not

time. The main idea is to decmagprswaltthe oamp arbd
a fluctuating omwa.sd eS8 ehwPpiepdgh s© o ifhetsatsi oaxa|| res

simul ations wilrl abddAdd®sd itewdr dauuBZHucned emo d e |

13
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37 Reynolds Av&Stag®RANSYi er

Currently the most common wused approach to sol
solving Reynol ds Avetriagresd. Navi er Stokes equ

At a tdgimeeaitt aredt xranp o istt iamnv awvd lalbd eddoxecmyh)e bt |l ow
decomposed i n¥%(ox ,antd)ea nf Iviad tulds xi ,n gt )c;component

%o GID %GO  %eadDd (3.
Applying this approach to decompose each vari al

60 0 O (3.
n n nee (3.
YUY e (3.
Then, Ssubstituting these eS$Spokesiegsabiyomndhopee
previ ouanadsescutnmnionngn cao mplews snbbhe fl uid, these equ:
to the foll owing:
16
— 3.
o (
re v, pITnaf , 16
—. —— 00 o e (3.
0 Tw Tw T w
The nonlinear term can be decomposed as:
00 6 0 o0 0o 00 O06=xbdd O6O0=x 060 OO0 (3.

Theref oegud duhadtgs on

g t
: T r oo 3.
! Tolw Tow (

—a

Te ,10
I 0_‘
0 Tw

taf, 1.6

|©

Whete 60is the Reynbhds Bhcespotates the effect
mean sfThBsgasel ds tensor i s symmetriacl: atrhee schoenap
stresses while those | ocated at the diagonal a
to the momentum equations.

onsequently the set of RANS equations is not
required hteo sydlpwencess t o solve ithesel IRednobludb:i
o

deldH ng

38 RANBaseaedbtul ence model ling

Turbulence modelling is the construction and u:
turbul ence. FRiorbumeantt fé alwsl, i fCEDt si mul ati ons wus
evolution of turbulence.

As it has been mentioned above, RANS equation
equati onsStofkeNaviTer cl ose the syssiemeod iemturadd w
concept of eddy viscosity to model Reynol ds st

14
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060 ‘ < e — 3. .
o e (
And it can be also written introducing the meart
. C- ‘
00 ¢ Y -=-Q (3. .
o
Whetr &€s the tur bul &Ynicse tehded yStvriasicnostignysor , k i s

(TK&ENdi s the Kronecker delt a.

Model s of this type are known as Ed
Subcadgseglbepending on the number ofh
coef fZBi ent

- Zeteamati on model s:usdiadcail taisen aloepamtoital di f
onl yausgstem of partialfiegqudti Dhes eroompsedré ve
to solve gencwdwerpr otbheeymsar eH usef ul for sim
phases of computation.

Viscosity
d

eaddpowrvt seq

- On-equation models: this class requires one
vel oci(twysuwsalallyy this transport efguation is tt
- Twequation models: this class requires to i

calculate the energy of the turbulentcte and
the turbulent kinetic energy k and the seco
equation model is used. Common equations for
rate of t uermafl)eyot( ksipneectiifci c tutrpPulence dissi

On this thepiss | ®hewkRNWNG be used since it is a st
kepsilon model and is wuseful for most homogenou
somefirnements that Standard does noéepshncobodmodd
mor e accurate and useful for a Whdeddictaes DO |
val ukgé 0 fmti a nadpsi(l50 & wiml | ibree d bftraom tlhe sli s Ga l

3.9 RNG-Ekp s intoodne |

The modell ed trangm@maoret tédrgudtoild mswi fngrr k and
-k (turbulent kinetic energy):

! I e 1. 1

T_(‘)” Q m S V) o ”— T—(A) V) V) T W (3
- Epsilon (dissipation rate):
r.. 1. L A N R
'I'_OT o o o - e =— 0 0 U ) Y (3

Wher e,

o0 Pkrepresents the generation of turbul enc:
gradient s.

0 Phrepr esgamnesr dthieonkbhetucbaeahengyg @dukl to b
be further explained in the following se

15
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o W represents the <contribution of the f
turbulence to the overall dissipation ra

- Turbulemntyviscos

~

"0 Q

. ( 34) .

T
310Buoyaenfcfyects omneasblulbanmedel s
I'n this study it is importaenpgsitloomemdd elns tdienecd
carried out by Jor di anda Pguavwypirteat ooasaly foineltd e
gradient are taken into account in this thesis

energy transport equation cannot be neglected c
The generation of turéduleywctheufeoltloowWwiumygaegyati

0 TDFWB (3.
Wher e:
- Py¢is the turbulent Prandtl number for energy
- gis the component of the gravitational vect:
- Tis the coefficient of ther mal expansion whi
P
f ?rw (3.
Fr aniter ansport equation of the kinetic energy, [
term: k tends to be augmented in unstable strat
to suppeese.turbul

16
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311 Pol l ut ant source

Onet he main ddncegthsostidstadadiymsi s how the diurnal
air quality inside the street canyons. Therefor
model t hatti dlngsecitrst gatrhe control volume to be a
in each of the sceinhaurritohsert hsaetc twiolns.be studied

Different cases wil/ be simul ated, the first o
wid¢dbnsi der different walls of the street at dif
to understand how the temperature may affect tt}
Thmat hemati cal equation t hatang dwe rorbg atime dp dlIr lour
scalar transport e¢dqeatsiame enaptloa ihabé davilans fRIADNESe e q u
previous chapters:

rTo. 1! 1o 1 . |
o o 1o Jo fe°® Y (3
Wher e:

- C scal ar.

- S: pollutant source.

- D: mol ecul ar di f/fsTlke omolcoedlfarci ent [ m
Thetandardidrfadi emtSeDOHYt hwehseirse t he t ur btud elnd s c
proportional towimelanbecwadmd igm atdhiemtst udy

X&) 'oT—T (3.
o o
This equaltlitam owitlali n t he mean pAAlnldun@mduc icnogn ctemit
hypothesis in: previous equation
T O.,T 01 TG
— Y— — O O — Y 3.
o To o 6 (

w
Whe,r eon obkies hamel ,t ur bul end dj fkonewiodh ¢ c tthiinde fdSE8¢ e nt

turbul ent number, it cvaint hb etrhbea € et deidtdy hvwsd i sud
vi scomean,y.i tT i s defined by a tuAbudtredindg!| boew kind
the value of the tis8rbokept aBt7/éeMildiwenvemhge noft hd s
it owi || be used 0.72 which is the same than Sc
di ffusiof2a2foefficient

17
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4 | sot her mal case

41 Experi mental study

The experi mentbael ussteuddy!| it thatt e wtflhakr otbh ea i insedt hr eersma
calfPagsical Model ing of FI owo[FBaenldd idtonmewaket eJd b ar
Xi aXigang Li, PBPengi-Bl€¥unG. abd K. M. Lam. Tuhe expe
with a physical moidre | a ulsa hgr at aviay etr o chtawma ¥ I tohwe
inside urban street canyons of different aspect

The |l ength, width and hei ghlt0 oni atnhde 5wla tcemm rcehsapner
watiesr dr avemh obgd amikrsc wiot a pump that drives it
flow rate of 28 L/ s, up to the water chahnenel . .
flow rate.

(a) Lvi Overflow weir

. 10 m ||:||J"__ and 0.3 m wide Aume .

Flow meter

v [Water
A | pump | { Reservoir |

FigédlExpersmbderme (fExf2nBact ed

A |l aser Doppl er anemomet-caompvarse ruts efdl avw welasalirtei
turbulent intensities i n .t hlehes tLrDefa phivsi sae sfy sbideerm e
usesWaar4gon ion |l aser as |l aser source and as me
X and Y direction. This wmeaguwrsd mentmemertahdoavdli a dy
flow fieasltdiribepgindtyedibe of me acswerveenmme, nts odneev i sceeesd.i nk
were used to obtain results. These particles we
3 E&m.

The model of aspect ratio 1. 0®.-"3wsi dcadenmp €litg &€ ¢t by

andcﬂrhO@ih These buildings were aligned perpendi
width of the canyon varwkiscldepenmd:i age oARt#Hhel aG®
Al so, the depth of the water is approxi mately ¢/

The Reynolds number based on the freestream ve
i mpottobambte that measur ememeea diafvfeermertn warrtrii ea
x/ H=0.50 and x/ H=0.75) as well as in tswanehor i z
measur emeatsons wil |l be used in this thesis to
processing stage.

18
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Free—Stream Flow
u

Flume
largel canyon

- Free—Stream Flow

i
U 5,
= % 3h
- |
- 4 I
Upstream ) Downstream
o Building . Street Canyon /: Building " h
4 o~
(0,0.0)
. L+
g s il
b

Fiug4e2. Scheme of the model and debnagbnvi Ewegfct bd
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42 Geometry

The CAD model used to carry ostn@Gmehsvenugdialbm on s

This model has been built taking into account
experiment explaineditnisemadenup. of o-bndl Dhhigs e g b e
by-mhi gh and all of t hem diasvtea mc ewibdethweoefn 3t hneem e
metreesul t asgech matio of the urban canyons is e
Thet al l ength of the model is 35 meters: the i
right side The dastdanhbe Wwendeweaendt wal il nbét t he
while the distance between the | eewampdonwaant an
note that the height of the domain is 4 meters.

Al so, even though the, stiudmusésts tbhdeseikit patdidR2iDnm
to have at | east one cell in this direcnion. i
OpenFOMAMMevikr, front and back faseéedhiwi ldli rlretdeofmn
not shoel vieed (Z direction).

The target canyionn assr otwhe HBousitthewatobmat nentherough
face will be fully developed and stabilized at
buil dings wiéerlcAihaewe benen hd s canyon a pollutant
center of the stmevdtdeandyan3s.ur face of 0.015

Fi g3 e CAD model obtained with GMSH

20
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43 Meshg

The spatitalzadiionn of the domain, commonly known
part when solving CFD simulations since the co
obtained will depend, among ot heer ptrhoibnlgesm. on ¢t}
The choice of the mesh wild.l affect the accur ac)
the greater the refinement of the mesh, the mor
time to obtain eonwver dodvere g hlet sr;e fwmielment of t
results and the | ess computational time requir.
accuracy and computational cost, especwhalclhy, wr
using personal resources.

To develop this master thesis, two types of m
mes hes.

On one hand, regarding structured meshes, the ¢
doubl e iinditctws dimensions or triple indices (i,
is straightforward because cells adjacent to a
the cell edges form continuousemesbkbmenn@t fhat
meshes, the central caril ng sc elol3n & ctw keiidd dcyd ninoecrt e
nei grhibog cells. Therefore, for geometries with
t hey arogptdi2®naod

On the other hand,catnhebeunsdfriucadiresd tmeeses wit h
bet ween their nodes. Thus, the cells are all ow
domain and the most typi cals sahatprei amfgl &n ( @ Ds terl
tetrahedron (3D el ement).

Vertex Vertex

Vertex Vertex

O Skewed cell at vertex
Structured mesh Unstructured mesh

Fi g&4St ructured mesh HE»tuactfePhcftuomd mesh (

21
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The finalsodemikei an structured mebéd @dGedgelosnetofy ts|

it can be perfectly adjusted to quadrilateral :
Two meshes with different sizes have been crea

bet ween accuracy and @ ompnt adaisolrcandasritsieimende sThh esnda
according to the smallest cell size that corres
the region of interest in this thesis.

Tabdle Meshes

Mini mum cells s Number o

Me s h N
Mini mum | e Mini mum?a

Coar se 0.015 2.25H10 83,207
Fine 0.01 1L4Ho 137,845

The properties of the mebaéchbesedtbierenn icnh e@pkerdF ov
functional stgtichtticks, topology and geqmetthriys of
functional ity checks the &@ogpeqtonraa tiéitkyi,n asldllejysn eist
provides aifMeosnhcdiGiks nonwaf ni ngs are detected.

As it @®an nbd heed ol |l owing figures, the small est
of the model: a | inear trheeei nhemahtdhranecbeen sart
to the top face ofl doméietd tac atrbeas | d eed iy tt heam, It ehro shes
refinement has also been carried out in order t
t he model where buildings and urban canyons ar
t he sltarcgeel | s are found at the &ntetnand. outl et ,
Fi g4 e Fine mesh
Fi g46. e Detail view of the mesh inside a

22
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44 Cagceonfiguration

4411 OpenFOAMLtDIirrn es

As menbefooretehe software that wildl be used to ca
the information is saved in a main directory
subdir ecteorcioensmotnh aftoraral | cases. In these subfoc
the si mul atTihen sarbaeigtecrteod.i es are the foll owing
T Odiredmotynis folder the text files in which
are s8savaevell as the boundary conditions defi
respect to all variabl e&s) . of the problem (pr
f constdainrte:dtnortyhi s f ol der the text files that
characterpbzeethbeefll uhdebheaasiwehl abisom he poly
that includes all scripts of the mesh.
T Systceintr exctomtmi ns al | data for setting par ame
I't shall contain at flwlche mehs eaen & cfrvi Pdlsut icor

4412 Constant directory

The first step that was done with OpenFOAM was

t gems h TofFwraant i on whi ch takes the text file creat
call ed porley Meelslh twhhee mesh i nformation is saved.
In the boundary file, the different surfaces of
patch, wall or empty. Al | xyugftCauct elxe wodfi ntdhwea r o d e

LeewRoll sttt adB@t@énfr ont

DowRol | st & & nhdvaantdd e waurdf aces wer e dehjUpkerdd as wa
OQutwernre defined aBampiKECc bseusr.f aNcoetse wehraet consi der e

simulations needsbothescaonsedepati on is inter
canyons were infinite I ong in the Z direction.
Thter anspor alRtdoplult ¢ ecfeiPropeane easl so | ocated in
1 anBrpoperhi ¢éhis scriipmned haes f Newtdonisand eand

tr
viscosity fnd asnedt tthee & .r&Alndad |.Foumber mbseseunt
the isother mal case should not be necessary
the rest ofbeapedef haed { hehmnrmwf20r6e nKc)e ttehnep @r
expansion(ft)sebfeitlhidonndd .tthCe3 t ur bul ent prandt |

set to Ov&mdeftamseuean! I10y. 7 and 0. 9) .

T turbul encePrepdrttieenary is read byenhbe sol\
model shalThehemud@amiidedd yopre ASfiimsed taswaRs pr evi
ment itomedsi mul ations carried oauvteriang etdhiNsa vi h

Stokes (RANS) model ling. I'n alwuli énoen moddalhe
is going to beEpmpssieldon.s RihrealRNNG k he turbul e
solve the turbulence modelling.

4413 I nitial and boundary conditions

I n folder O there are the text bfoiulnadsartyh atonidn alit
each particular field.

I'n this simulation, the files that can({panrd found
prghve(Upbtce mye (Tak aup jall goyh apto Iclontciea(s),maidt nrunTa. | d
T Pres(pupgdn onet hheanbdobundary condition that i s

the domai n, except for t h ez exrwtdr)eatd,iOainstt lae Vo it

23
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hand, x@ dWwanlduiet ¥ ¥n i 60 dmf Qurt epdattfcomhehef ore, the
wi || enter the domai n ItnhHsrednucgeh atsh ei ts uwiflalc eb en
velocity condition is established aaite tlhafst p
hand side to thaomagmt hand side of the

At the beginning of the simulation, the dom
value?tsf 0 m

Prespur @As( it will be explained i fmext sect
"™ therefore in this script a cakbceslbaftadec:
except for TtnEermaasl IFe#eellld as the outl et are f
om? 2s

Vel o@tthye air vetlhoeciitnyl eits esgeutalatt o 1 m/ s i n
At t he ouwtelr ®tGrgali deimttiaon | st Hosottatbolm sshuerdf awcheisl €

aPowbeewwWr dd wRadfol | a hdtnrterees tca ondi ti on i s est
(0 O OyamisngmReo ftaltepnadi ti on i s defined.

At the beginning of the simulation, the dom
field speed is set to 0 m/s.

Temper@t urfer the isother mal case, swhmel e di
temperature T =fi29édVadldha ri efnorwe,t ha a val ue
applied for all surfaces. Also the walls of

as adiabatizer w&ltchodnjdeitthieonn as heslpdtleet hpplei eddf
the results should have been the same.

Thient er niasl Fsieetl dd o a uni form value of 296 K.

cript refers to the turbulent ther
to calculate it waarlel sa popfl Ltehday&\Vira dl gv@n @ u ntdh e
str,fet tanRbOgf t he same wal:bl phattUiagatid | akeWa
with a value of Prt equlah|Upoon@u.tdea!|l cnul ahedr
boundaryisoagdgptied.

al phai s s
I

Thient er niasl Fsieetl dd o a uni form value of 0.

Pollutant (®oncehisathemr, a3s medi mensdonhess
contaminants has been used in order to vali
reportthat can be found in the |iterature. Re

af i x edcvard diiet i on equal

to 1 is Papputaehitlag 4da h
zer oGrhaadunednatr y conditi on

is applied to the r

At the bepgenasaimglafion it is considered tha
t he domai n, so the internal field is equal
Turbulent Kkk:atettilte eaerlb®own@iargyh,condition of
Kinetic EhasgVpeed E8ipdQuttahedppat cheso&r adi ent
condhabsohee.n Alteftime dio o thodpLfeva WHisd d wsatrrde et ¢
anRbl | 3t antwal l f unctkpRWahlalsfvbredetniacap @ se dof 0
Regardin@ltteéceilnterim has been def’§ ned unifo

Di ssipaEpshabpatlee (ifnilxeddc\paatuteh s abeewi apbphaied
uni form vatise whfi | ®u thétedppheet c ke s 0 &rcaaln ckintti on

has nbecensi der ed. The boundary condition 3
epsi |l onwWawiltFruna tuminf or’ms val ue of 5.57 m

Eventually, the internal field hé&sds been def
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i's necessdrmrarniBha dbewmn damy tdhandi ti orsnpfigv e bee

I

all above menAlisoomeanmealrimtadbad @ sar e rel ated to t he

are set to a uniform initial value of 0.

4414 System directory

I n this direct oartyed tthoerreu narceo nstcrroilp tpsa rraentet er s,

the solution, equation solvers, tolerances and

T contr:alhDisctdi cti onary is wused to specify t

i nformation, wrnale Ifliolrredrtii seasi.d regt icase, a so
i nt o aecncpoeurnatt et coul d, hraovwe weere,n icthowesn deci de
sol ver for atlhle sccuernraernitosc a slen, a turbul ent

i ncompr ems disblcarfrlieed out ,butohyuasn ttBhoeu séshi angeesng Fsion
It i s i mportantsttaot en osu enibriogoaytia oah Bsotueged deyr ® | ¢qnS
solwaes al soacnansihedeereduditmabdt wihatedx pected d
to no transibkaipnrggsemo me mbld vherats lcalseesws || | be e>
|l ater, i hnomlexdi ncga stkempreersauti utrse tvaitteh sa | ¥ e e a dyi
converge and were not as good as those obta

T feBemenstivSotuheordinite vol ume ades csrpetciia teidc
f v Sc hfeimeess, WwhiSloéfuitlheeni s used to specify the
algorithms and residual contr ol
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45 Buoyant Boussi neslgPempl eFoam

The soliwsergotimagt BoopantuBe®us §isrse ngkRi mpl eéfFBoaam t r ar
for buoyant turbulent flow of i ncompressible f
solver solves the governing equations.

The source codbeofouhd Bnlvkee mampex of this t he

ThereatebBiceligs. drephgsithé phepmoties (pressure
and tr opepdritesprfields (kinemadi €i demaitiygy toar bl
conducusievd thyWesislivegr.is calculated using the Bou

” p 1T Yy (4.
This scriptngabkPbateTtfaialsep oirnt Morddeedr. H o cal cul at
t hrough -baséedcmedeéthr adnesfpionrefdPliaped ni ¢ehi s case th
is setnianNewto

Regarding the governing equations:
T Momentum EBEgAtHon (

ro ., , , , , C ... .

—, 1" o0 "N no n no —o0oino O ‘

T o o (4. .
n” "(XQ nn

Wheme XXand) represent scet haecthondgy ofnort he f |l ui d
gradient term respectively. Fur'thefl more, t he

The foll owi’'ngo tne’r mso ’ - 06 Orepresent t h
Vi scous shear stress ter m.

Prespiaqik: Hl n PheMrPdlEgbei t hm i s used to coupl e
The pressure is calculated as:

n n " Q (4.

T TemperBREqiy.eH (

rmry

— 17 o"Yn oY Y Y (4.
T o

Where — —Sa.aandafSe source terms due to radi
Since they are not consider for this simula

Ty

— nroyn vy (4.
T o
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46 Vali dati on

One of the fundament al parts when carrying out
going to be used with results obtained from ot
to verifystbat ai hedr éswulbur own report are acc:¢
I'n this first case, in which there are no diff
values in X direction and Y direction as well

ma k e tphaer icsoom, these values must be di mensionl e

air veksocli tny sU

The measurements of these variables are obtaine
l ocated at the Raibmt sy xx==1212Z.52rs m,Bexwekn t he gr
the buildings, one hundred equidistant points &
also be di mensionless so i6&6 ibuididnjndgesd (Hx= t he I

Next,gaeme dodfe the graphs is related to the it
obtained to carry out the wvalidation:
- Blue bullets: experimental @apBta from experi
- Red | ine: LES28i mulation from
- Yell ow |linesn pES&Svisdend |l ayithe dir.ector of ¢t}
- Magenta |ine: RAZNS simul ation from
- Green | ine: RANS i si mihleastiison fr om
x/W =025 /W =05 a/W =0.75
12 1.2 ; 12
0.8 L {1 osf 8 0.8 f
S os = ol S os
/ )j f
0.4 1 0.4 1 0.4 //
Experiment [0 Experiment | [0 Experiment |
[-’0.5 l; OjS 1 ?0.5 — (':i U.‘S 1 ?0.5 ;l; Oji 1
Uref [Uref Uref
Fi g&t.@ompari son of the mean velocity in X
Regding the air velocity in the horizontal dir
especially inside the canyon, giving values ver
Note that all the simdleatiaomrsvesgd!|fiot!|ltehé roammp

The greatest difference exists at the top of ¢t}
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z/W =025 /W =05 z/W =0.75
1.2 .‘- T 1.2 T ( 1.2 T v.
e
1 \ I
1+ AN 1 10 1 1F I
\ ///’I
\‘ o /
08r b 08 \ D b 0.8
o
-~ -~ I -~ "/‘
T;..o.e— , ?;_o.a— J , go.e— /g
|
E
0.4+ / e 0.4 | - 0.4 ‘.“
Experiment -‘i-‘. . Experiment ‘ \'5 Experiment
02} LES, 1 LR LES, : 1 02 e
} LES, / } LES, | ’ \ ¢ LES,
—RANS, £ —RANS, | . RANS,
7 RANS | ' RANS,
v / \
0 ! ‘ : : 0 ! . : 0 ! ! : :
-0.2 =01 0 0.1 0.2 0.3 -0.3 -0.2 -0.1 0 0.1 0.2 -0.3 -0.2 -0.1 0 01 0.2
o/Uref o/Uref 5/Uref
Fi g48 e Compari son of the mean velocity 1in
Concerning the Yshowotchiaty,t hder g3 wmlpthss obt ai ned
ones. Nevertheless, the model does not give as
velocity. The same thing happens to alévehe CFI
these differences are minimal at I|ines x/ W = 0.
The values obtained in the central l'ine of the
that the vertical component of the \dleo@ixtpyrii s
results it is positive and reaches a maxi mum at
that the center of the vortex is slightly devi e
Bel ow are the graphs oh hheevbéteoni bbbt &l oetduasi.
postprocessing function in order to obtain the
graphs it can be seen that the results are very
the toap oOUil ding, where the canyon connects wi-t
/W =025 z/W = 0.5 x/W =0.75
1.2 — : : 1.2 — : : 1.2 . ;
1t _— g 1 B 1t / 1
’," o] "
b
I
osf 14 08f |10 08f ]
3
i o
l.\‘ I,
Eo.a— b 20.5— l io.a— 1
o \ .
.‘ ‘\\
Ik I
04t ‘\ 04t 0.4+ 2| .
\%\ Experiment ‘.x | O Experiment r Experiment
0ol I\ LES, 0al \ LES, 02k £ LES,
’ LES, ) \ LES, ' (ks LES,
g —— RANS, . —— RANS, '4 — RANS,
\ RANS, A RANS, | RANS,
GD —’D,‘DS 0,‘1 D.;S (112 (].‘25 0.3 0(]7 - 0‘05 0,‘1 D.;S (112 (].‘25 0.3 OO 7).‘05 0.‘1 D.‘15 Uj2 0.25 0.3
(W) 2 Uref ()2 fUref (W) 2 [Uref
Fi g&9 e Compari son of the velocity fluctuati
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12 . .r/lT"_ﬂ.Q.ﬂ ‘ 12 ‘ .r/li"_ 0.5 ‘ 12 ‘ .r/Ii'I_D.TTs .
s [ o= . ,i"'/’
0.8F [/ 1 0.8 ‘-{= 0.8F ) _/ 1
p o /
" ‘L‘. ‘I
:io.s— 9 1 io.a— | © 5:.0.5— | ,
5 ] = | 5 ‘
) b
0 \.:: 1
sl d 1 04l b 04t | 1
; Experiment "'; Experiment o Experiment
ozlk / LES, 02k lo LES, 02k | LES,
15 LES, 3 LES, Y LES,
y) — RANS, P — RANS, { RANS,
4,“? RANS, ’/‘ RANS, RANS,
CJ() 0.65 Uj1 o O.‘15 U.‘Z U.éS 0.3 Gd 0‘05 0.‘1 0.‘15 0.‘2 U.‘25 0.3 UU 0.05 0.‘1 O.IIS Uj2 G.éS 0.3
(") 2 Uref (v"v”) 2 Ure f ") 2 [Uref
Figédr@ Compaof sbhe velocity fluctuations in
The following figures show the comparison of me
I't can vWwet lseeemorhiozont apr ecil otcéd i eem@pared ntdert he
andotther CFD simulations. However, the vert.i
all the other sources. Also, the fluctuat:i
of the contaminants r emopraddifcrtoend swirtehe tt hcea ncyuornr
they are compared with the redalsted ohmail med ohs
experi memt@bdamine,s.t his is due to the use
0.7 T v =1 T 0.3 H/H\: !
0.25 - 4
06
02} 1
05y 015 f il
‘\
0.1F I‘T
= 047 < |
E — i 0.05 IR
= 0.3 7 . = - - =S
. 0R RS
02t/ _ 0051 '. 1
i
I -01
[ Experiment Experiment
0.1* LES‘ LES1
FUH\NS1 -015
\ —FmNS2
0! - - ! . : . : ! - -02 - . - : - .
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 09 1 0 0.1 0.2 0.3 0.4 0.5 0.6
/W v /W
Fi g&T® Comparison of amddiYhmearn iwel adi tryoifn |l Xve
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H=1 H=1

0.3 T T T vl T T T T T 0.3 T T T T v/ T T T
0.25 4 0.25 1
0.2 A 02} q

e \
° 5 e \ . A
o . Py /\
° o 3 A
0.15 — g AT 015+ o I e L G
N ~ o
— E ° " 0Ty
- = / o O o o
// ﬁ// [s] -
01 h 1 0.1 ) g
‘
0.05 Experiment | - 0.05 ©  Experiment | |
———LES, LES,

RANS, RANS,

) —— RANS, ’ — RANS,
0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1 0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

z/W /W
Figé&4r2 Comparison of thendeilYoectiyvoh |l acttuadfi olnev
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47 Resul t s

4711 Resi dual s

An i mportant aspect when analyzing the results
the error of talree weamnpil aobyleeds tsoo momeyw or t he behav
|l mportantly, thegoil mpliiooasbdowbetheérendeof conve
I't is important that the residuals of the wvar.i
indi abotiunkee sofbihéetiyesults obtained. |l 9i cdaddl ti o
the smaller the error committed so the greater
Il /i gu+l8d t4 has been plot the residuals of the pr
on a |l ogarithmic scale (Y)axlis)cagabheasseasmn mudwat
been completely converged. The values reached
approximate® vaetuei odl 1Wel ocity compdmaandt t hEy)
horizontal ve(llxci trye acconnepsia pae nvicax iurea toef | y1.0
‘I(JO T T T T 3
prgh | 3
Ux
Uy
107 ¢ 3
\ i
-\
107 _\ E
108 F AN \ -
108 -
1010k
10—12 I I 1 1 I 1 1 ]
50 100 150 200 250 300 350 400

Fi g4 ® Resfiadruatllse i sot her mal case

31



Ef fectdioufr ntane heating on wurban

4712 Pressur e

The pressur e maphodwwnhebesltorwe asnitmoivese pr essur e i s
first dadomagnce it reaches the first building, a
pressure is-1a@pmexwenanetlhe first and the secon
increbhshsugh it remains at -G5xdmatanht thpprsoxiemn
| eaves the eight Dbuildings behind. ZearooGrtahdeireen tu
condition has been imposed at the outl et of t he

p_rgh
& -1.3e+00 05 O 8.1e-01

| |
Z E ——
Fi g4t 4 Pureessmap field

4713 Vel oci ty

Thelwcidgwmapédlowsw di fferent velocity regions i

there is an area between the inlet and the fi
approxi mat eMaysmp omiteslt laes ii |l eitt i boonusn d aWhye nc arbhde ai r -
the first buil ding, it i s distur bzédodn ea nwdi tthhrae el o
air speed in the bottom side of etrlee tedienmasiprb, e | eoswp
0. 5,mMme/asntimeg air of t hissecaorneda rselgoiwsn djounsnt. afbove t

an air speed that remainsFiambluygd therenisanceect
one and unt hdbo mah emitcchp wohfe air accel erates reacl
approximately.

I't can be clearly seen thas daman n,het H o uwdlho ciatn
and follows the same pattern for the | ast four

UMean Magnitude
& 0.0e+00 0.5 1 1.8e+00

b 4 | |

Fig&t® Mean velocity map field (in m/s)

Observing in detail the air velocity in Y direc
moves in opposite directions ont hteh ewionpdpwasrid es isd
vertical component of the air speed indicates
sidéndicates that the air is moving towards th

map confir ms at hveoretxeixs tweintchei noft he canyon which v
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number of air changes per hour inside the cany
pollutant concentrations.

UMean Y
-4.0e-01-0.20.1 0 0.10.2 4.0e-01

i - .

< X

Fig&rY@Mean velocity nm&panyYndi(rienctn/osn) i n 4
4714 Streamlines

The streamVi aauasndegtlspwinhe air is behavihmg i nsi
turbulence generated in the first andbyeddred c:
first bui |l dcianng boef .otbiskeerywve@! so all ow t o observe
recirculation, for exampl e, the great vortex t|
of the domain.

UMean Magnitude
I\ 0.0e+00 0.5 1 1.8e+00
-
b g —
Fig&tr® Streamlines in the domain
The appearance of wvortices idiss$ des red asnt rceaanmloinrs
the trajectories followed by air particles and
a centered vortex |l ocated in the middle of the
of wo smal |l er sreactoantdiarrgy wcoorutnitceee's can be seen in
had not been possi bl eFitgoul8lei sdcover with the det e
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UMean Magnitude
0.0e+00 0.5 1 1.8e+00

r _— .

o< X

Fig&r® Streamlines in 4th canyon
4715 Mean pollutant concentration

Fi gul®sehdws t he mapenafr aatvieorna god Ficgpant2l@&uhdmawst st, h ew hsi a e
map widahamgeettt er appreciate the amount of pol

sauwe of pollutants is |l ocated, how they | eave I
the subsequent canyons and t he avemnrdagoef atmoa ndo n
foll owing the streamwise.
sMean
& 0.0e+00 0.1 0.15 2.5e-01
\ |
Z X | _—

Fig&x® Mean pollutant concentration

sMean
& 0.0e+00 0.01 2.0e-02
|
Z X E —
Fig4&2@ Mean pollutant concentration with a
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Accbongdt hhdoe teaM ilews , obsemhatbehappens with the a
concentration inside the target canyon: the co
wi ndward siadret @uecnoatde ancthobekavamgoni bmavamg a
point, the air velocity component in X directic
right to Il eft or, what is the same, from the wi
concentr offi ceomnltavenants on the | eft wall of th

Mean
sMean y
00e+00 0.1 015 25601 . i sk L o
uy e —— f O —
b . Z X
Fi g&2®8Mean pollutant concentftfaatnyoonn with a sca
47.16 Mean pollutant concentration fluxes

To furtherpodxlaumianne tthreansport wi t heixnp |lt&iemeudre an
Gradi ent Di ffuUSGDWI) IHyY plbod ha& mjrisiieerd t 0 cal cul ate t
concentration fluxes. These can beasat kel adleldu ts
gradient ar e -prbd@d snxidn gvitt o lpo.st

) V)

&
y 90604 2064 50ed4 1363 20003 e e e M Tt
L | | o< X
Ly A — - = | —
Fi g&22Mean pollutant concentration fl'x@aeyoinn hori z
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Le-hand figure reptéséeantshhéoh & dmerdercit i on and it i
t hat peak values are | ocated at pedesttiean olpeve
corner of windward side.

The -haghlt figure repr esenitmsertthiec arle adni rpeocl tliuat na nat n df

representation of the pollutant r emadvaglh fvrad m etsf
of pollutant fluxes may be observed along the
respemagremovi ng pollutants from canyon and movi
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5 Caslencl uding ther mal effects

51 Experi mental study

In that case the experimental study used to val
and it was ¢ cerhduat,edS.b yMukkaankdd me nla Ba m®Ht $hein 19
experi ment was <carried out in a thermally str
characteristics inside street casnyaofid iaanyd how &

The I|l,emngtdh h anwi hdi gbhbnhnnet twhere the experi ment
m and 2 m respectivel »v10Tméswi Reégapdedgr ahge ma!
wind temperature can bei©6UQ,r ovhieldewi nd t hen maln
temperature between 0 and 110 UC.

There are roughness el ements distributed along
to X = 12m. These el ements are blocks made of S
dimensions are 100 x 100 x 50 mm. They are inten
Unli ke the experimebuiidi hgs pfewheustcase, cahy
of -hMO0engt-tmmwildad®hd -nMinBhO tgh Thes e dhlsacakisbuatreed fr om X
X E4.8m and they are spaced 100 mm in the X dir
the aspect ratio of the street canyons is 1.
AN . BSA
- —— /' y p—
Wind LDA Fiber head /00
— -,
) . 4 -
s Tripping fence Seeding generator Seeding —
\ \_g.*parlmla
e e —— . [ [ [
- & - -.
o ' .
/ Roughness elements Model city blocks
100mmx100mmx50mm 100mmx100mmx100mm
D:m 2:m 12m 13m
Fi gbe Scheme ofl tdepeaevi indentub@ExXtracted fr
I n order to carry out the measurements in this
measure the wind speed components as well as t|
Al s o, the twyrbuslhemoce sitmtesssiatnd heat flux distr
As it was used in the experiment of the previol
air to get results. These were Magnesm.um car bor
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Side view Profile
|:> Mode| city blocks
Wind REEEE i
/J7777J/'// 7 'R}t| TR /f
Measuring Section
Plan view | Do
Wind : P
: F

o 100 300 mm
Fi gb2 e Measuring poihfi)s (Extracted froc

52 Case setup

521 Scenariimud at ed

Two t ympeiss ootfhseetmagds wi | | b es ucrof nascied elr ecadt:u rndgia wagn de
heating.

First ,setshrwedd Icabe si mulated and analysed in whi
temper atmbéiehtnhtahael off easmtallglr o un d, |l eeWheddiof f evi @l ave

temperatureYXYahsi dered i s:

Once the ressudmsef berabni msgnhaee been psruesfenctee d
heating scenarios wild/| be si mul atdedf,f eprreenst e ngtreadd
bet ween walls and air temperature inig@oghtderntan
urban sYyomret ca

The dlilr sheatsecde reaurrifeh ci@s® as cneingahrtido ngyhéoe Nagamur a
[3Pt he temperature differ encielsibaepthhiaeheen abi uri It deimpge rw
Then, on Bhissstedawnblkesgbiengreé omedelwi t h same 1

The other two scenarios wild/l take place bet wee
dueth® consi dersat itoinmetsh aits iwh etnh ewi n d waersd rtahned | ¢
hi ghest temperature. I't has been coraitecar ead tt
same | evsed wahlalns,t hehi |l e t he opposite wall will |
air.

Three different wee mpiethant @d ef gr atdhesnéeé sscenari os:
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Uwind =1 m/s ™

=> o/

Fi gb3. e Schemati c¢cmdistwirfan eofhetatd ng scenari os
522 Openfoam i mpl ementation

This section wild/|l s ptecupd yt eh ec armmé nc awrhppanrgeeds wiot
Refer td.td9eobbsenve the main differences bet weert

5221 Constant directory

The first etempehbut Hebme sehv e@rntthoe |Opsesn,F CeAM.t MNe n
same t hamsi rc godeywietdd er does not change.

Regardimgns pher aRtdopleutl ¢ esfeiPrep,erttherse are no c¢ch
5222 I nitial and boundary conditions

Theoundary conditions of the cases mescropeéed i
used for the isother mal simul ati on, only the t e

T Temper(@:tur e
o Singleface heating:

- Ground heated: in this casd, xaldlWapseu elf caucredksa ra
conditiosnresRbé pistuanftaces which have been set

The ambient air has nlh @e mhaa sti bedl eiin 2f9iI6x &Kd ts®d 2 ¢

- Leeward side heat ed: i n this fdasahWwathrdudea rsyu r f
conditibeae waxwcmégpawhi ch has been set to 302 K.

The ambient air has nlh @e mhaa sti bedl eiin 2f9iI6x &Kd tsd 2 ¢

- Windward side heated: i n thisficaed\baulaudeh r § ur |
conditiVvWnnewargtace awdnchehasob302 K.

The ambient air has nlh @e mhaa sti bedl eiin 2f9iI6x &Kd ts®d 2 ¢

0 Mulstuir face heating:
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- Case 1 (Al bottom sur fnd@ueatsd ddpsautrefda)c:e si na rtehis
296 K fuisxedWwaleudehoyunconditi on whereas at the
wal Gso Raplfeewd\V ch d wBo ldI ,usttarpeteh@ve been al so
fi xedWanlduiet i on.

Since three different heating scenaraivee shall
been set to three different values 298 K, 3

The ambi ent air has nlh @e mhaad sti bedl egin 2f9iI6Xx &Kd tsm 2 ¢

- Casdezxzw@®rdumid osfur faces heat eldj|Oati oaredphi s c a:
sur f aceos 2a9r6e K eukseitnggpleueboundary condition as
walls which are considered GpobpobRaddfeetwaedsha
Pol | st a)etthiacve been consi dered to bixvat ua hig
condition with haveebadeéed fepmihited ail mesr der t
di f feocemarios: 298 K, 302 K and 308 K.

The ambi ent air has nlh @e mhaad sti bedl enin 2f9iI6Xx &Kd tsm 2 ¢

- CasaVi hidwaroddannRb osfur f aces heat eldn)lCeautiidnreldp hi s c a
surfaces are datxetddyaRed @ Ku nucsarnygy @ondi ti on a:
wall s which are consi der ed Groo uheddlinn dtvwhaer ds h a ¢
Pdlut,amt)eenacve been considered to biexadVal heé g

condition with three different values have
di fferent scenarios: 298 K, 302 K and 308 K
The ambieenh agaiet has 20&r Khaalsk-obeddldre f i xed t o 2¢
As it has been mentioned before, the surfaces
agmpaonditions inside temperature scripts.
5223 System directory
I n this dirseccrtioprtys, rtehleateedrteo run contr ol par am
the solution, equation solvers, tolerances and
T contr:alhei dti me step contemplated for the isc
been r edtu=cel. 0t0Ocbs since the velocity compor
variables did not converge. Before that, a
results still did not converge and the compl

i necaesed significantly.

T fvSchenfde Sottutedroen are no changes from previ ot

4 0



Effect of the diurnal heating

53 Singueface heating results

I'n this section theurktaoétbeabtangnwidl Asobiets shnagav e
been done4 i h taleaavii toy, pressure and pollutant C
presented and commeatedw mapaftidet doshowi hbeske
wibéncluded.

I't is important to mention thetfbousedesae $s$hmurl
of ca'dyionnced t here are no major changes in the c
for the isothermal <case.

5311 Resi dual s

According to the following figures, i tmaderd ybe s
350s: the pressure is the firdgthemné¢ hteovedmeceér g
direction at *amdiamed ,bdtimeadrd y10t he tefprdatre :

approxi mately.

t can be o9eed thkeati hgr sgenari o, the residual
xplained because the simulation stopped and I
he e

|
e t
T windward side heating scenari o was al so st

prgh E
T

2 Ux
Uy

5L .
107 F E

Residuals

-9
10
280 300 320 340 360 380 400

t(s)

Figb4e Residuals of dirda@t&Gg)round heating s
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Residuals

Ef f ectdioufr ntahe heating on ur ban

prgh |
T -
Ux |3
Uy |1
108 F E
10-9 I | | | | | | | ]
0 50 100 150 200 250 300 350 400
t(s)
Fi gb% e Resi dual s of | eew@&r6K)si de heating
10[J E T T T T T 3
i prgh | ]
-1 T ]
10 Ux |3
Uy 3
1072 F E
10° ¢ 3
104 E ~ — 3
10° ¢ . E
LY \ i
108 3 N 3
107 ¢ E
108 ¢ 3
109 ¢ 3
10-10 I 1 1 1 | 1 | 1 ]
0 50 100 150 200 250 300 350 400

t(s)
Figb6e Residualsi @oé weadiwWagikdcenari o
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5312 Temperature

Fi gu#7ehéw the normalized temperature on each <co
air flow at the bohtaes nhicgphrenrert eomp dreaetwmarred fsard ed i
for Hebwdmi agdition to this observation, the sc
a higher air temperature at the top |l eft cornei
heated up, the temperaturei s,ncaeawebl t heouumgimaou
indicative of a greater permanence of the air |
of the ambient temperature, especially in the |

T T T
00 025 05 075 10 00 025 05 075 10 00 025 05 075 10

r | g - | il -

< X < X < X

Figbfe Normalized!t@®mpen at kmemilnef4dt to right: Ground

5313 Vel oci ty

One of the main changes regarding the isother ma
Such as it can bes,obisterivsednadtn orelxyt & i et i on
magnitude, but depending on the wall side that

i s also modified.

Fi gu8sehobw t he mean vel ociwhyiFlineg Bp9sehno w etrhtei crela nd ivree

map in horiztonbaathp pdiercé attiean .h olw etwhhee nv otr it ee xg ri su ns
heated compafedctematrhesrredtncl uded the isotherm
For | eeward heating scenarpbo, | ebe ahe damerisbu
case, however, the increase of the air velocity
This may be due to the fact that in this scena
sidleil ew i n direct ground heating scenari o, t he
a high temperature. Mor eover, the air velocity
Regarding windward heating shceenmaiim, vont exani sb
upwards inside the canyon sinceata tskee olndwerouno

wi ndwaddesitdet he upwadahgrsemncyamdy tthorsces aeadhendary
velocity compoareywimsi aihes il bevet hd han t he ot hers
i sot hermal case.
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UMean Y UMean Y UMean Y
-4.0e-01-0.2 0 0.2 4.0e-01 -4.0e-01-0.2 0 0.2 4.0e-01 -40e-01-02 0O 0.2 4.0e-01
& | & [ g [
< X < X o X

Fi g8 e Mean velocityt!ftmapy¢wy @dimemtspnjFioamdl eft to
WW side heated)

UMean X UMean X UMean X
-4.0e-01-0.2 0 0.2 4.0e-01 -4.0e-01-0.2 0 0.2 4.0e-01 -40e-01-02 O 0.2 4.0e-01

y — — f = —

X Z X Z X

Fi g% e Mean velocity't'tmapyoX ¢@dinemtspnjFiromdl eft to 1
WW side heated)

5314 Streamlines

Figut@hbdbw the air flbangomucTdueieleli ymsstétdaetr s wha't

previously mentioned: on one hand, for scenar.i
structure is the same than for the isother mal «
of t he main tvlobart ekandn when owi ndward side i s h
vortex structure since the -rmagmt voortreexr icf dtitkse |l
as a major s-eobatdang vouherrappears i n windwar

UMean UMean UMean
0.0e+00 0.5 1 1.8e+00 0.0e+00 0.5 1 1.8e+00 0.0e+00 05 1 1.8e+00

i - . g - | oo o ——

o< X o< X Z X

Figbt@®@ Streamlines in 4th canyon (From left to ri

53.15 Mean pollutant concentration

| Fi guXk 5t can be observed how the meanrdcoencent
where the | eeward side is heated. Similarly, i
surface are heated, the concentration i s great e
heated, the concentr atcioonneirn corfe at shees dfeonugnewr iennd5 tbhue

4 4
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2 a scale change is shown and it can be better
ransport of pollutants outside the canyon i s
gdinall vy, the windward one.

sMean
g 0.0e+00 0.1 0.15 2.5e-01

by o

Fi gbY® Mean pollutant conce&mtoruaatdi, ol W Bri adm tacop
heat ed)

sMean
& 0.0e+00 0.01 2.0e-02

Z X _ | -

Figbht2 Mean prondt¢enmntrmati eom ( FGroomu ntdo,p LtV shiodtet oamm:d

heat ed)
Pollutant concentration inside canyons is also
in the velocity fields that wil lcanoaéd rftyr athieo m ow
di fferent on each case.
Considering all tilkfe gart@ndrciams bei meleat ¢dthat t he
concentration of pollutants is the direct grou
thafor this case the air velocity inside the c¢;
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Regarding the | eeward hedtrianng osnc airsa ohtii lmehrenndn ld hgaand
spite of the vdhiex mighmobe pnobedmsa@dgduehet stmaee
canyon at tiheehtreragaehdssiechad of be mi xed up with
Regarding the windward heating scenario, the pc
the canyon as it weass eecxogneddrey adsd inrgteevro hieex wBi cf
the retain of pollutants and will decrease the

sMean sMean
0.0e+00 0.1 0.15 2.5e-01 0.0e+00 0.04 0.06 1.0e-01

d -_— 1 ¥ -_— o

sMean sMean
00e+00 0.1 015  2.5e-01 0.0e+00 004006 1.0e-01

Y
| ) Y - |

.
sMean sMean
0.0e+00 0.1 0.15 2.5e-01 00e+00 004 006 1.0e-01
¥ | . - * | |
£ & < &

Figbx® Mean pollutanhtaocpoocewittrhldtaostidinteopblodrnggen i ncl
Ground, LW side and WW side heated)
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5316 Mean pollutant concentration fluxes

| i gu+let hS5e horizont al fluxes are shown. I't can
di fferences between the gryoudidf faermmde nlceee wasr di ns cte
where there is a stronger horizont al flux when
scenari o, it is observed how the source- of <cor
rotating voret dxoweaogc atoad eirn otfh t ires lae ebw agrgde r s iadmeo,
pollutants tea odmttdrngt wWeordewntodr t he windward si
vortex.

Vertical concentration fluxes shhiwghdeérati n htehaia
the |l eeward side than in thei gedd@&vhiefr ecades.s Tsh
that the transport of contaminants outside the
is heated. Ho wihneevseer | r ecurgpiaslred wibigtt ht i s concl uded tF
pollutants that | eavesat @deenrteraanoynoend hbey niehaen |ceocenwca
t hroughout the canyon is greater despiid ecaddhe Vv
Regarding the case where the windward side 1is
downwi nd building fa-ade where some pol-lutant s
rotating vortex to the maimamonanssnaege &s5r medt
secondary vortex, they are moved upwards throu
at the connection area of both vortexes.

-0.0009 O UIS,OOOQ 0.002 -0.0009 O u.%‘,OOOQ 0.002 -0.0009 O U‘%I,OOOQ 0.002
il | | ¥ - o il - o
< X < X <X
Fi gbX4vean pol |l uttdmtn ddnuxenst rian hoanyomt @Fr @mrleefti ot
Ground, LW side and WW side heated)

v'e' v'e' v'e'
-6.0e-04 0.005 0.01 1.5e-02 -6.0e-04 0.005 0.01 1.5e-02 -6.0e-04 0.005 0.01 1.5e-02
o - " . | " — % | |

oz X o< X oz X

Fi gbXY®ean pollutant concentratkamybihux&siognhntl:e &t t i
Ground, LW side and WW side heated)
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54 Mul-gur faceelse@dttisng r
I'n this section muhsuirnrfesad tlse athit mg nwidl If obe s hown
541 Caseéll1: bottom surfaces heated

5411 Resi dual s

It is important tai kpwd@perdFdadam lad utc o mwnetoldhe d o
error (residuals) of wvelocity, pressure and ter
zero while the simulation is running and, al so,

Accordinegtt lbeefbomese resi duals of thhaesv ev aroinavkelr ggse
approximately at 350s. The faitr sat vvaalraiea bal erutnodh el
vel ocintiYesand X dir ecandhtrledstpesbayrvidavlfuiensa lolfy , 10t he t
at a vahpprok. matt elyy considered that the sol ut.i
350s.

prah |

Residuals

| | | | | |
50 100 150 200 250 300 350
t(s)

Fi gbt® Resdfduallls bottom sufrE2Zkces heated scen

10710
0
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Residuals

Ef fect of the di

ur nal
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109 E T T T
107 3
102

1078

107 3 .
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-9 I 1 1

prgh

Ux
Uy

10
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Fi gbht®2 Residual s of

300

boi46km surf aces

350

prgh
T

Ux
Uy
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10-10 I | 1 1 |
50 100

Fi gbT@&esi dual s al |l
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5412 Pr ersesu

The pressure maps show a similar distriThweti on t
suction region is present in all of t hem, how
temperature gradi eht pesesmasxrbenfuine ¢ehhet mer enl et a
bui ladndgt he peak value decreases as the tempera
degrees, the maxi mumMi’phielssufer val defier ®@n®& nf
increaémls to 1.

| p_rgh
& -1.3e+00 0.5 0 0.5 1.3e+00

Z x e

Figbt® Prdosurcese 1 ( FDOe2l =6 OtEl@K)bott om:

5413 Temperatur e

I n this section, new map f iaelodnsg sthhoewicnagmptl eentpee r
going rtecs elme e si nce tchoen ssicdeenra rhieoast isnigmunboatt eodn | y
also in the rest dfhewdlolld owfi ngheée magmair s hatwi 6he
t he whollet decoamanilne appreci at edwihtohw a hhei gchaenry otnesmpae
to the recir.cullhaet ipoanr toifcttrelsep paidraiims atheathme ebann
able to miuxp twhienns etlhveesf resh air of the flow str
convectientempes attume inside the canyons incre:
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0O 02 04 06 08
“Y - H
o< X
Fi gb2@or malimped at ur feo madgrarsoéme 1t d p LF=2K, breaKt Ov=i2K)
5414 Velidgy

The vel ocfitgpbl2dapew t hhame ntherehanges as the temp
bet ween the wallrher amsesmbmnenihe scenari o wher e &

The main difference i s t hadmpaasmoet dombiiwe httle nmpemmd ru
the air velocity al so aitnctrheea steosp: stiidiees eocfa ht ehbed idepi
vel ociti eHso weerveefrf, e wrhded d eigveenrot bet ween t hese thre
i¢compamwmed he predioaséyi stwdich the temperature

& UMean Magnitude
0.0e+00 0.5 1 1.8e+00

- e

Figb&2® Mean vel caidtey Fmams t b=+2K OT=6Kor412K)m:

The detailed views of the meahe vYvallgeitt gangowners
vel @gscivegrtical component of main vortex decrea
bet ween the ambient air and the bottom walls
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secondary vortdx,om coatned iorf ttthe wvo ndwar d si de
wall s are warmed up.

UMean Y
-4.0e-01 -0.2-0.1 0 0.10.2 4.0e-01 & -40e-01 -02-0.1 0 0102 40601
B —-—

UMean Y

Figbh22 Mean velocity matpanyon dfiorecdta e Pi=aAKnF 1t chra 14e f
Dr=6K, Or=12K)

52



Effect of the diurnal heating

5415 S reamlines

The streamlines sledw tahepatrrtajcdcet arny tfhoel Idoownai n,
compl et e dofmmaom iirsl estwepur f asce wel It haes otuhd edr sag

recirculation can be seen in a clearer way.

Analyzing the streamlines in the compl ete doma
canyon onwards. Bet ween the first and the thirc
The most interesting resul tesf atrhee tshtorseea nileil naetse d

canyon: temperaturebei wéenenhe wal R&maainnd wtohret eaxi
|l ocated approxi mat el yanat ttwloe somantler ofortthe ecan

the canyon. tAlsr et hde ffemperca&® i ncreases, the | ee
wi ndward vortex grows, di splaci nme dcioen cr@aitm av o 0
of pollutants as will be discussed | ater

“ﬁ@'@i@j

UMean Mogni’rude
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T N

Figbh2® Streamlindoroff &tsmenld mm&Nt2K, Db=6K, HTellK)
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Z X 0.0e+00 0.5 1.8e+00 g 0.0e+00 0.40.60.8 1 1.21.4 1.8e+00 i 0.0e+00 0.5 1 1.8e+00
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Figb24 Streamlinéori g &4 ®©mld s DyE=RKi0=6K Digl2k) :
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5416 Mean pol lnuttraaatti cwronce

Concethéenmean pollutant conceritstl ®taippry eicn at ea ¢
t he palelmotvardt ii ntdire atsermbieiwfaetruernece batmbée emtliw@l Irs
Fi gb2éwi t h the scalebsdéiowet he tp alalnutbaentsi soncen:
the freestream as well as in the | ast three can
are war med up.

“

sMean
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|

Fi gb2% Mean pol | unfamrt dFosoemelt topall+@k, BreaK oo=12K)

sMean
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Figb2® Mean pollutant concfeot ré&s eml wopit2d, sBoatl emc
Dr=6K, Dr=12K)
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Some interestihmg exwtnrcd wtse d nferwesm otf h @ hdedif gowirg h c .
527 sAthe temperature differemrmdoxkiwicreaodsa,t it
the windward side grows dirmce istt rext e dhsetriesfyobdrmeed wia
the pollutants enters in the secondary vortex
secondary vortex and accumul ating a bigger conc
t he eeward si

sMean sMean
00e+00 005 0.1 015 02 25601 0.0e+00 0.020.030.040.050.060.070.08 1.0e-01

T —— e

sMean sMean
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- . [

sMean sMean
0.0e+00 0.1 0.15 0.22.5e-01 0.0e+00 0.04 0.06 1.0e-01
—_— . _— .

Fi gb2®8ean pol |l ut ant!caonnycoenn twi athi can sitmitde ¢ &vamyeopncl
t 0o b o=k BT=6K, Or=12K)
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5417 Mean pollutant concentration fluxes

Figuz@&@&nBi gu2z2®@hbdw t he ponilthtianntt hfel Uxoaus t h canyon,
on the pollutant concentration and fluctuating
Regarding the horizont al pollutant fluxes, it
reversed as .he@n inme ighardk 28 somwbhpdd] | ut ants spre
the ambient fwdlsleowsr itmaeg yclvoak e x, although it ¢

negati ve f |Idsxi deoweorr nleere wahrat grWhesup 48 Keaiin
be saer hteo parl ¢ uft amdtelde tvecenckar gd var t ekel wcndwe
side and there is a nleignaet ibveet weael nu eb catldoknpge ctti heet ucl c
since the pollutants wild/l move to the upper wvor

Regar dieirgt itchaest f o mgers, verti cal ef lobassesdviafdf erroeonfc e
temperature between waAlsl 9 tarhdrsa rhleieeantnodiiJc eidn droe
wheadli = 12 K, an limdetrenedn@adre wmimerawi adwgwar dvei die
appears at dfhebactomnegrcit mamy recirculation since
through windward side and wilulenpobiinhrahepoppeat \

» )

\
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i
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Fi gb2@Mean pollutant concentrfaoi og&kseémkbeseftntoert:
Dr=2K, Or=6K, Or=12K)
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542 Cased ex:ward side and ground heated
5421 Resi dual s

he following figures, it can3bésseé¢ehet paesth
i r stto ocnoemtv ea geal Ge tahreonuntdhelOvel oci ti ess bien w¥ eann d
and®alndi nal ly, the temper®andtaépOparto xai nvaatleuley .bet \

n

[

6

n the simul ascasnes (osfe ashieweplrbe.vdsolmun oatthieohnf $ r s & ct
arrieda ouetmpweirtant ur e dihft epemce dowazkKlBe 09&Isut Ho!
oes notusciomg etslgiwp t thi rhepgetreart utreem diafsf e@lke nared kUK
Therefore, to achieve ithescemardweshicaP o0 02%hse r e
was .used

I't iismpdrstoant to mention HSha&fp,ptiher redaxadui oinn ¢
modi fi ed t oonhetlop ctohhew esdogléu tniot f i x the issue.
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5422 Pressur e

Concethéengrapgisturceam be seen how the suction bub
point is strengthened when the | eeward side an
peak vaél Be%smtn addition, from the foulretahr Icyany
appreciated that minor suction regions appears

P_rgh
& -1.7e+00 05 O 9.0e-01

Z X | O

Figb3resmape for case 2 OFEPK OrabKtOo=p2Kt o bot t om:

5423 Temperatur e

The following images ismlsdwehdwet tantyempe ri antcurea ¢
however the temperature of the air outside the
the air is not mixing enough with the fresh ai-H

i nsiedecatnyon are getting hotter and hotter.

O 02 04 06 08 1

—_—

< X

Fi gb34Nor mateimped at ure magpgrfoimeltd pf A+@K DB&Ke Jb2N2K)
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5424 Vel oci ty

| Ri gbBS& the fl ow struct urse sdifownhe Tcheend td twe asd & ma
much difference compared to thlod t®immestuatiadcreghea
temperature than the ambient air.

I't is observed that in the | ast tthhe ewo rctaenxy oinrscr
as the temperature difference bedlwsmecn etahsee sl.e e we

UMean Magnitude
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| o
Figb3®Mean velocity maps f oO=2KaFd=6K ZI=12Kkr om t op t o

Whenaayzing thienaihemovieabaseanegdnf hat t he aver
the Y direction increases as the temperature d

-
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UMean Y
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Fi gb3® Mean vel occittiyonmatpam ytodnedfiesrre case O22K( From | ef
Dr=6K, Dr=12K)

5425 Streamlines

The streamlines of t heFicgoumdelsdtoav dhomaimpopirt endn t
compared to the simulated scemxamaosntiamnshetpgr e
position in the center of the canyon as can be
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hY UMean Magnitude
0.0e+00 0.5 1 1.8e+00

ot s | o
Figb3 2 Streamlines of the dom#&i=2K Ol=6K, OlcEK)e 2 ( From
Wheanal yzing the streamlé¢iambbtmhert heb deruwrdadc wvhaan

previously commented: the presence of a main v
a smal kr octoautnitnegr vortex i s obe elreveevdarich sihdke.l ower
Taking into account what it has been obdesrved i
casteeewa rd si de, groume amdreacfes imedteengp)er at ur
di stribution inltnluensalhyomhebtm'allntv@oesex as it

i UMean Magnitude
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5426 Mean pollutant concentration

Regardi ng t hepcalolncteanttrsatiimnt lod c¢ o mip lgaBded Matmai n,
the retention of pollutants in the canyon is
freestream and to the successive canynoandse itso mu
observe more clearly what ikkarmd pppgonreg: aomsi gne
diféece i s not t hbbset wed. h@nd, for Kattemperlataut
obsetr Wteiide average concemhe aftrn edsion eipmd & med satn t sf i1
i s considerably reduced, which indicates that
temperatures.
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sMean
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A |

Fi gb3 @ Mean pollutant Foomenop afTo2KWo-BKoMral2kpse 2

sMean
§¥ 0.0e+00 0.01 2.0e-02
¥ O
Figh4@ Mean pollutant concentration witmo=2K scale ¢

DT=6K, DT=12K)

As the temperature odomphaer ddk etwa rtdh esti wliep d mactr teraes a
main gsoresxyndeinncreasdeddi st shepkddbe indicative
the canyon since the air flow structure is the
t dt if tempertatusemonera@aadds cult to remove the
canysonthey accruemadattethanalvémage conclehnasn athé on v
clearly seFegwbidd det ai |l i n
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sMean
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5427 Mean pollutant concentration fluxes

n this case it can pel Icdteantl yc srecaan tdreantihobne cfale
ncreases as the temperatur supdn tohneeF ihegpedd®d r 8 an (
hows t hait sesttremalmul ent transport in swhedwar d
emperatueasabsoOnnthe other hand,-|l ¢ehel veeci eas
ith temphercat umea,ns t hat removal of pollutants

ummari zing, this demonstrates what has been pr
oag the ¢eemperléulreeward side increases.
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543 Wi ndward side and ground heated
5431 Resi dual s

As it has been done in pr ewvioomst hsaadc ttihoen sr,e stuHh & s
converged for the threeDls2K6Kand i Duéeempet heupeol
mentioned in section 5.4.2.1 with those simul a
(DT=6K a n OT=12K) , ith#et etp has been defined equal t o

convergence.

The following figures show that the | ast three
respectively: the pressure is %thenfihstvehecitoi

and X direscthethfeastd®alaOi uef i nal ly, nthpptempmeneée ur
bet we%am df.aL 0

prgh
T

-1 Ux ||
Uy

Residuals
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t(s)

Fi gb44Resi dual s of ws inmuslaagicki pounn dwhaenrde r 02Ky ar e heat
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5432 Pressur e

Finally, the pressure maps for the | &sguoke ©6Ghe
47Asi milar distribution of t hcea sparne sbseu raep parse cti haet ¢

|l eeward si de weereg ,hdadateed.ucHi on bubbles gener at
and they protrude through the roof | evel of the
t his i s gebnueoryaatnecdy bfyortchees t hat pushes the pri ma

p_rgh
o -1.Te+00 -0.5 0 2.0e-01

Z X [

Fi gb4 2 Prenapsr  d(rF rcoans et o p Or+2K, Db=6K, HTol@K)

5433 Temperatur e

The map fields of urlkeefoor maliszed emamp ®r atr e si m
the previous scenario when the | eeward side and
C
E

of the whole domain outside from theorsaindemed
gradient s, however, the temperature increases
t he seconrdatrayt icogntvwvaartex remain retained for a
temperature increases.
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5434 Vel oci ty

As can be extracted from the following velocit
fl ow structatreed odomaien.siAmuli ncrease in velocity
temperature increases. Compar ¢ecdmpertaheaerpr @vifdwes

t he mean sV elaorthiatny cianny ond aisd s grhueratied t he

Y UMean Magnitude
0.0e+00 0.5 1 1.8e+00

i | oo

Fi gbb#® Mean velocity maps fAX2K OFKeOT3L2Kf From top t

When analyzing the vertical component of the m
seen that arna ttivad Iryegihersse with opposite speeds
temperature and, in addition, move upwards rea
vortex is displaced upwardiseviechhosmi cgeesegthef t he
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| ncrease in theodiaze ngf vobheéi ceos n®eEnrstelgauelbawed y
fferentiated regions are observed (OTelK).t he s cCe
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Figb5@ Mean velocity mapasnyon dfiiorece a e PBIKNF 1t e l4e f
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5435 Streamlines

Studying the streamlines wil/| hel p to better ur
stream Icionnepsl eotfe tdhoemai n, no big di fferences are
shown. It can be seen from the fourth canyon o

center of the main vortex wupwards.

N UMean Mogni’rude
0.0e+00 0.5 1.8e+00

_-

Figb3® Streamlines of the domai=2K Or=6K, OlcElK)e 3 ( From

Observing the streamlines in the fourohatciamyor!
vortices | ocated in the | omewi tlhe etwhaer di nacnrde awsi en do
which joins wiotrh tahehisgcheenrartieoemper at ure di ffer enct

| ower vortices moves the main vortex upwards t
freestream fIl ow.
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Fiug52 Streamlines in 4t h camyE=2KnOr£6K,Or=t26)se 3 ( Fr on

5436 Mean pollutant concentration

I n this case, as happened with casewr é nhaevdnti &dh,
the increase in the temperature difference cal
reaching the canyons 5, 6 and 7 so the amount ¢
is also reduced.

With the c¢hacnagre boef ssecean et, haitt most of pollutant
| ower half side of the canyon, which is consi de
guantity of pollutants will be htioghbr esaoct ht hwei Igu &
poor .

Figb5®% Mean pollutant concent r adrs2 or=6Kpdi=12Kpse 3 ( Fr
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