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“I am an old man now, and when I die and go to Heaven  
there are two matters on which I hope for enlightenment.  

One is quantum electrodynamics and the other is the  
turbulent motion of fluids. And about the former I am  

rather more optimistic.” 
  

Sir Horace Lamb, 1932 
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Voorwoord 

Aan het begin van je periode als promovendus lijken vier jaar een eeuwigheid en heb je 
nog geen enkele notie van de tijd die komen gaat. De eerste stappen in de 
onderzoekswereld komen geleidelijk tot stand en onder begeleiding van je promotor maak 
je jezelf wegwijs in de academische wereld. Achteraf bekeken waren de vier jaar meer een 
flits, de tijd is daadwerkelijk voorbij gevlogen.  

 
In 2008 vroeg mijn promotor Bert Blocken aan mij of ik interesse had in het uitvoeren van 

promotieonderzoek. Door mijn onwetendheid over de wetenschappelijke wereld heb ik hier 
even over na moeten denken. Uiteindelijk heb ik echter volmondig ja gezegd. Ten eerste wil 
ik dan ook graag Bert bedanken voor het geven van de mogelijkheid om wetenschappelijk 
onderzoek te doen. Bert, gelukkig bleef je bijdrage niet beperkt tot het geven van de 
mogelijkheid tot het uitvoeren van promotieonderzoek. Je hebt me vier jaar lang met veel 
bezieling begeleid, me wegwijs gemaakt in de wondere wereld van de wetenschap, me alles 
geleerd over het publiceren van artikelen, het reviewen van artikelen en al het andere wat 
noodzakelijk is om onderdeel te kunnen zijn van de wetenschappelijke wereld. Jouw 
perfectionisme werkt zeer aanstekelijk, en ik merk dat ik tegenwoordig dezelfde hoge 
kwaliteit van studenten verlang als jij altijd van mij hebt verlangd, iets wat me overigens 
geen windeieren heeft gelegd. Bert, bedankt voor alles wat je de afgelopen jaren voor me 
hebt betekend en ik hoop dat we nog jaren mogen samenwerken! 

 
Een promotiecommissie bestaat uit meer dan één persoon. Een speciaal woord van dank 

voor GertJan van Heijst van de faculteit Technische Natuurkunde van de TU/e voor het 
bijwonen van alle voortgangspresentaties in de afgelopen jaren. In het bijzonder mijn dank 
voor jouw hulp om mij als bouwkundige bij te spijkeren in het begrijpen en analyseren van 
fundamentele stromingsverschijnselen. Tevens een woord van dank voor Martin de Wit 
voor de vrijheid die je mij en Bert altijd hebt gegeven om het onderzoek naar onze inzichten 
in te richten, en eveneens voor het bijwonen van de voortgangspresentaties. Uiteraard ook 
een woord van dank voor de overige leden van mijn promotiecommissie. Jan Carmeliet (ETH 
Zürich); bedankt voor jouw bijdragen aan Hoofdstuk 2 en 3 van het proefschrift en voor het 
geven van de opbouwende commentaren op de overige delen ervan. Tine Baelmans en 
Johan Meyers van de KU Leuven wil ik bedanken voor de samenwerking in het FWO-project, 
de vrijheid en steun die jullie gaven om dit project tot een succes te maken en voor de zeer 
nuttige commentaren op mijn conceptproefschrift. Verder wil ik Bart Nicolaï (KU Leuven) en 
Arnold Janssens (UGent) bedanken voor jullie tijd en de waardevolle commentaren die ik 
van jullie heb gekregen op mijn proefschrift. Een promotiecommissie kan niet zonder 
voorzitter(s). Bij dezen wil ik Elphi Nelissen dan ook bedanken voor het voorzitten van de 
openbare verdediging. Ten slotte wil ik Paul Van Houtte (KU Leuven) bedanken voor het 
voorzitten van mijn preliminaire verdediging aan de KU Leuven en Thijs Defraeye (KU 
Leuven) voor zijn bereidheid om op het laatste moment nog zitting te willen nemen in mijn 
promotiecommissie voor de preliminaire verdediging aan de KU Leuven. Thijs, nog een extra 
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woord van dank voor je hulp bij de PIV-metingen in het bouwfysisch laboratorium van de KU 
Leuven!  

 
Experimenteel en numeriek onderzoek is niet mogelijk zonder goede ondersteuning van 

technici. Bij dezen wil ik Jan, Geert-Jan, Wout, Harrie, Peter en Marcel van het laboratorium 
van de Unit Building Physics and Services van de TU/e bedanken voor hun steun bij zowel de 
experimenten als voor het in de lucht houden van servers, die de laatste jaren overuren 
hebben gedraaid. Een speciaal woord van dank voor Geert-Jan. Je hebt ontzettend veel tijd 
en moeite gestoken in de bouw van de waterbak en even was je bang dat er slechts een 
paar visualisatiestudies uit zouden voortkomen. Uiteindelijk zijn er vele experimenten 
uitgevoerd in deze experimentele faciliteit, die van onschatbare waarde is geweest voor 
mijn proefschrift. Als laatste een woord van dank voor Stan van Asten (technicus van de Unit 
AUDE), voor zijn hulp bij de totstandkoming en optimalisatie van de waterbak.  

In de afgelopen vier jaar heb ik verschillende secretaresses zien komen en gaan. Op dit 
moment vormen Renée, Janet en Sjoukje het secretariaat van de Unit BPS. Het is voor een 
medewerker in het algemeen, en een promovendus in het bijzonder een voorrecht om 
terecht te kunnen bij een goed lopend secretariaat, zowel voor werkgerelateerde zaken als 
voor een praatje ter afleiding. Renée, jij bent al vier jaar lang de constante factor op het 
secretariaat en mijn aanspreekpunt voor van alles en nog wat, bedankt hiervoor! Verder nog 
een speciaal woord van dank voor Kathleen Coenen, secretaresse van de Afdeling 
Toegepaste Mechanica en Energieconversie van het Departement Werktuigkunde van de KU 
Leuven. Je was een geweldige hulp en vraagbaak voor me, bedankt voor al je geduld en 
inspanningen! 

 
Uiteraard ook een woord van dank voor mijn medebewoners van de open werkruimte op 

vloer 6 van Vertigo. In het prille begin zat ik enkel met de promovendi Marco en Lisje en 
onderzoeker Toine in deze grote ruimte. Zij hebben me wegwijs gemaakt op vloer 6 en in 
het leven als promovendus. Marco en Lisje, door jullie heb ik al iets meer verstand van 
auto’s (al dan niet hybride), iets meer inzicht in het gebruik van gadgets (maar nog altijd vrij 
miniem), en ook over de bouwfysica van monumenten en thermosfysiologie heb ik wat van 
jullie opgestoken. Speciale dank gaat uit naar jullie, ik hoop jullie nog vaak te mogen zien, 
waar dan ook. Later werd de ruimte wat beter bevolkt door de komst van verschillende 
nieuwe promovendi, in chronologische volgorde Pierre, Rubina, Zara, Wendy, Okke, Adelya 
en Yasin. Bedankt voor alle goede gesprekken en koffierondes! Met velen van jullie zal ik de 
komende jaren nog samen werken, dus van afscheid is nog zeker geen sprake. Een speciaal 
woord van dank gaat uit naar Pierre Gousseau. Samen hebben we vele 
voortgangspresentaties gehouden en jouw opmerkingen waren altijd zeer nuttig en 
welkom! Shijie Cao (KU Leuven), thank you for our collaboration in the FWO-project. Ook 
een woord van dank voor Henk, Jos en Christof, jullie zijn uitstekende collega’s binnen de 
leerstoel Bouwfysica.  

 
In de afgelopen vier jaar heb ik 8 bachelorprojecten en meerdere masterprojecten 

mogen draaien. Bij dezen een woord van dank aan mijn medebegeleider voor het 
merendeel van de bachelorprojecten: Dianne van Hove van de Unit Structural Design. 
Dianne, het samen met jou begeleiden van het tweedejaars projectwerk was een heerlijke 
vlucht naar het algemene bouwkundige ontwerpen. Verder wil ik Marjon van Harten, 
Wendy Janssen, Jelle Roelofs, Adelya Khayrullina, Bart Merema, Yasin Toparlar, Argyrios 
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Papadopoulos, Karin Conen, Ilse Nugteren en Thomas Bolster bedanken voor hun inzet en 
enthousiasme in hun afgeronde dan wel lopende masterprojecten. 

Als laatste wil ik Ronald Albers en Peter Bosch van TNO bedanken voor de kans om als 
postdoctoraal onderzoeker deel uit te maken van het succesvolle Climate Proof Cities 
consortium. 

 
Er is uiteraard meer in het leven dan de TU/e! Allereerst wil ik mijn vriendengroep vanuit 

mijn middelbare schoolperiode bedanken voor alle ontspannende avonden, de lol om niks, 
de feestjes, weekendjes, en bovenal voor het feit dat ik jullie al jarenlang mijn vrienden mag 
noemen. Rob & Janneke, Jeroen & Regina, Koen & Christel, Thijs & Lia, Johan & Jacobine, 
Coos & Adeline, Hugo & Dominique, Bart & Kelly, Peter & Tessa, Arlette & Marc, Gillis & 
Karlijn, Luc & Renée, en Rob, bedankt voor alles! Uiteraard ook een woord van dank voor de 
vriendengroep afkomstig uit Mariaheide en Erp: Marieke & Robin, Willeke & Maarten, Anke 
& Geoffrey, Janneke & Mark, Carolien & Ruud, Giel & Karin, Ruud & Wendy, jullie zijn een 
perfecte aanvulling op mijn ‘oude’ vriendengroep! 

Persoonlijk ben ik nogal gesteld op mijn familie, en ik prijs me gelukkig dat ik deel 
uitmaak van de familie van Hooff en de familie Bouwmans. Verder een woord van dank voor 
de familie Verkuijlen en de familie Pepers, ook in deze families voel ik me alweer jaren 
helemaal thuis. Dat ik regelmatig wordt geplaagd door vrienden over de hoge frequentie 
aan familieactiviteiten vind ik eigenlijk het mooiste compliment wat je kunt krijgen en ik zie 
dit dan ook als een bevestiging van de goede banden met alle vier de families.  

 
Zo aan het einde van dit voorwoord kom ik ook bij de personen die het dichtste bij me 

staan. Als eerste wil ik mijn ouders bedanken. Jullie hebben me altijd gestimuleerd in alles 
wat ik deed en me aangemoedigd om gebruik te maken van de capaciteiten die ik had. Niet 
door te zeggen hoe goed ik het had gedaan op school, maar door erop te hameren dat ik 
stom zou zijn als ik er juist niks mee zou doen! Deze manier van stimuleren heeft mij altijd 
goed gedaan en heeft me denk ik ook geleerd om met beide benen op de grond te blijven 
staan. Ik hoop dat jullie vinden dat dit is gelukt. Pap en mam, bedankt voor alles wat jullie 
voor me hebben gedaan en betekend! Verder wil ik graag mijn broer Mark en Inge 
bedanken. Mark, bedankt dat je mijn grote broer bent en altijd zult blijven, en Inge bedankt 
dat je Mark zo gelukkig maakt! Naast je eigen familie ‘krijg’ je er ook een schoonfamilie bij. 
Ik kan mezelf in alle eerlijkheid geen betere wensen en dat besef ik me maar al te goed. 
Peter en Corrie, jullie geven me al vanaf het begin het gevoel erbij te horen en ik prijs me 
dan ook zeer gelukkig met jullie als mijn schoonouders! Carla & André en Marja & Sjef, het is 
altijd maar afwachten hoe goed je om kunt gaan met de zussen van je vriendin en diens 
aanhang. Ook met jullie heb ik het getroffen! Af en toe lijkt het of ik niet alleen een broer, 
maar ook twee zussen heb. André en Sjef, het is heerlijk om met jullie op een lijn te zitten en 
zoveel lol te kunnen hebben om niks! Voordat ik letterlijk en figuurlijk een punt zet achter 
dit voorwoord wil ik het allerbelangrijkste natuurlijk niet vergeten. Kristie, al bijna 6 jaar kan 
ik met jou lezen en schrijven. Je bent mijn steun en toeverlaat geweest, en hopelijk zul je dat 
ook voor altijd blijven. Als ik in mijn auto stap na een dag werken verheug ik me erop jou 
weer te zien, samen de dag door te nemen, samen te mopperen en samen te lachen. Het is 
heerlijk om te leven met iemand die niks geeft om transitionele stromingen, CFD-simulaties, 
Reynoldsgetallen en die zich niet druk maakt om ISI-publicaties. Bedankt voor alles, je bent 
onvervangbaar: ik houd van je! 
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Samenvatting 

Een goede ventilatie van gebouwen en andere ruimtes, zoals vliegtuigen, treinen, 
schepen en auto’s, is van primair belang in de ingenieurswetenschappen met betrekking tot 
thermisch comfort, energiezuinigheid en duurzaamheid. Een van de meest toegepaste 
ventilatiemethoden is mengventilatie, wat is gebaseerd op de injectie van verse lucht in de 
bovenste zone van de ruimte. Het momentum van de toegevoerde lucht dient ervoor te 
zorgen dat de verse lucht zich mengt met de in de ruimte aanwezige lucht, waarna de 
gemengde lucht dient te worden afgevoerd uit de ruimte. Ondanks het feit dat er in de 
laatste decennia veel onderzoek is gedaan naar mengventilatie, zijn er nog altijd enkele 
onopgeloste kwesties. Dit proefschrift bestaat uit twee delen, beide delen behandelen 
onopgeloste kwesties met betrekking tot mengventilatie: (I) experimenteel en numeriek 
onderzoek aan isotherme transitionele mengventilatie in een geïdealiseerd en 
gesimplificeerd schaalmodel; (II) experimenteel en numeriek onderzoek op ware grootte 
naar mengventilatie in een complexe ruimte in een stedelijk gebied, aangedreven door 
zowel wind als thermische trek. Beide delen bevatten een combinatie van unieke metingen, 
op ware grootte, dan wel in een schaalmodel, en state-of-the-art Computational Fluid 
Dynamics (CFD) simulaties. 

 
Part I 

 
In het verleden zijn een groot aantal experimentele en numerieke studies uitgevoerd om 

de luchtstroming als gevolg van ventilatie in het algemeen, en de luchtstroming door 
gedwongen mengventilatie in het bijzonder, te analyseren. De meerderheid van deze 
ventilatiestudies is echter uitgevoerd voor volledig turbulente stromingen (hoog 
Reynoldsgetal). Lage Reynoldsgetallen (Re) kunnen een indicatie zijn voor de aanwezigheid 
van een transitioneel stromingsregime, welke kan worden onderscheiden van een turbulent 
stromingsregime door de aanwezigheid van relatief grote coherente structuren (wervels). 
Verschillende publicaties hebben gewezen op het feit dat transitionele stroming in 
verschillende vormen aanwezig kan zijn in een ruimte, zowel in de inlaatregio als in andere 
regionen met lage luchtsnelheden (e.g. in de hoeken van een ruimte of in de nabijheid van 
thermische pluimen). Desondanks zijn er in het verleden, naar beste weten van de auteur, 
slechts een beperkt aantal studies uitgevoerd naar ventilatiestromingen bij transitionele slot 
Reynoldsgetallen (Re gebaseerd op de inlaathoogte), hetzij numeriek, hetzij experimenteel. 
Bovendien bestaat er geen consensus over de mogelijkheden van CFD om transitionele 
ventilatiestromingen goed te kunnen voorspellen. Om tot een conclusie te kunnen komen 
voor wat betreft de mogelijkheden van stationaire Reynolds-gemiddelde Navier-Stokes 
(RANS) CFD-simulaties om transitionele ventilatiestromingen te voorspellen dienen er 
kwalitatief goede experimentele datasets beschikbaar te zijn. Het ontbreken van een 
dergelijke dataset, en dientengevolge het ontbreken van een consensus over de 
mogelijkheden van CFD om transitionele ventilatiestromingen te voorspellen zijn de 
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hoofdredenen voor het in Hoofdstuk 2-5 gepresenteerde onderzoekswerk op dit gebied 
voor mengventilatie.  

In Hoofdstuk 2 wordt een meetopstelling gepresenteerd om ventilatiestromingen bij lage 
Reynoldsgetallen (transitionele stroming) te onderzoeken in een schaalmodel. Het 
schaalmodel is gebruikt om Particle Image Velocimetry (PIV) metingen uit te voeren van 
mengventilatie bij transitionele Reynoldsgetallen voor een vrije rechthoekige jet. De 
inlaathoogte voor deze configuratie is h/L = 0.0667, met L de karakteristieke lengtemaat van 
de kubusvormige testsectie (L = 0.3 m). Stromingsvisualisaties tonen aan dat de stroming in 
de ruimte transitioneel is voor de onderzochte range van slot Reynoldsgetallen (800 < Re < 
2500). De tijdsgemiddelde snelheidsprofielen tonen een duidelijke afhankelijkheid van Re; 
deze afhankelijkheid neemt toe naarmate de afstand vanaf de inlaat toeneemt. Het  
Coanda-effect zorgt ervoor dat de vrije rechthoekige jet net na de inlaat transformeert naar 
een rechthoekige wall jet. Ten slotte valt te zien dat de locatie waarop de snelheid van de 
jet maximaal is (yC/L) afhangt van Re; yC/L neemt toe voor toenemende waarden van Re. De 
gepresenteerde dataset kan worden gebuikt voor de validatie van turbulentiemodellen voor 
ventilatiestromingen bij lage Reynoldsgetallen.  

 
Een tweede set PIV-metingen van gedwongen mengventilatie wordt gepresenteerd in 

Hoofdstuk 3. De experimentele opstelling is in grote lijnen gelijk aan de opstelling zoals 
gepresenteerd in Hoofdstuk 2. De experimenten in Hoofdstuk 3 zijn echter uitgevoerd voor 
een inlaathoogte h/L = 0.1, wat overeenkomt met een rechthoekige wall jet stromend uit 
een vloeiende inlaat. De focus van de PIV-metingen ligt op zowel de instantane als de 
tijdsgemiddelde snelheids- en vorticiteitsvelden, alsmede op de turbulentie-intensiteit. De 
vorticiteitsprofielen duiden op een starre rotatie in de grote recirculatiecel. De instantane 
vectorvelden tonen Kelvin-Helmholtz-instabiliteiten als gevolg van de grote 
snelheidsgradiënt in de schuiflaag van de wall jet. Het Strouhalgetal gebaseerd op de 
frequentie van de wervelformatie neemt toe voor hogere Reynoldsgetallen. Toepassing van 
de Okubo-Weiss-functie toont de aanwezigheid aan van wervels in de wall jet regio, 
alsmede de aanwezigheid van een wervelstraat in de buitenste regio van de wall jet.  

 
Hoofdstuk 4 toont stationaire RANS CFD-simulaties van gedwongen mengventilatie bij 

transitionele slot Reynoldsgetallen. De experimentele dataset uit Hoofdstuk 3 is gebruikt om 
de geschiktheid van vier veelgebruikte RANS turbulentiemodellen voor transitionele 
ventilatiestromingen te analyseren. Drie populaire turbulentiemodellen bestaande uit twee 
transportvergelijkingen zijn getest (RNG k-ε, low-Re number k-ε, SST k-ω), alsmede een 
tweede-orde sluitingsmodel (Reynolds Stress Model (RSM)). Zowel de dimensieloze 
snelheden als de turbulente kinetische energie is op drie verticale lijnen in de ruimte 
vergeleken met de metingen. Deze vergelijking toont aan dat de voorspellingen van drie van 
de vier turbulentiemodellen een goede overeenkomst geven met de metingen. De 
resultaten verkregen met het RNG k-ε model tonen de grootste afwijking met de metingen, 
wat kan worden verklaard door een overschatting van de turbulente kinetische energie in 
de regio van de wall jet. Bovendien is aangetoond dat de vier verschillende 
turbulentiemodellen significant verschillende voorspellingen geven voor de ventilatie-
efficiëntie, met verschillen die kunnen oplopen tot maar liefst 44%.  

 
Naast het belang van een goede voorspelling van het tijdsgemiddelde stromingsveld, is 

het van belang om te weten in hoeverre stationaire RANS modellen de verspreiding van 
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polluenten in een ruimte voldoende nauwkeurig kunnen voorspellen. Dit is het onderwerp 
van Hoofdstuk 5. CFD-simulaties met stationaire RANS modellen passen vaak de standaard 
gradiënt-diffusiehypothese toe, waarin de turbulente massafluxen worden gerelateerd aan 
de gemiddelde massagradiënten aan de hand van de turbulente massadiffusiviteit. De 
relatieve invloed van convectieve en turbulente massafluxen in het massatransportproces is 
geanalyseerd en de rol van deze fluxen op de nauwkeurigheid van de voorspelling met RANS 
en met Large Eddy Simulation (LES) is voor dit specifiek geval onderzocht. Het is aangetoond 
dat de standaard gradiënt-diffusiehypothese niet altijd geldig is. De turbulente massafluxen 
zijn echter een orde grootte kleiner dan de convectieve massafluxen. Ten gevolge hiervan 
leidt het feit dat de standaard gradiënt-diffusiehypothese niet altijd geldig is, niet tot 
significant afwijkingen in de voorspelde gemiddelde polluentenconcentratie in de ruimte, 
althans in dit specifieke onderzoek.  

 
Part II 

 
Literatuuronderzoek heeft uitgewezen dat goed gedocumenteerde experimentele 

datasets van ventilatiestromingen in complexe situaties nauwelijks beschikbaar zijn. Als 
gevolg hiervan is er een groot gebrek aan experimentele data om numerieke modellen te 
valideren voor realistische en complexe situaties. Bovendien worden CFD-studies van 
natuurlijke mengventilatie over het algemeen uitgevoerd voor relatief simpele 
gebouwvormen. Dit deel van het proefschrift presenteert in-situ metingen op ware grootte 
van zowel windsnelheden als van omgevingscondities in en rondom een complex 
semigesloten stadion, gesitueerd in een stedelijk gebied. De meetresultaten zijn gebruikt 
om een CFD-model van het stadion en zijn omgeving te valideren. Vervolgens is het 
gevalideerde CFD-model gebruikt om de natuurlijke ventilatie van het stadion te analyseren. 

 
Hoofdstuk 6 toont een analyse van in-situ metingen van de thermische condities en de 

natuurlijke ventilatie van een groot semigesloten stadion in Amsterdam, Nederland. 
Doordat niet aan de similariteitscriteria (Reynoldsgetal, Grashofgetal en Richardsongetal) 
kan worden voldaan in een windtunnel, zijn in-situ metingen de enige manier om een 
betrouwbare dataset te verkrijgen voor een realistische zomersituatie. De metingen tonen 
een zekere mate van herhaalbaarheid voor drie opeenvolgende avonden; zowel de 
windcondities als de thermische condities in en buiten het stadion tonen slechts kleine 
verschillen tussen de gemeten waarden op deze drie avonden. Als gevolg hiervan zijn er 
tevens slechts kleine verschillen waargenomen tussen de gemeten afname van de  
CO2-concentratie en tussen de berekende ventilatievouden op deze drie avonden. Ondanks 
het feit dat in-situ metingen onderhevig kunnen zijn aan problemen met betrekking tot 
herhaalbaarheid en oncontroleerbare randvoorwaarden, kunnen in-situ metingen in 
sommige specifieke gevallen worden gebruikt om CFD-modellen te valideren. 

 
In Hoofdstuk 7 worden gekoppelde CFD-simulaties gepresenteerd van windstroming in 

een stedelijk gebied en natuurlijke ventilatie van een semigesloten stadion, gebruik 
makende van een numeriek raster met een hoge resolutie. Het numeriek raster is 
geconstrueerd aan de hand van een specifieke procedure om efficiënt en simultaan de 
complexe stadiongeometrie en het hoge resolutie raster te genereren. In deze procedure 
wordt op basis van translaties en rotaties van gerasterde doorsneden zowel de 
binnenomgeving als de buitenomgeving gegenereerd. Een rastersensitiviteitsanalyse toont 
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aan dat een raster met 5.5 miljoen cellen nagenoeg rasteronafhankelijke resultaten 
oplevert. De gekoppelde CFD-simulaties zijn gevalideerd aan de hand van in-situ 
windsnelheidsmetingen. De natuurlijke ventilatie van de huidige configuratie, alsmede die 
van alternatieve ventilatieconfiguraties is geanalyseerd. Uit deze CFD-simulaties kan worden 
geconcludeerd dat kleine geometrische aanpassingen aan de gebouwschil van het stadion 
kunnen resulteren in een toename van het ventilatievoud tot wel 43%. 

 
Een CFD-analyse van de invloed van de windrichting en van de stedelijke bebouwing 

rondom het stadion op het ventilatievoud is gepresenteerd in Hoofdstuk 8. Het CFD-model 
van het stadion is gelijk aan het in Hoofdstuk 7 gepresenteerde model. Om de invloed van 
de windrichting en van de omliggende bebouwing te kunnen beoordelen zijn CFD-simulaties 
uitgevoerd voor acht verschillende windrichtingen en voor een numeriek model met en 
zonder inbegrip van de omliggende bebouwing. De berekende verschillen in ventilatievoud 
tussen verschillende windrichtingen kan oplopen tot 152% (met omliggende bebouwing). 
Bovendien toont een vergelijking van de ventilatievouden met en zonder inbegrip van de 
omliggende bebouwing aan dat het niet in rekening brengen van de omliggende gebouwen 
kan leiden tot een overschatting van het ventilatievoud tot maar liefst 96%.  

 
Ten slotte presenteert Hoofdstuk 9 niet-isotherme transiënte RANS CFD-simulaties van 

de afname van de CO2-concentratie in het bovengenoemde semigesloten stadion. De 
randvoorwaarden voor de CFD-simulaties zijn gebaseerd op de gemeten randvoorwaarden. 
De gesimuleerde afnamecurves van de CO2-concentratie zijn vergeleken met de gemeten 
afnamecurves en tonen in het algemeen een redelijk tot goede overeenkomst. Het 
gevalideerde CFD-model is vervolgens gebuikt om regio’s met een lagere  
ventilatie-efficiëntie te onderscheiden, namelijk regio’s met stagnatie of recirculatie van de 
stroming in het stadion, resulterend in hogere CO2-concentraties. De grootste gradiënten in 
het stadion zijn aanwezig in het begin van de afname van de CO2-concentraties en kunnen 
oplopen tot 700 ppm (= 37%) tussen het noordelijke en zuidelijke deel van het stadion. 
Bovendien is een stuksgewijs-lineaire benadering toegepast om het ventilatievoud voor 
kleinere tijdsintervallen te kunnen bepalen. Deze aanpak is noodzakelijk omdat de geplotte 
semilogaritmische afnamecurve niet lineair is door het transiënte karakter van het 
ventilatievoud als gevolg van de afnemende thermische trek. Door deze benadering toe te 
passen is aangetoond dat het ventilatievoud sterk afneemt in de tijd, van ongeveer 2 h-1 aan 
het begin van de simulatie van de concentratieafname, tot ongeveer 0.3 h-1 aan het einde 
van de simulatie (t > 4000 s).  

  
Hoofdstuk 10 bestaat uit een discussie over het onderzoek en bevat aanbevelingen voor 

toekomstig onderzoek. Tot besluit bevat Hoofdstuk 11 conclusies en een samenvatting.  
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Summary 

The proper ventilation of buildings and other enclosures such as airplanes, trains, ships 
and cars is of primary interest in engineering with respect to human (thermal) comfort, 
energy efficiency and sustainability. One of the most commonly applied ventilation methods 
is mixing ventilation, which is based on the injection of an air jet in the upper part of the 
room. The momentum of the jet should ensure mixing of the fresh supply air with the room 
air, and the diluted air should subsequently be extracted from the room. Although a lot of 
research has been conducted on mixing ventilation in the past decades, there are still 
several issues that are not resolved. The dissertation consists of two parts, both of which 
address current issues in mixing ventilation studies: (I) experimental and numerical work on 
isothermal transitional mixing ventilation in an idealized simplified reduced-scale model; (II) 
experimental and numerical work on mixing ventilation in a full-scale complex enclosure in 
an urban environment, driven by both wind and buoyancy. Both parts consist of a 
combination of unique measurements, either full-scale or reduced-scale, and  
state-of-the-art Computational Fluid Dynamics (CFD) simulations.  
 
Part I 
 
A wide range of experimental and numerical studies have been conducted in the past to 
analyze the flow patterns associated with ventilation in general and with forced mixing 
ventilation in particular. However, the vast majority of these ventilation studies focused on 
fully turbulent flows (high Reynolds numbers). Low Reynolds (Re) numbers can indicate the 
presence of a transitional flow regime inside the room, which can be distinguished from 
turbulent flow by the presence of relatively large coherent structures (vortices). Several 
publications have indicated the fact that transitional flow can be present in different types 
of room airflow, either in the supply jet region or in other regions of low velocities  
(e.g. corners of the room, vicinity of buoyant plumes). However, to the best knowledge of 
the author, only a limited number of studies has dealt with room airflow at transitional slot 
Reynolds numbers so far, either experimentally or numerically. In addition, there is no 
consensus on the capabilities of CFD to predict transitional room airflow. To be able to come 
to a conclusion regarding the capability of steady Reynolds-averaged Navier-Stokes (RANS) 
CFD simulations to predict transitional room airflow, high-quality experimental data sets 
should be available. The lack of such a data set, and subsequently the lack of consensus on 
the capabilities of CFD to predict transitional room airflow are the primary reasons for the 
work performed on this topic for a mixing ventilation case, and which is presented in 
Chapters 2-5. 
 

In Chapter 2, a reduced-scale experimental setup to study ventilation flow at low 
Reynolds numbers (transitional flow) is presented. The reduced-scale model is used to 
perform Particle Image Velocimetry (PIV) measurements of mixing ventilation flow at 
transitional slot Reynolds numbers for a free plane jet. The inlet height for the studied 
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configuration is h/L = 0.0667, with L the characteristic dimension of the cubic test section  
(L = 0.3 m). Flow visualizations show that the room airflow is transitional for the range of 
studied slot Reynolds numbers (800 < Re < 2,500). The time-averaged velocity profiles show 
a clear Re-dependency; this dependency increases with increasing distance from the inlet. 
The Coanda effect causes the free plane jet to transform into a wall jet just downstream of 
the inlet. Finally, the location of maximum jet velocity (yC/L) depends on Re; yC/L increases 
with increasing Re. The presented data set can be used to validate turbulence models for 
low Re-number ventilation flow.  

 
A second set of PIV measurements of forced mixing ventilation flow is presented in 

Chapter 3. The experimental setup is to a large extent similar to the one presented in 
Chapter 2. However, the experiments presented in Chapter 3 are conducted for an inlet 
height h/L = 0.1, which corresponds to a plane wall jet issued from a smooth contraction. 
The PIV measurements focus on both the instantaneous and the time-averaged velocity and 
vorticity fields, as well as on the turbulence intensity. The vorticity profiles indicate a  
solid-body rotation in the large recirculation cell. The instantaneous vector fields show 
Kelvin-Helmholtz-type instabilities as a result of the large velocity gradient in the shear layer 
of the wall jet. The Strouhal number based on the vortex formation frequency is shown to 
increase with increasing Reynolds number. Application of the Okubo-Weiss function 
indicates the presence of vortical structures in the wall jet region and the presence of a 
vortex train in the outer region of the wall jet.  

 
Chapter 4 presents steady RANS CFD simulations of forced mixing ventilation at 

transitional slot Reynolds numbers. The experimental data set presented in Chapter 3 is 
used to assess the capability of four commonly used RANS turbulence models to predict 
transitional room airflow. Three popular linear two-equation models are tested (RNG k-ε, 
low-Re number k-ε, SST k-ω), as well as one second-order closure model (Reynolds Stress 
Model (RSM)). Both the dimensionless velocities and the turbulent kinetic energies are 
compared on three vertical lines in the enclosure. The results show that three out of the 
four turbulence models provide results that are in close agreement with the measurement 
results. The results obtained with the RNG k-ε model show the largest deviations with the 
measurements, which can be attributed to an overprediction of turbulent kinetic energy in 
the wall jet region. In addition, it is shown that the different turbulence models provide 
different predictions for the air exchange efficiency, with differences between two models 
being as high as 44%.   

 
In addition to the correct prediction of the time-averaged flow pattern, it is of interest to 

see whether steady RANS models can predict the dispersion of pollutants in a room with 
sufficient accuracy, which is the topic of Chapter 5. CFD simulations with steady RANS 
models often employ the standard gradient-diffusion hypothesis, in which the turbulent 
mass fluxes are related to the mean mass gradient using the turbulent (or eddy) mass 
diffusivity. The relative influence of convective and turbulent mass fluxes in the transport 
process is analyzed and the role of these fluxes in the prediction accuracy of RANS and Large 
Eddy Simulations (LES) is clarified for this particular case. It is shown that the standard 
gradient-diffusion hypothesis is not always valid. However, the turbulent mass fluxes are 
about one order of magnitude smaller than the convective fluxes. As a result, the invalidity 
of the standard gradient-diffusion hypothesis does not lead to significant deviations in the 
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predicted mean pollutant concentration field using steady RANS CFD simulations in the case 
under study.  

 
Part II 

 
A literature study has shown that well-documented experimental data sets of complex 
ventilation flow are hardly available. As a result, there is a strong lack of experimental data 
to validate numerical models for realistic/complex situations. Furthermore, CFD studies of 
natural mixing ventilation are usually performed for relatively simple building geometries. 
This part of the dissertation presents full-scale measurements of wind velocity and a range 
of environmental conditions in and around a complex semi-enclosed stadium situated in an 
urban area. The measurement results are used to validate a CFD model of the stadium and 
its surroundings, which is subsequently used to assess the natural mixing ventilation of the 
interior air volume of the stadium. 
 

Chapter 6 presents an analysis of full-scale measurements of thermal conditions and 
natural ventilation in a large semi-enclosed stadium in Amsterdam, the Netherlands. Due to 
similarity requirements (Reynolds, Grashof, and Richardson numbers) that cannot be 
fulfilled in the wind tunnel, full-scale measurements are the only means to obtain a reliable 
data set for a realistic summer situation. The full-scale measurements indicate a certain 
degree of repeatability on three consecutive evenings; both the wind conditions and the 
indoor and outdoor thermal conditions only show small differences between the three 
evenings. As a result, the measured CO2 concentration decay curves, and the calculated air 
exchange rate (ACH) values only show small deviations between the three evenings. 
Although there might be problems with repeatability and uncontrollable boundary 
conditions when performing full-scale measurements, in some particular cases, as the one 
presented here, full-scale measurements can provide useful experimental data to validate 
CFD models of natural ventilation.  

 
Chapter 7 presents a coupled CFD modeling approach for urban wind flow and indoor 

natural ventilation of a large semi-enclosed stadium on a high-resolution grid. The 
computational grid is constructed using a specific procedure to efficiently and 
simultaneously generate the complex geometry and the high-resolution body-fitted grid for 
both the outdoor and indoor environment, based on translation and rotation of pre-meshed 
cross-sections. A grid-sensitivity study indicates that a 5.5 million cell grid provides nearly 
grid-independent results. The coupled CFD simulations are validated using full-scale (on-site) 
wind velocity measurements. The natural ventilation of the current configuration, as well as 
alternative ventilation configurations is analyzed. From the CFD simulations it is concluded 
that small geometrical modifications can increase the ACH values by up to 43%.  

 
A CFD analysis of the influence of wind direction and urban surroundings on the 

computed air exchange rate is presented in Chapter 8. The computational model of the 
stadium is the same as the current stadium configuration as studied in Chapter 7. To assess 
the influence of the wind direction and urban surroundings, simulations are performed for 
eight wind directions and for a computational model with and without the surrounding 
buildings. The simulated differences in ACH between wind directions can be as high as 152% 
(with surrounding buildings). Furthermore, comparing the simulations with and without 
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taking into account the urban surroundings for each wind direction shows that neglecting 
the surrounding buildings can lead to overestimations of the ACH with up to 96%.  

 
Finally, Chapter 9 presents non-isothermal unsteady RANS CFD simulations of CO2 

concentration decay from the abovementioned semi-enclosed stadium. The boundary 
conditions for the CFD simulations are based on the measured conditions. The CO2 
concentration decay curves obtained with the unsteady CFD simulations are compared with 
measured CO2 concentration decay curves and show a fair to good agreement. The 
validated model is used to detect regions with lower ventilation efficiencies, i.e. stagnant 
regions and recirculation zones inside the stadium, resulting in higher CO2 concentrations. 
The largest spatial gradients are present in the beginning of the CO2 concentration decay 
process, and can be as high as 700 ppm (= 37%) between the northern and southern part of 
the stadium. In addition, a specific piecewise linear technique is applied for the 
concentration decay method to determine the ACH values based for smaller time intervals. 
This is important because the semi-logarithmic decay curve itself is not linear because the 
value of ACH changes over time as a result of decreasing buoyancy forces. Using this 
technique, it is shown that the ACH values strongly decrease as a function of time, from 
about 2 h-1 at the beginning of the concentration decay simulations to about 0.3 h-1 at the 
end (t > 4000 s). 
 
Chapter 10 provides a discussion on the research and recommendations for future work are 
listed. Finally, Chapter 11 (summary and conclusion) concludes this dissertation. 
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Introduction 

1. Ventilation  

The proper ventilation of buildings and other enclosures such as airplanes, trains, ships 
and cars is of primary interest in engineering with respect to human (thermal) comfort, 
energy efficiency and sustainability. Ventilation is used to remove excessive heat, moisture, 
pollutants, and in extreme cases, fire, smoke and hazardous materials from an enclosure. 
The driving forces for ventilation flow can be wind and buoyancy (i.e. natural ventilation) 
(Linden 1999), mechanical ventilators (i.e. mechanical ventilation), or a combination of both 
(e.g. natural ventilation with mechanical exhaust) (Etheridge and Sandberg 1996, Awbi 
2003). In addition, one can resort to season-dependent hybrid ventilation in which 
mechanical ventilation with heat recovery is used during the winter and natural ventilation 
is used during the summer (Awbi 2007).    

Irrespective of the driving forces for ventilation, different ventilation methods can be 
distinguished. The most commonly applied ventilation methods are displacement 
ventilation and mixing ventilation (see Figure 1) (Etheridge and Sandberg 1996, Awbi 2007). 
The ventilation method chosen for the ventilation of a specific room depends, among 
others, on the room configuration, room occupation, designated function of the room, and 
the possible presence of heat, moisture and pollutant sources. Displacement ventilation is 
based on the injection of fresh air with relatively low velocities in the lower part of the 
room. Heat sources inside the enclosure cause a vertically directed airflow and the old room 
air is exhausted in the upper part of the room, resulting in a non-uniform distribution of air 
temperature, pollutants, etc. For this ventilation method internal heat sources are 
imperative, and therefore it is less suitable for application in residential buildings. Mixing 
ventilation is based on the injection of an air jet in the upper part of the room (Etheridge 
and Sandberg 1996, Awbi 2007). The momentum of the jet should ensure mixing of the 
fresh supply air with the room air, and the diluted air should subsequently be extracted 
from the room. Attachment of the jet to the ceiling, also known as the ‘Coanda effect’, is 
used to ensure that the supply air does not enter the occupant zone too early and helps 
preventing discomfort for the room occupants (Awbi 2003, 2007). In contrast to 
displacement ventilation, mixing ventilation does not rely on the presence of internal heat 
sources to ventilate the room and can therefore also be used in, but is not limited to, 
(nearly) isothermal cases. Whereas large gradients of heat, moisture and pollutants exist 
when using displacement ventilation, mixing ventilation can be characterized by relatively 
uniform distributions. 

2. Ventilation performance assessment methods 

In general, ventilation performance assessment can be conducted using seven different 
methods; an extensive overview of these methods, including their potential and 
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Fig. 1: Schematic representation of room airflow in case of: (a) displacement ventilation; (b) mixing 
ventilation. 
 
 

shortcomings is presented by Chen (2009). These seven methods are: (1) analytical models, 
(2) empirical models, (3) reduced-scale experiments, (4) full-scale experiments, (5) 
multizone network models, (6) zonal models and (7) Computational Fluid Dynamics (CFD). In 
the next subsections, the applicability of these methods for mechanical and natural 
ventilation performance assessment is addressed. 

2.1. Mechanical ventilation 

For mechanical ventilation studies one can resort to all above mentioned assessment 
methods. Performing reduced-scale and full-scale measurements are two of the possible 
methods. Although both methods can be used to assess the mechanical ventilation of an 
enclosure, both have their specific disadvantages and shortcomings. Full-scale 
measurements are only possible on-site, or when a mockup of the specific room is built. 
Furthermore, performing full-scale measurements with a high spatial resolution is not 
straightforward. Particle Image Velocimetry (PIV) measurements can provide data with a 
high spatial resolution, but this measurement system is also quite expensive and the cross-
sections of the room might be too large to conveniently measure with PIV. Therefore, one is 
normally restricted to performing point measurements, e.g. using hot-sphere or hot-wire 
anemometers. The application of PIV in reduced-scale models is more common due to the 
reduced dimensions. However, reduced-scale models can suffer from similarity 
requirements that need to be fulfilled. For isothermal flow the Reynolds number  
(Re = (UL)/ν) should be equal to the full-scale value, or for turbulent flows, exceed the 
threshold Re-value for turbulent flow. When buoyancy effects are taken into account, one 
should also fulfill the requirements for the Grashof (Gr = (βGH3(Tw-Tref))/ν2) and Richardson 
numbers (Ri = Gr/Re2). Instead of performing measurements, one can also resort to the use 
of analytical models or empirical models. One could question the ability of these methods to 
determine the room airflow for complex geometries with different kinds of openings, 
different heat sources, etc. Multizone models are more sophisticated models to calculate 
the ventilation flow in buildings, however, as stated by Mora et al. (2003) and Chen (2009), 
multizone models are not valid for large indoor spaces with non-uniform conditions due to 
the model assumption that the air in the room is well mixed. As a result, multizone models 
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cannot provide information on the spatial distribution of temperatures and pollutants inside 
an enclosure, which is, among others, present for displacement ventilation (Mora et al. 
2003, Chen 2009). A solution for these deficiencies is the use of a zonal model, which divides 
the room in a predefined number of cells. By performing the calculations for each cell one 
can obtain a non-uniform distribution of temperature, pollutants, etc., in a room  
(Chen 2009). Despite this advantage, this method has the disadvantage that it has a lower 
accuracy for airflows with strong momentum, since zonal models based on mass and energy 
balance equations do not solve the momentum equation in order to reduce the 
computational demand (Chen 2009). This deficiency can only be solved by using a modified 
zonal model. However, a modified zonal model does not reduce the computational demand 
to a great extent compared to steady Reynolds-averaged Navier-Stokes (RANS) CFD 
simulations on a course grid. Furthermore, Mora et al. (2003) compared the results 
obtained with various zonal models with the results of steady RANS CFD simulations on a 
coarse grid and concluded that the ventilation flow predicted with CFD on a coarse grid is 
already far more accurate than the predicted ventilation flow with the zonal models. CFD 
has, compared to measurements and analytical and empirical models, the additional 
advantages that information can be obtained with a high spatial resolution and for the 
entire flow domain, and that one can easily include heat transfer, pollutant dispersion, etc., 
in the computational model.   

2.2. Natural ventilation 

A large body of research exists on natural ventilation, based on theory, analytical work, 
experiments and numerical simulation with CFD. As stated earlier, natural ventilation is 
driven by wind and/or buoyancy. Therefore, the interaction of the indoor air with the 
outdoor air plays an important role in the prediction of natural ventilation flow and makes 
the performance assessment of natural ventilation slightly more complex than that of 
mechanical ventilation. CFD has some clear advantages compared to other approaches. 
Theoretical and analytical approaches are very valuable to provide general insights but are 
less suitable when complex geometrical configurations are involved. With full-scale (on-site) 
measurements, many of the influencing parameters (i.e. meteorological conditions) cannot 
be controlled and the meteorological conditions are intrinsically unsteady (Schatzmann and 
Leitl 2011). Furthermore, the measurements are usually only performed at a few sampling 
positions. In addition, on-site measurements are not an option in the design stage, when the 
buildings/rooms under study have not yet been constructed. Reduced-scale measurements 
in a wind tunnel allow controlling the boundary conditions (approach flow, temperatures, 
etc.), but the measurements are often only point measurements at a few selected positions. 
In addition, reduced-scale wind tunnel testing can suffer from similarity requirements that 
cannot be fulfilled, as already mentioned in subsection 2.1. This is particularly the case for 
large city models or buildings with small ventilation openings (Reynolds number effects), as 
well as for non-isothermal wind tunnel experiments (Gr and Ri numbers). The main 
advantages of CFD are that it allows full control over the influencing parameters and that it 
provides detailed information on all relevant parameters simultaneously in all points of the 
computational domain (whole flow-field data). Because the simulations can be performed at 
full scale, CFD simulations do not suffer from similarity requirements.  

Please note that a more extensive literature overview of previous ventilation studies, 
either mechanical or natural, is covered in the introductions of the papers in Chapters 2-9. 
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The work on mechanical and natural ventilation presented in this dissertation is based on 
full-scale and reduced-scale experiments and a wide variety of CFD simulations (i.e. RANS, 
Unsteady RANS (URANS) and Large Eddy Simulation (LES)). 

3. CFD for ventilation modeling 

Since the early work of Nielsen (1973, 1974, 1975) in the 1970s, the use of CFD to assess 
ventilation flow has increased tremendously. Nowadays, it is a primary method for assessing 
indoor airflow in buildings and other enclosures. Since the nineteen-seventies, a lot of work 
has been published on the numerical prediction of mechanical indoor ventilation flow  
(e.g. Awbi 1989, Chen and Jiang 1992, Jones and Whittle 1992, Kato et al. 1992, Gan and 
Awbi 1994, Murakami et al. 1994, Chen 1995, 1996, Nielsen 1998, Cao and Meyers 2012). 
The majority of these studies consisted of CFD simulations of mixing or displacement 
ventilation, either with or without buoyancy effects. Most CFD studies were conducted for 
fully turbulent flow and were carried out based on the steady RANS equations with a 
turbulence model to provide closure.  

In addition, a range of studies has been published on natural ventilation, i.e. ventilation 
with wind as one of the driving forces. Among others, Kato et al. (1997), Straw et al. (2000), 
Ohba et al. (2001), Jiang et al. 2004, Evola and Popov (2006), Wright and Hargreaves (2006), 
Yang et al. (2006), Cook et al. (2007), Horan and Finn (2008), Teitel et al. (2008), Norton et 
al. (2009), Ramponi and Blocken (2012a, 2012b) performed CFD simulations of natural 
ventilation using RANS or URANS. In addition, several publications report LES simulations of 
natural ventilation flow. Among other, Jiang and Chen (2001, 2002), Jiang et al. (2003) and 
Hu et al. (2008) performed LES simulations of natural ventilation flow.   

Despite all the advantages of CFD for the assessment of both mechanical and natural 
ventilation, the accuracy and reliability of the CFD simulations are main concerns, and 
therefore CFD verification and validation studies are imperative. Section 4 will address the 
use of experimental data to validate CFD models, both for mechanical ventilation studies as 
well as for natural ventilation studies. 

4. CFD validation 

A proper experimental data set for model validation is imperative for CFD studies. 
Guidelines for environmental modeling in general (Jakeman et al. 2006), best practice 
guidelines for CFD in industrial engineering (e.g. Casey and Wintergerste 2000), wind 
engineering (Franke et al. 2004, 2007, Blocken et al. 2007a, Tominaga et al. 2008, Blocken et 
al. 2011, 2012, Blocken and Gualtieri 2012) and best practice guidelines for room airflow 
modeling (Chen and Srebric 2001, Srebric and Chen 2002, Sørensen and Nielsen 2003, 
Nielsen et al. 2007, Chen 2009, Li and Nielsen 2011) stipulate the importance of model 
validation by comparison of the numerical results with full-scale or reduced-scale 
experiments. Model validation should ensure a proper representation of the reality by the 
used CFD model (Casey and Wintergerste 2000). In addition, from the starting point of the 
use of CFD in engineering, researchers have expressed the need for both model validation 
and for guidelines on how to use CFD correctly to limit simulation errors. In addition to the 
studies mentioned above, Baker et al. (1994), Williams et al. (1994a, 1994b), Nielsen (1990), 
Chen (1995, 1996), Chen and Srebric (2002), Nielsen (1998, 2004), Zhai et al. (2007) and 
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Zhang et al. (2007), among others, presented guidelines on numerical modeling and/or 
model validation and tested different turbulence models for different applications. In 
natural ventilation studies not only the indoor airflow should be validated, also the modeled 
atmospheric boundary layer (ABL) wind flow should be compared with experimental results 
to demonstrate the accuracy of the used computational model and settings. A range of 
additional papers has been published in the last decades concerning the specific use of CFD 
in wind engineering studies. Among others, Yoshie et al. (2007), Tominaga et al. (2008b), 
Tamura et al. (2008) provide guidelines on the numerical modeling of wind flow and, among 
others, Richards and Hoxey (1993), Blocken et al. (2007a, 2007b), Franke et al. (2007), 
Hargreaves and Wright (2007), Yang et al. (2009) and Gorlé et al. (2009) focused on the 
correct simulation of equilibrium atmospheric boundary layers in computational domains.  

In indoor airflow literature no clear consensus can be found on which turbulence models 
should be used for room airflow modeling. Two of the most popular turbulence models are 
the Renormalization Group (RNG) k-ε model (Yakhot et al. 1992) and the Shear Stress 
Transport (SST) k-ω model (Menter 1994), which are both linear eddy-viscosity models. 
However, an increasing number of studies is using second-order models (e.g. Reynolds 
Stress Model (RSM)) to more accurately take into account the effect of the Reynolds 
stresses, and even LES is used more often to increase the accuracy and to include unsteady 
flow features. The lack of consensus on which turbulence model should be used is at least 
partly attributed to the large variety in indoor geometries and physical conditions in 
previous studies and to the large number of parameters influencing the airflow patterns in 
rooms. As a result, irrespective of the turbulence model used, CFD simulations of indoor 
airflow should always be validated by comparison with experimental results for the studied 
specific flow problem.  

The lack of agreement on which turbulence model should be used is also present in wind 
engineering studies. Although the realizable k-ε model by Shih et al. (1995) has been used 
successfully in previous studies, there is no clear statement in literature on which 
turbulence model provides the best results. Franke et al. (2004) recommend avoiding the 
use of the standard k-ε model; more advanced linear eddy viscosity models like the RNG k-ε 
or the realizable k-ε model are stated to provide better results. Franke et al. (2004) mention 
that ideally one should use non-linear eddy viscosity models or Reynolds Stress Models to 
take into account the anisotropy of the Reynolds stresses. The COST1 Action 723 (Best 
practice guidelines for the CFD simulation of flows in the urban environment) does not 
provide an advice concerning the choice of a turbulence model for the numerical prediction 
of wind flow, instead they stipulate the importance of model validation (Franke et al. 2007). 
Tominaga et al. (2008) provide guidelines for the use of CFD for the prediction of pedestrian 
wind environments around buildings and come to similar conclusions as Franke et al. (2004, 
2007). However, they mention that the use of non-linear eddy viscosity and Reynolds Stress 
Models has not yet been tested thoroughly; therefore, no conclusions on the prediction 
accuracy of these models can be given. During the last decades, an increasing number of 
studies has been published in which LES simulations are used to simulate the ABL wind flow 
in CFD. However, the use of LES entails a large increase in computational cost and its use for 
wind flow studies is therefore not widespread.  

                                                       
1 COST = European Cooperation in Science and Technology 



Chapter 1 – Introduction 
 

6 

5. Problem statement and methodology  

5.1. Transitional ventilation flow  

A wide range of experimental and numerical studies have been conducted in the past to 
analyze the flow patterns associated with ventilation in general and with forced mixing 
ventilation in particular. However, the vast majority of these ventilation studies focused on 
Re-values that are considered to be within the turbulent regime. Note that the slot Reynolds 
number Re is defined as Re = U0h/ν, with U0 the inlet velocity (m/s), h the inlet height (m) 
and ν the kinematic viscosity of the fluid (m2/s) (Fig. 2a). Low values of Re can indicate the 
presence of a transitional flow regime inside the room, which can be distinguished from 
turbulent flow by the presence of relatively large coherent structures (vortices)  
(see Fig. 2b,c). Several publications (e.g. Chen and Jiang 1992, Murakami et al. 1994, Nielsen 
et al. 2000, Sørensen and Nielsen 2003, Wang and Chen 2009, Li and Nielsen 2011), have 
indicated the fact that transitional flow can be present in different types of room airflow, 
either in the supply jet region or in other regions of low velocities (e.g. corners of the room, 
vicinity of buoyant plumes). However, to the best knowledge of the author, only a limited 
number of studies has dealt with room airflow at transitional slot Reynolds numbers so far, 
either experimentally or numerically. To be able to come to a conclusion regarding the 
capability of CFD to predict transitional room airflow, high-quality experimental data sets 
should be available. The lack of such a data set, and subsequently the lack of consensus on 
the capabilities of CFD to predict transitional room airflow are the primary reasons for the 
work performed on this topic for a mixing ventilation case, and which is presented in Part I; 
Chapters 2-5. Please note that the modeling of transitional flow is not only an issue of 
concern in ventilation modeling, but also in medical studies (e.g. Rayz et al. 2007, Tan et al. 
2007), mechanical engineering (e.g. Huiren and Songling 1991, Abraham et al. 2008), etc.  

In addition, it is of interest to know whether steady RANS models can predict pollutant 
dispersion in a room with sufficient accuracy. Steady RANS models often employ the 
standard gradient-diffusion hypothesis, in which the turbulent mass fluxes are related to the 
mean mass gradient using the turbulent (or eddy) mass diffusivity. The validity of this 
 

 

 
Fig. 2: (a) Schematic representation of forced mixing ventilation. The slot Reynolds number is defined 
as Re = U0h/ν, with U0 the inlet velocity (m/s), h the inlet height (m) and ν the kinematic viscosity 
(m2/s). Visualizations of a free jet: (b) transitional free plane jet (Re = 1,900); (c) fully turbulent free 
plane jet (Re = 3,800) (modified from Gogineni and Shih 1997).  
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hypothesis has been tested for dispersion in urban areas by Gousseau et al. (2011, 2012). 
However, to the knowledge of the author, no previous work has been published in which 
the accuracy of this hypothesis for indoor dispersion modeling has been tested by 
comparing steady RANS with high-quality LES simulations. 

5.2. Natural ventilation: coupled CFD simulations and validation 

As stated in Section 1 of this chapter, natural ventilation is driven by wind, buoyancy, or 
most often a combination of both. To incorporate wind effects on the indoor airflow one 
can resort to the use of pressure coefficients as boundary conditions for the indoor airflow 
(decoupled approach), or one can model the atmospheric boundary layer (ABL) wind flow 
and the indoor airflow simultaneously in the same computational domain (coupled 
approach). The use of coupled CFD simulations is preferable, since the accuracy of the 
decoupled approach can easily be compromised due to the simplifications made. Often, 
only pressure is passed from the outdoor to the indoor environment by means of pressure 
coefficients at the boundary, and assumptions are made in terms of discharge coefficients 
and expansion coefficients. 

To the knowledge of the authors, papers in which coupled CFD simulations of natural 
ventilation of a complex building in an urban environment and for which all guidelines have 
been taken into account are relatively scarce. In addition, coupled CFD simulations require 
validation for both the ABL wind flow and for the indoor airflow, which demands detailed 
experimental data sets including all relevant meteorological and environmental parameters. 
However, in contrast to many mechanical ventilation studies, it is not always possible to 
perform reduced-scale measurements due to similarity requirements that cannot be 
fulfilled. Therefore, one has to resort to the use of full-scale measurements in these cases. 
The combination of a complex natural ventilation study with the use of such a full-scale 
experimental data set for model validation would provide a unique contribution to the state 
of the art in natural ventilation research.  

Part II of this dissertation (Chapters 6-9) presents a detailed natural ventilation study of a 
complex semi-enclosed building in an urban environment. For this study, coupled CFD 
simulations have been conducted, which are in accordance with the best-practice-guidelines 
mentioned above. A new presented grid-generation technique has been used in which the 
geometry and the mesh in the vicinity of ventilation openings in building facades can be 
accurately controlled. The results of the high-quality coupled CFD simulations have been 
compared with a unique full-scale experimental data set, including measurements of wind 
velocity, temperature, relative humidity and CO2 concentration.  

6. Dissertation outline  

The dissertation consists of two parts: (I) experimental and numerical study on 
isothermal transitional mixing ventilation in an idealized generic reduced-scale model;  
(II) experimental and numerical study on mixing ventilation in a full-scale complex enclosure 
in an urban environment, driven by both wind and buoyancy. Note that the full-scale 
measurements reported in Part II were performed during the master thesis period of the 
author, however, the detailed analysis of the measurements (Chapter 6) and the reported 
simulations (Chapters 7-9) were conducted during the PhD period of the author. A detailed 
overview of the work is provided below. 
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Part I: Transitional mixing ventilation: generic study  

 
Chapter 2 is based on the journal paper:  

 
van Hooff T, Blocken B, Defraeye T, Carmeliet J, van Heijst GJF, 2012a. PIV measurements 
and analysis of transitional flow in a reduced-scale model: ventilation by a free plane jet 
with Coanda effect. Building and Environment 56: 301-313.  
 

It presents a reduced-scale experimental setup to study ventilation flow at low Reynolds 
numbers (transitional flow). More specifically, the reduced-scale model was used to perform 
PIV measurements of mixing ventilation flow at transitional slot Reynolds numbers for a free 
plane jet in generic room configuration. The inlet height for the studied configuration was 
h/L = 0.0667, with L the characteristic dimension of the cubic test section (L = 0.3 m). Flow 
visualizations were conducted for a range of Reynolds numbers to find the transitional flow 
regime. The focus of the PIV measurements was on the Coanda effect, by which the plane 
free jet is converted into an attached wall jet. Furthermore, the time-averaged quantities 
are presented, which can be used to validate turbulence models for low Re-number 
ventilation flow.  
 
Chapter 3 is based on the journal paper: 
 

van Hooff T, Blocken B, Defraeye T, Carmeliet J, van Heijst GJF, 2012b. PIV measurements 
of a plane wall jet in a confined space at transitional slot Reynolds numbers. Experiments 
in Fluids 53(2): 499-517.  
 

It consists of a second set of PIV measurements of forced mixing ventilation flow. The 
experimental setup is to a large extent the same as the one presented in Chapter 2. 
However, these experiments were conducted for an inlet height h/L = 0.1, which 
corresponds to a plane wall jet issued from a smooth contraction. The PIV measurements 
focused on both the instantaneous and the time-averaged velocity fields, as well as on the 
turbulence intensity. In addition, the Strouhal number and instantaneous vorticity fields 
were studied. Please note that the symbols and notations in this paper deviate from those 
used in Chapter 2. The paper presented in Chapter 2 has been written for the building 
physics community, while the paper presented in Chapter 3 aims at a public of 
(experimental) physicists: both research communities are accustomed to different symbols 
and notations.    
 
Chapter 4 is based on the journal paper: 
 

van Hooff T, Blocken B, van Heijst GJF, 2012c. On the suitability of steady RANS CFD for 
forced mixing ventilation at transitional slot Reynolds numbers. Indoor Air: 
doi:0.1111/ina.12010.  

 
It presents steady RANS CFD simulations of forced mixing ventilation at transitional slot 
Reynolds numbers (van Hooff et al. 2012c). The experimental data set presented in Chapter 
3 is used to assess the capability of four commonly used RANS turbulence models to predict 
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transitional room airflow. Three popular linear two-equation models were tested, as well as 
one second-order closure model (Reynolds Stress Model (RSM)). Both the dimensionless 
velocities and the values of turbulent kinetic energy were compared on three vertical lines 
in the enclosure. In addition, the air exchange efficiency was calculated using the four 
different turbulence models. 

 
Chapter 5 is based on the journal paper: 

 
van Hooff T, Blocken B, Gousseau P, van Heijst GJF, 2012d. Analysis of the validity of the 
standard gradient-diffusion hypothesis for indoor dispersion modeling in a slot-ventilated 
enclosure. Submitted. 
 

In addition to the correct prediction of the time-averaged flow pattern, it is of interest to 
see whether steady RANS models can predict the dispersion of pollutants in a room with 
sufficient accuracy, which is presented in Chapter 5. CFD simulations with steady RANS 
models often employ the standard gradient-diffusion hypothesis, in which the turbulent 
mass fluxes are related to the mean mass gradient using the turbulent (or eddy) mass 
diffusivity. The validity of this hypothesis is tested. In addition, the relative influence of 
convective and turbulent mass fluxes in the transport process was analyzed and the role of 
these fluxes in the prediction accuracy of RANS and LES simulations was clarified.  
 

Part II: Natural mixing ventilation: case study 

 
Chapter 6 is based on the journal paper: 
 

van Hooff T, Blocken B, 2012a. Full-scale measurements of indoor environmental 
conditions and natural ventilation in a large semi-enclosed stadium: possibilities and 
limitations for CFD validation. Journal of Wind Engineering and Industrial Aerodynamics 
104-106: 330-341.  

 
It presents an analysis of full-scale measurements of thermal conditions and natural 
ventilation in a large semi-enclosed stadium in Amsterdam, the Netherlands (van Hooff and 
Blocken 2012a). Due to similarity requirements (Re, Gr, Ri) that could not be fulfilled in the 
wind tunnel, one had to resort to full-scale measurements to obtain a reliable data set for a 
realistic summer situation. The repeatability of full-scale measurements of air temperature, 
water vapor concentration, CO2 concentration and wind velocity was assessed on three 
consecutive evenings.  
 
Chapter 7 is based on the journal paper: 
 

van Hooff T, Blocken B, 2010a. Coupled urban wind flow and indoor natural ventilation 
modelling on a high-resolution grid: A case study for the Amsterdam ArenA stadium. 
Environmental Modelling & Software 25(1): 51-65. 
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It presents a coupled CFD modeling approach for urban wind flow and indoor natural 
ventilation of a large semi-enclosed stadium on a high-resolution grid (van Hooff and 
Blocken 2010a). The computational grid was constructed using a specific procedure to 
efficiently and simultaneously generate the complex geometry and the high-resolution 
body-fitted grid for both the outdoor and indoor environment, based on translation and 
rotation of pre-meshed cross-sections. The natural ventilation of the current configuration, 
as well as alternative ventilation configurations were analyzed. A grid-sensitivity study was 
performed using three different grids. The coupled CFD simulations were validated using 
full-scale (on-site) wind velocity measurements. 
 
Chapter 8 is based on the journal paper: 
 

van Hooff T, Blocken B, 2010b. On the effect of wind direction and urban surrounding on 
natural ventilation of a large semi-enclosed stadium. Computers & Fluids 39: 1146-55. 

 
It presents a CFD analysis of the influence of wind direction and urban surroundings on the 
computed air exchange rate. The computational model of the stadium was the same as the 
current stadium configuration studied in Chapter 7. To assess the influence of the wind 
direction and urban surroundings, simulations were performed for eight wind directions and 
for a computational model with and without the surrounding buildings.  
 
Chapter 9 is based on the journal paper: 
 

van Hooff T, Blocken B, 2012b. CFD simulation of natural ventilation of indoor 
environments by the concentration decay method: CO2 gas dispersion  
from a large semi-enclosed stadium. Submitted.      
 

It presents non-isothermal unsteady RANS CFD simulations of CO2 concentration decay from 
the semi-enclosed Amsterdam ArenA stadium (van Hooff and Blocken 2012b). A comparison 
was made between the CO2 concentration decay curves obtained with these unsteady CFD 
simulations and the measured CO2 concentration decay curves. The boundary conditions for 
the CFD simulations were taken equal to the measured ones. The validated model was used 
to detect regions with lower ventilation efficiencies, i.e. stagnant regions and recirculation 
zones inside the stadium, and to determine the ACH of the stadium using the CO2 
concentration decay method. 
 
Chapter 10 provides a discussion on the research and recommendations for future work are 
listed. Finally, Chapter 11 (summary and conclusion) concludes this dissertation. 
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PIV measurements and analysis of transitional flow in a 
reduced-scale model: ventilation by a free plane jet with 
Coanda effect  

van Hooff T, Blocken B, Defraeye T, Carmeliet J, van Heijst GJF, 2012. Building and 
Environment 56: 301-313. 
 
 

Abstract 

Knowledge of indoor ventilation airflow is essential for creating a healthy, comfortable and 
energy-efficient indoor climate in buildings, airplanes, cars, ships, etc. In the past decades, 
numerical methods such as Computational Fluid Dynamics (CFD) have become primary tools 
to assess indoor airflow. However, validation of numerical simulations by high-quality 
experimental data is imperative. Although a lot of studies have focused on experimental 
data for turbulent ventilation flow, there is a lack of experimental data for transitional 
ventilation flow. Transitional ventilation flow is in general associated with relatively low air 
velocities inside the enclosure. This paper presents detailed Particle Image Velocimetry (PIV) 
measurements and an analysis of transitional flow in a ventilated enclosure. The isothermal 
forced mixing ventilation flow is driven by a transitional plane jet. The measurements are 
performed in a reduced-scale water-filled model for slot Reynolds numbers ranging from 
800 to 2,500. Flow visualizations indicate that this range of Reynolds numbers results in 
transitional flow, including the development of large coherent structures in the outer region 
of the jet. The measurements are analyzed in terms of mean velocity near the inlet and in 
the entire flow domain, and in terms of turbulence intensity and vorticity. Specific attention 
is given to the Coanda effect by which the free plane jet develops into a wall jet. The 
experimental data and analysis are specifically intended to support the development and 
validation of numerical models for ventilation flow.  

 

Keywords: transitional flow; enclosed space; forced mixing ventilation; Particle Image 
Velocimetry (PIV); model validation; Coanda effect 
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1. Introduction 

The accurate prediction of ventilation flow is important for creating a healthy, 
comfortable, sustainable and energy-efficient indoor climate in buildings, airplanes, cars, 
ships, etc., by removing pollutants, excess heat and moisture and, in extreme cases, fire, 
smoke and biochemical species. An extensive overview of methods for ventilation studies in 
rooms or other types of enclosures has been provided by Chen (2009). These methods are: 
analytical models (e.g. Linden 1999, Coffey and Hunt 2007, Ji et al. 2007), empirical models 
(e.g. Cockroft and Robertson 1976, Crommelin and Vrins 1988, Alocca et al. 2003, Larsen 
and Heiselberg 2008), reduced-scale experiments (e.g. Nielsen 1974, 1990, Crommelin and 
Vrins 1988, Kato et al. 1992, Hunt and Linden 1999, Straw et al. 2000, Ohba et al. 2001, Jiang 
et al. 2003, Karava et al. 2007, Norton et al. 2009, Karava et al. 2011), full-scale experiments 
(e.g. Zhang et al. 2000, Yang et al. 2006, Gao et al. 2008, Wang and Chen 2009, 2010, van 
Hooff and Blocken 2010a, Rundle et al. 2011, Magnier et al. 2012), multizone network 
models (e.g. Wang and Chen 2007, 2008, Firrantello et al. 2007), zonal models (e.g. Inard et 
al. 1996, Rees and Haves 2001, Voeltzel et al. 2001, Song et al. 2008) and Computational 
Fluid Dynamics (CFD) (e.g. Nielsen 1974, 1990, 1998, Chen 1995, 1996, Hunt and Linden 
1999, Ohba et al. 2001, Jiang and Chen 2002, Allocca et al. 2003, Cook et al. 2003, 
Heiselberg et al. 2004, Wright and Hargreaves 2006, Yang et al. 2006, Ji et al. 2007, Gao et 
al. 2008, Horan and Finn 2008, Hu et al. 2008, Teitel et al. 2008, Norton et al. 2009, Wang 
and Chen 2009, 2010, van Hooff and Blocken 2010a, 2010b, Blocken et al. 2011, Li and 
Nielsen 2011, Rundle et al. 2011, van Hooff et al. 2011, Ramponi and Blocken 2012). Chen 
(2009) discussed all seven methods with their potential and shortcomings. Since the early 
work of Nielsen (1974) in the 1970s, the use of CFD to assess indoor airflow has increased 
tremendously (e.g., Chen 2009, Li and Nielsen 2011). Nowadays, it is a primary method for 
assessing indoor airflow in buildings and other enclosures (e.g. Chen 1995, 1996, Nielsen 
1998, Jiang and Chen 2002, Cook et al. 2003, Heiselberg et al. 2004, Wright and Hargreaves 
2006, Yang et al. 2006, Hu et al. 2008, Horan and Finn 2008, Teitel et al. 2008, Chen 2009, 
Norton et al. 2009, van Hooff and Blocken 2010b, Blocken et al. 2011, Li and Nielsen 2011, 
van Hooff et al. 2011, Ramponi and Blocken 2012). Best practice guidelines for CFD in 
industrial engineering (Casey and Wintergerste 2000, Chen and Srebric 2001, 2002, Srebric 
and Chen 2002, Franke et al. 2004, 2007, Tominaga et al. 2008, Blocken et al. 2011, Blocken 
et al. 2012) and overview publications of room airflow modeling (Sørensen and Nielsen 
2003, Chen 2009, Li and Nielsen 2011) stipulate the importance of model validation by 
comparison of the numerical results with the results of full-scale or reduced-scale 
experiments. Model validation should ensure a proper representation of the reality by the 
used CFD model (Casey and Wintergerste 2000). 

Although reduced-scale experiments can suffer from scaling problems associated with 
combined modeling of inertial and buoyancy forces, they also have several major 
advantages, such as the lower cost and the more straightforward application of Particle 
Image Velocimetry (PIV) compared to full-scale experiments. PIV indeed enables the 
collection of high-quality data in the reduced-scale setup, which is less straightforward in a 
full-scale setup due to the large field of view that is required (Chen 2009).  

The most commonly applied ventilation methods are displacement ventilation and 
mixing ventilation. Whereas displacement ventilation consists of injecting the air with 
relatively low velocities in the lower part of the room, mixing ventilation is based on the 
injection of an air jet in the upper part of the room (Etheridge and Sandberg 1996, Awbi 
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2007). The momentum of the jet should ensure mixing of the fresh supply air with the room 
air, and the diluted air should subsequently be extracted from the room. Attachment of the 
jet to the ceiling, also known as the ‘Coanda effect’, is used to ensure that the supply air 
does not enter the occupant zone too early and helps preventing discomfort for the room 
occupants (Awbi 2003, 2007). Several experimental studies have been conducted in the past 
to analyze the flow pattern associated with forced mixing ventilation. However, the vast 
majority of these ventilation studies focused on slot Reynolds numbers (Re) that are 
considered to be within the turbulent regime (e.g. Nielsen et al. 1978, Nielsen 1990, Chen 
1996, 1996, Nielsen 1998, Zhang et al. 2000). The slot Reynolds number, based on the inlet 
height, can be defined as Re = (U0h)/ν with U0 the characteristic inlet velocity (m/s), h the 
slot height (m) and ν the kinematic viscosity (m2/s). Low values of Re can indicate the 
presence of a transitional flow regime inside the room, which can be distinguished from 
turbulent flow by the presence of relatively large coherent structures (vortices). Several 
publications (Etheridge and Sandberg 1996, Topp et al. 2000, Nielsen et al. 2000, Davidson 
et al. 2000, Sørensen and Nielsen 2003, Wang and Chen 2009, 2010, Li and Nielsen 2011) 
have indicated the fact that transitional flow can be present in different types of room 
airflow, either in the supply jet region or in other regions of low velocities (e.g. corners of 
the room, vicinity of buoyant plumes). The aforementioned studies have indicated the 
importance of transitional flow in general, and the modeling of transitional flow in room 
airflow studies in particular. However, to the knowledge of the authors, only a limited 
number of studies has dealt with room airflow at transitional slot Reynolds numbers so far, 
either experimentally or numerically. These are briefly discussed below.  

Nielsen et al. (2000), Topp et al. (2000) and Davidson et al. (2000) performed 
measurements and numerical simulations of forced mixing ventilation at transitional slot 
Reynolds numbers. The measurements of room airflow resulting from a plane wall jet were 
performed using hot-sphere anemometers at low Reynolds numbers (Re ≈ 79-770). The 
depth of the enclosure was 4.2 m; the inlet height was limited to 0.02 m. From their 
measurements they concluded that the velocity profiles fitted neither a laminar nor a 
turbulent relation and the flow could thus be regarded as transitional. Wang and Chen 
(2009, 2010) performed point measurements of airflow in a simplified model of an airline 
cabin using hot-sphere and ultrasonic anemometers. Their measurements were conducted 
for Re = 2,600, which was reported to result in transitional flow. However, in contrast to the 
experiments in the present paper, the wall jet in their study was fully turbulent, while the 
transitional flow regime was present in other areas of the enclosure. The main objective of 
their measurements was to create benchmark data to validate CFD simulations. Van Hooff 
et al. (2012) performed PIV measurements of a transitional wall jet in an enclosure. Their 
primary aim was to analyze the flow properties of the jet for a range of transitional Re-
values.  

This paper presents PIV measurements and an analysis of isothermal forced mixing 
ventilation in a cubical enclosure driven by a transitional plane jet. The study is motivated by 
the fact that most experimental forced mixing ventilation studies in the past have been 
conducted for values of Re that are considered to be within the turbulent regime. To the 
knowledge of the authors, experimental studies on transitional indoor airflow are scarce. As 
opposed to our previous study (van Hooff et al. 2012), the present study focuses on a jet 
that is injected at a distance from the ceiling (not as a wall jet), which allows investigating 
the Coanda-effect. In addition, this study is specifically intended to provide experimental 
data for the development and validation of numerical models. First, the experimental setup 
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is described in Section 2. In Section 3, flow visualizations are used to demonstrate the 
presence of transitional flow for the experiments in this paper. A description of the PIV 
measurement setup is given in Section 4, after which the results of the PIV measurements 
are shown and analyzed in Section 5. A discussion (Section 6) and conclusions (Section 7) 
conclude the paper. 

2. Experimental reduced-sale setup 

A reduced-scale model (1:6.67) of an existing 2 x 2 x 2 m3 air-filled enclosure has been 
built to perform flow visualizations and PIV measurements of forced mixing ventilation. The 
reduced-scale experimental setup is operated with water as fluid medium for purposes of 
dynamic similarity (Re). It consists of (Fig. 1): (1) a water column to drive the flow by 
hydrostatic pressure; (2) a flow conditioning section; (3) a cubic test section with dimensions 
0.3 x 0.3 x 0.3 m3 (L3); and (4) an overflow. The conditioning section in front of the inlet 
consists of one honeycomb, three screens and a contraction to minimize the turbulence 
level at the inlet. The hexagonal honeycombs (type ECM 4.8/77) have a diameter dh of 4.8 
mm and reduce the lateral components of mean velocity, the lateral turbulence intensities 
and the larger turbulent eddies. The length to diameter ratio of the honeycomb is 10.4 (Lh = 
50 mm) (Fig. 2a,b). To reduce the longitudinal components of turbulence and the mean-
velocity gradients, three screens are positioned between the honeycombs and the 
contraction. Bradshaw (1965) stated that the porosity should be larger than 57% to 
optimally reduce the turbulence. The three screens have porosities of 72%, 65% and 60%, 
and thread diameters of 1.6 mm, 1.0 mm and 0.4 mm, respectively. The screen porosity 
reduces towards the inlet in order to achieve the lowest level of turbulence (Groth and 
Johansson 1988). The contraction further reduces the velocity gradients and turbulence 
intensities by accelerating the flow (Fig. 2c,d). The shape of the contraction is based on the 
fifth-order polynomial of Bell and Mehta (1988), which has been optimized by Brassard and 
Ferchichi (2005) by adding the coefficient α:  
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with ξ the normalized length of the contraction, hg the normalized height of the contraction, 
Lc the length of the contraction and Hi and He the heights of the contraction inlet and the 
contraction outlet, respectively, as indicated in Figure 2c. The length Lc of the contraction is 
0.09 m, He is 0.03 m and Hi is 0.09 m. Defraeye (2006) found an optimum value for α of 0.5 
based on CFD simulations, resulting in flow acceleration in the contraction without inducing 
flow separation. The overflow behind the test section is fitted with a block containing two 
STAD TA20 balancing valves (Fig. 1), enabling a step-wise adjustment of the volume flow 
rate through the test section2. The 2 m high rectangular construction containing the water 
column is provided with inlet openings every 0.146 m to be able to vary the static pressure 
imposed by the water column. Inside this construction a screen has been added to limit the 

                                                       
2 Note that the water is collected in a water tank positioned below the valves. The collected water is 

returned to the water column by a water pump.  



Chapter 2 – PIV measurements – free plane jet 
 

23 

turbulence caused by the insertion of return water. The test section has edges of 0.3 m (L) 
and is constructed from glass plates with a thickness of 8 mm (Fig. 3a).  
 
 

 
Fig. 1: Reduced-scale setup for the flow visualizations and PIV measurements: (1) water column; (2) 
flow conditioning section in front of the inlet, (3) test section, (4) overflow, and the valves that are 
placed in a block downstream of the overflow. Dimensions in mm. 
 
 

Dimensionless coordinates are obtained using the characteristic dimension of the test 
section L (Fig. 3a) (x/L, y/L, z/L). The inlet width (wi) is 0.3 m (wi/L = 1) and the dimensionless 
inlet height (= h/L) can be varied from 0 to 0.1. For this study h/L is fixed at 0.067 (h = 20 
mm). The top edge of the inlet is located at 5 mm from the top surface (y/L = 0.9833). The 
height of the outlet is fixed at houtlet/L = 0.0167 (houtlet = 5 mm). The slot Reynolds number is 
defined based on the inlet height as Reslot = Re = U0h/ν, with U0 the area-averaged inlet 
velocity based on the volume flow rate through the inlet3 and ν the kinematic viscosity at 
room temperature (≈ 20°C). The maximum local velocity UM (Fig. 3b) is used to make the 
velocities non-dimensional (U/UM). Note that UM is defined as the local maximum  
time-averaged x-velocity, and thus varies with both x/L and Re. The distance from the top 
wall to the location of UM is yM, whereas the distance from the bottom wall to the location 

                                                       
3 The volume flow rate is determined by collecting and weighing the water that is exhausted through 

the valves in the overflow.  
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of UM is yC (Fig. 3b). Both distances are made non-dimensional using the length L. The  
z-component of the vorticity is a useful quantity to characterize the flow in the vertical 
midplane (z/L = 0.5), and is defined as ωz = (∂v/∂x) - (∂u/∂y), which is made dimensionless 
using the inlet height h and the maximum local velocity UM as ωz′ = ωzh/UM.  

 

 
Fig. 2: (a) Honeycomb geometry: dh = 4.8 mm, Lh = 50 mm. (b) Picture of honeycomb. (c) Illustration 
of the contraction indicating the parameters Hi, He, Lc. (d) Conditioning section of the reduced-scale 
setup. The contraction and one of the screens can be distinguished.  
 
 

Fig. 3: (a) 3D representation of the test section of the experimental setup, depicting the coordinate 
system, the inlet height h, the outlet height houtlet and the dimensions of the test section L3. (b) 2D 
schematic representation of the plane jet with I the inner region, II the outer region, UM the 
maximum velocity, yM the distance from the top wall to the location of UM and yC the distance from 
the bottom wall to the location of UM. 
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3. Qualitative flow information  

To ensure that the PIV measurements are conducted for Re-values in the transitional 
regime, flow visualizations were performed to obtain qualitative information on the flow 
pattern. A solution of fluorescein in water was injected into the flow field in the vertical 
center plane (z/L = 0.5) (Fig. 4a). A slide projector was installed above the test section to 
illuminate the fluorescent solution. An analysis of the flow pattern was made using 
recordings on video and photo camera, both devices were positioned perpendicular to the 
vertical center plane. 
Flow visualizations were performed for Re ranging from 300 to 3,700. Figures 4(b-d) show 
instantaneous images of flow in the vertical center plane for Re ≈ 1,000, 1,750 and 2,500. 
For these Re-values, a transitional flow regime is observed. The presence of coherent 
structures is clearly visible in Figure 4b (Re ≈ 1,000). Although the presence of large-scale 
vortical structures in the outer region of the jet becomes less clear due to an increase of 
turbulence, they can still be distinguished for Re-values of 1,750 and 2,500 (Fig. 4c,d). 
 

  
Fig. 4: (a) Overview of the reduced-scale setup during flow visualizations. (b,c,d) Instantaneous 
images of the flow pattern in the vertical center plane of the enclosure for h/L = 0.067 and for three 
different Re-values; Re ≈ 1,000 (b); Re ≈ 1,750 (c); Re ≈ 2,500 (d).  
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The observed large-scale vortices are the result of the free shear layer that is situated in the 
outer region of the wall jet. From these flow visualizations it can be concluded that 
transitional flow is present for Re up to at least 2,500. Therefore, PIV measurements were 
conducted for Re ranging from 800 to 2,500.  

4. PIV measurement setup 

The PIV measurements were conducted using a 2D PIV system consisting of a Nd:Yag 
(532 nm) double-cavity laser (2 x 200 mJ, repetition rate < 10 Hz) to illuminate the field of 
view, and a CCD (Charge Coupled Device) camera (1376 x 1040 pixel resolution, max. 10 
frames/s) for image acquisition. The laser was mounted on a translation stage and was 
positioned above the cubic test section to create a laser sheet in the vertical center plane 
(z/L = 0.5). The CCD camera was positioned perpendicular to the laser sheet plane (Fig. 5). 
Seeding of the water was provided by hollow glass micro spheres (3M; type K1) with 
diameters in the range of 30 – 115 μm.  

In order to determine reliable time-averaged flow quantities, sufficient statistically-
independent (uncorrelated) samples (i.e. PIV vector fields resulting from double image 
pairs) had to be acquired. Therefore, the PIV image acquisition frequency has to be 
sufficiently low. The required measuring frequency was estimated from the integral length 
scale (= inlet height h) and the characteristic velocity (i.e. inlet velocity U0) and was set to 2 
Hz. Each measurement set consisted of 360 uncorrelated samples, resulting in a sampling 
time of 180 seconds. The best practice guidelines of Prasad (2000) were taken into account 
to minimize the systematic uncertainty of the PIV measurements. More information on PIV 
measurements can be found in Adrian and Westerweel (2011). 

Two sets of PIV measurements were performed in the vertical center plane of the test 
section. The first set concerns the entire cross-section of the cube, i.e. a region of interest 
(ROI) of L x L (Fig. 5; ROI1). The second set is focused on a smaller region of interest of 
  
 

 
Fig. 5: PIV measurement setup; the laser head is positioned above the test section using a translation 
stage. The measurement planes are indicated with ROI1 and ROI2; ROI1 indicates the region of 
interest (L x L) for the first measurement set, ROI2 indicates the region of interest of 0.6L x 0.4L (W x 
H) for the second measurement set. 
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0.6L x 0.4L (W x H) in the proximity of the inlet to be able to measure with a higher spatial 
measuring resolution (Fig. 5; ROI2). This provides more detailed information in this area 
with expected large velocity gradients as a result of the boundary layer and shear layer 
flows. This type of information concerning the inlet conditions is important to determine the 
boundary conditions for future numerical simulations.  

5. PIV measurement results 

5.1. Time-averaged velocity vector fields 

Figure 6 shows time-averaged velocity vector fields for Re-values of 1,000, 1,750 and 
2,500 and for the two regions of interest. Figures 6(a,c,e) show the large recirculation cell in 
the cube, which is driven by the jet. In addition, two smaller recirculation cells are 
distinguished in the upper right corner and the lower left corner. The flow pattern for these 
three Re-values appears to be almost identical. Figures 6(b,d,f) show the velocity vectors in 
the close vicinity of the inlet. Figure 6b shows a small recirculation cell near the inlet and 
below the jet, which becomes smaller with increasing Re (Fig. 6d) and cannot be 
distinguished for Re ≈ 2,500 (Fig. 6f). The Coanda effect cannot be clearly distinguished in 
these vector fields due to the fact that only 1 out of 4 vectors, in both x- and y-direction, is 
depicted. Therefore profiles of important flow properties will be presented in the next 
subsections. 

5.2. Time-averaged velocity profiles near the inlet 

Figure 7 shows vertical profiles of U/UM obtained from the PIV measurements in ROI2 at 
three different downstream locations: x/L = 0.07, x/L = 0.27 and x/L = 0.47. Figure 7a seems 
to indicate that the differences between the profiles for the different Re-values are most 
pronounced below the jet and are relatively small. However, Figures 7(d,e) show that a  
top-hat profile is present at x/L = 0.07 for the lower Re-values, while the profile develops to 
a nearly parabolic profile with increasing Re. This is associated with an increasing thickness 
of the boundary layer and a decrease of the width of the potential core wp (for which  
UM = U0). Figure 8a shows the width of the potential core (wP/L) at x/L = 0.07, indicating a 
decrease in wP/L with increasing Re. Figure 8b depicts the boundary layer thickness δ/L at 
x/L = 0.07, indicating the location where U/UM = 0.99. At this location, the boundary layer 
thickness increases with increasing Re4. 

Below the jet (y/L < 0.9) the values of U/UM increase with increasing Re (Figs. 7a-c). 
Figure 7a shows that for Re < 1,200, U/UM is negative for 0.84 < y/L < 0.90, indicating the 
presence of the small recirculation cell near the bottom of the jet. Figure 7b shows the 
profiles of U/UM at x/L = 0.27. At this location the differences in the inner region of the jet 
are still small, but the differences in the outer region have increased. At y/L = 0.9, U/UM for 
 

                                                       
4 Note that this observation is probably caused by the transformation of the free jet into a wall 

jet. In contrast to the observations above, the thickness of a boundary layer should decreases when 
turbulence levels increase (increase of Re). Due to an increase in turbulent mixing in the boundary 
layer the boundary layer thickness decreases and the velocity gradient at the wall increases (steeper 
profile).  



Chapter 2 – PIV measurements – free plane jet 
 

28 

Fig. 6: Time-averaged velocity vector fields for Re ≈ 1,000 (a,b), Re ≈ 1,750 (c,d), Re ≈ 2,500 (e,f). Note 
that only 1 out of 4 vectors is shown in all figures; i.e. the actual resolution is sixteen times higher 
than shown. The velocity vectors are scaled with Re and velocity vectors in the close vicinity of the 
inlet are omitted; due to reflections at the walls the reliability of these vectors could not be 
guaranteed. (a,c,e) Measurements for entire cross-section (ROI1); (b,d,f) measurements with a higher 
spatial resolution near the inlet (ROI2). 
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Re ≤ 1,200 is around 0.2, while for Re ≥ 1,500 it lies around 0.4. At x/L = 0.47 (Fig. 7c), the 
profiles show a clear Re-dependency in both the inner and the outer region of the jet. In the 
inner region the location of maximum jet velocity (yC/L) approaches the top wall with 
increasing values of Re at x/L = 0.47. In the outer region the values of U/UM are again higher 
for higher Re-values, as was observed in Figure 7b.  

Figure 9 shows the development of the jet in the test section for Re ≈ 1,000, Re ≈ 1,750 
and Re ≈ 2,500. From Figures 9(a-c) it can be observed that the location of maximum jet 
velocity (yC/L; gray circles in Fig. 9(a-c)) increases after the jet was issued into the enclosure. 
This phenomenon is widely known in building engineering as the ‘Coanda effect’ and can be 
attributed to the lower pressure between the jet and the top surface of the enclosure 
 

 
Fig. 7: Time-averaged vertical profiles of U/UM at x/L = 0.07 (a), x/L = 0.27 (b), x/L = 0.47 (c). Panel (d) 
presents an enlarged view of U/UM at x/L = 0.07. Panel (e) shows the transformation from a top-hat 
profile to a nearly parabolic profile and the decrease of the potential core and increase of the 
boundary layer thickness with increasing Re-values.  
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resulting from the entrainment of ambient fluid by the jet (Awbi 2003, 2007, Etheridge and 
Sandberg 1996). Due to the Coanda effect the initially free jet develops into an attached 
wall jet (Fig. 9d). For Re ≈ 1,000 and Re ≈ 1,750 the highest value of yC/L is present at  
x/L = 0.27, while for Re ≈ 2,500 the highest value is present at x/L = 0.47 (Fig. 9). Further 
downstream, yC/L starts to decrease, indicating the spread of the wall jet. The jet center 
lines (U/UM = 1) are depicted in Figures 9(a-c) as dashed lines, clearly illustrating the 
deflection of the jet towards the top surface.   

5.3. Time-averaged turbulence profiles near the inlet 

Vertical distributions of the longitudinal turbulence intensities uRMS/UM and vertical 
turbulence intensities vRMS/UM at x/L = 0.07, x/L = 0.27 and x/L = 0.47 are shown in Figure 
10. Close to the inlet (x/L = 0.07) the profiles and values of uRMS/UM and vRMS/UM are quite 
similar (Figs. 10a,d), which is in agreement with the general profiles of turbulence intensities 
in free jets as reported in literature (e.g. Quinn and Militzer 1989, Deo et al. 2008). The 
maximum values of uRMS/UM and vRMS/UM are located at y/L ≈ 0.92 and y/L ≈ 0.98, which are 
the locations that correspond with the shear layers of the jet at x/L = 0.07. Further 
downstream the differences between uRMS/UM and vRMS/UM become larger due to the 
development of the free jet into an attached wall jet. The profiles of uRMS/UM at x/L = 0.27 
and x/L = 0.47 have two maxima, one at y/L ≈ 0.92 and one at y/L ≈ 0.99, which are the 
locations where the velocity gradients are large due to the shear layer and the boundary 
layer, respectively. In contrast, vRMS/UM has only one maximum at x/L = 0.27 and x/L = 0.47, 
namely at y/L ≈ 0.92, which corresponds to the position of the shear layer of the attached 
wall jet. Note that large differences are present for both the longitudinal and vertical 
turbulence intensities between Re ≤ 1,200 and Re ≥ 1,500 at x/L = 0.07 (Figs. 10a,d). 
Apparently, the turbulence level close to the inlet experiences a sudden increase for  
Re-values above Re ≈ 1,200. The values of longitudinal turbulence intensity uRMS/UM and 
vertical turbulence intensity vRMS/UM below y/L = 0.8 are not depicted in this paper; these 
values remain fairly constant and fairly Re-independent, and are in the range of 0.03-0.04.  

 
 

 
Fig. 8: (a) Width of the potential core wp/L as function of Re. (b) Boundary layer thickness δ/L as 
function of Re. Both are taken at x/L = 0.07. 
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Fig. 9: Time-averaged vertical profiles of U/UM to illustrate the jet development and the Coanda 
effect for (a) Re ≈ 1,000; (b) Re ≈ 1,750; (c) Re ≈ 2,500. (d) Schematic representation of the flow near 
the inlet. Downstream of the inlet the Coanda effect deflects the jet toward the top surface.  
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Fig. 10: Time-averaged vertical profiles of longitudinal turbulence intensity (uRMS/UM) (a,b,c) and 
vertical turbulence intensity (vRMS/UM) (d,e,f) at x/L = 0.07 (a,d), x/L = 0.27 (b,e), x/L = 0.47 (c,f). 
 

5.4. Time-averaged vorticity profiles near the inlet 

Figure 11 shows the vertical profiles of the dimensionless z-vorticity (ωz′) at x/L = 0.27 
and x/L = 0.47. In the jet region, the positive and negative values of ωz′ indicate the inner 
and outer region of the jet, with dU/dy < 0 and dU/dy > 0, respectively. It is shown that ωz′ is 
larger in the boundary layer than in the shear layer at both locations, which is the result of 
the larger velocity gradients (dU/dy) in the former compared to the latter (see Figs. 7b,c). 
Figure 11a shows that there is no clear Re-dependency at x/L = 0.27, the profiles of ωz′ are 
almost overlapping. At x/L = 0.47 (Fig. 11b), the profiles show some differences for different 
values of Re. However, no clear tendency can be found. At both locations, slightly negative 
values of ωz′ are present below the jet (y/L < 0.85), indicating the clockwise-rotating 
recirculation cell in the cube. These slightly negative values below y/L = 0.85, ωz′ ≈ -0.05 at 
x/L = 0.27 and ωz′ ≈ -0.08 at x/L = 0.47, continue in the region below ROI2 and extend all the 
way down to the low-velocity wall jet at the bottom of the cube.  
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Fig. 11: Time-averaged vertical profiles of dimensionless z-vorticity ωz' at x/L = 0.27 (a), x/L = 0.47 (b).  
 

5.5. Time-averaged velocity profiles in the entire flow domain 

Figures 12a-c show vertical profiles of U/UM at x/L = 0.2, 0.5 and 0.8. These profiles 
clearly indicate the jet at the top of the enclosure and the large recirculation zone with low 
velocities that is driven by the jet. Note that the profiles are not shown for y/L < 0.05 since 
the measurement results in this part of the cube are inaccurate due to reflections of the 
laser sheet on the glass bottom of the cube. The following observations are made: 

 

 Figure 12a: At x/L = 0.2, the jet occupies the region between y/L = 0.9 and 1. For y/L 
between 0.8 and 0.9, a locally lower velocity U/UM is present. Below y/L = 0.8, U/UM 
shows an almost linear decrease to values around U/UM = -0.2 at y/L = 0.1. U/UM 
reaches zero somewhere between y/L = 0.4 and 0.5. In the area 0.1 < y/L < 0.9, a  
Re-number dependency is present.  

 Figure 12b: At x/ L = 0.5, the jet region has extended down to about y/L = 0.87. Below 
y/L = 0.87, the large recirculation cell is present, where U/UM reaches zero at about 
y/L = 0.5. In the recirculation cell, there is a clear Re-number dependency of U/UM: the 
absolute value of U/UM increases with increasing Re-values.  

 
 

Fig. 12: Time-averaged vertical profiles of U/UM at x/L = 0.2 (a), x/L = 0.5 (b), x/L = 0.8 (c). 
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 Figure 12c: At x/L = 0.8, the jet region has extended down to about y/L = 0.7. Below 
y/L = 0.7, the velocity ratio U/UM ranges from about 0.1 to -0.1. U/UM is zero at about 
y/L = 0.5. Re-number dependency is less pronounced than at x/L = 0.2 and 0.5. Note 
that at x/L = 0.8, Re-number dependency is larger in the jet region than in the 
recirculation cell.    

6. Discussion 

Experimental results of forced mixing ventilation driven by a transitional plane jet have 
been presented in this paper. A reduced-scale setup filled with water was used to perform 
flow visualizations and PIV measurements. The flow visualizations have revealed a 
transitional flow regime for slot Reynolds numbers from 800 to 2,500; therefore PIV 
measurements were conducted for the same range of Re-values.  

To the knowledge of the authors, experimental work as presented in this paper is quite 
scarce. Although previous publications indicated the importance and difficulties in modeling 
transitional ventilation flow, the vast majority of experiments on room airflow were 
conducted for fully turbulent flow. Consequently, there is a lack of experimental data on 
transitional room airflow to validate numerical models. There are some limitations 
concerning the experimental work described in this paper.  

 

 The reflections of the laser sheet on the glass bottom of the test section made it 
impossible to analyze the flow in this area of the cube. As a result, some information 
on the flow pattern is lacking, although one must note that the bottom of the cube is 
not the primary area of interest in this study, in contrast to the wall jet region. Future 
studies focused on flow near the bottom of the cube will use a non-reflective paint. 

 The turbulence intensity was accurately measured in ROI2, providing enough 
information on the turbulence intensities in the jet region for validation purposes. 
However, these measurements do not allow identifying the reason for the strong 
increase in turbulence intensities for Re > 1,200, that was observed just downstream 
of the inlet. Additional measurements in the inlet area could provide more 
information concerning this observation. Unfortunately, the current design of the 
experimental setup does not allow for measurements upstream of the inlet.  

 The current PIV measurements were performed with a temporal resolution of 2 Hz, 
which does not classify as time-resolved PIV. Future work should consist of 
measurements with a higher temporal resolution to collect time-resolved PIV data for 
the detailed validation of Large Eddy Simulation (LES).  
 

This study is a first step in a more extensive research project on forced mixing ventilation 
driven by transitional jets. Future work will include measurements for additional inlet 
opening heights h/L, different inlet geometries and additional values of the slot Reynolds 
number Re = U0h/ν. In addition to the PIV measurements, point measurements will be 
conducted in an air-filled setup (2 x 2 x 2 m3) using Laser Doppler Anemometry. These point 
measurements will provide time-resolved data of the airflow pattern, which will provide 
valuable complementary information to the data set presented in this paper, and will be 
beneficial for the validation of unsteady CFD simulations (e.g. LES). 
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7. Conclusions 

This paper presents PIV measurements and analysis of transitional flow in a ventilated 
enclosure. An experimental setup has been designed to study forced mixing ventilation 
driven by a transitional plane jet. Flow visualizations have been performed to identify the 
Re-range for which transitional flow occurs. Based on the results of the flow visualizations, 
PIV measurements have been conducted for seven Re-values, ranging from 800 to 2,500. 
The time-averaged velocities, vorticity and the turbulence intensities are presented in this 
paper and can be used to develop and validate CFD models. 

The following conclusions can be made: 
 

 The flow visualizations indicated that a transitional flow regime is present for  
Re-values ranging from 800 to 2,500. 

 For all tested Re-values (800-2,500), the time-averaged velocity vector field shows the 
jet near the ceiling of the enclosure that drives a large recirculation cell, with smaller 
recirculation zones below the jet inlet and in the top right and bottom left corner. The 
size of the small recirculation cell below the jet decreases with increasing Re. 

 The time-averaged velocity profiles show a clear Re-dependency; this dependency 
increases with increasing distance from the inlet.   

 The Coanda effect causes the free plane jet to transform in a wall jet just downstream 
of the inlet. 

 The location of maximum jet velocity (yC/L) depends on Re; yC/L increases with 
increasing Re. 

 After attachment of the jet, the turbulence intensity profiles transform from typical 
free jet turbulence intensity profiles to typical wall jet turbulence intensity profiles. 

 The longitudinal turbulence intensities are higher in the boundary layer and the shear 
layer. The vertical turbulence intensities (after attachment of the jet) have a maximum 
in the shear layer and decrease with increasing y/L as a result of the boundary layer 
flow. 

 The longitudinal and vertical turbulence intensities below the jet region are in the 
same order of magnitude and are around 0.03-0.04. No clear Re-dependency is 
present.  
 

The large velocity gradients in the inner and outer region of the wall jet due to the 
boundary layer and the shear layer result in increased values of positive and negative  
z-vorticity, respectively. The z-vorticity is higher in the boundary layer than in the shear layer 
as a result of a higher velocity gradient in the boundary layer. The dimensionless z-vorticity 
shows no clear Re-dependency. The weak negative vorticity in the center of the test section 
is associated with the large clockwise-rotating recirculation cell. 
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PIV measurements of a plane wall jet in a confined space at 
transitional slot Reynolds numbers 
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53(2): 499-517. 
 
 

Abstract 

Wall jets are important for a wide variety of engineering applications, including ventilation 
of confined spaces and cooling and drying processes. Although a lot of experimental studies 
have been devoted to wall jets, many of these have focused on laminar or turbulent wall 
jets. There is a lack of experimental data on transitional wall jets, especially transitional wall 
jets released into a confined space or enclosure. This paper presents flow visualizations and 
high-resolution Particle Image Velocimetry measurements of isothermal transitional plane 
wall jets injected through a rectangular slot in a confined space. As opposed to many 
previous studies, not only the wall jet region but also the recirculation region in the 
remainder of the enclosure is analyzed. The data and analysis in this paper provide new 
insights into the behavior of transitional plane wall jets in a confined space and will be 
useful for the validation of numerical simulations of this type of jets.5 

 
Keywords: transitional wall jet; Particle Image Velocimetry; flow visualization; enclosed 
space; Okubo-Weiss function. 

 

 

 

 

 

 

                                                       
5 Note that the symbols and notations in this paper deviate from those used in Chapter 2. The 

paper presented in Chapter 2 has been written for a different research community compared to 
Chapter 3, both of which are accustomed to different symbols and notations. 
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1. Introduction 

The dynamics of air jets have been studied extensively in the past decades. Air jets are 
important for a wide range of engineering applications and are – among others – used for 
ventilation of buildings, ships and airplanes and for drying and cooling processes. Knowledge 
of the flow development and mixing characteristics of the jet is therefore of primary 
importance. Previous studies have dealt extensively with the development of turbulent 
round, plane and wall jets, both experimentally and numerically. However, to the 
knowledge of the authors, experiments on transitional jets are relatively scarce, especially 
for transitional plane wall jets issued into a confined space. Providing and analyzing such 
data are the main objectives of this paper. First, an overview of past studies on wall jets and 
transitional jets is provided. The findings from these studies will be used to support the 
analysis of the experiments in this paper. 

A wall jet is a jet that is confined on one side by a wall. It can be subdivided in an inner 
region and an outer region. The inner region, or inner layer, runs from the wall to the point 
of maximum velocity UM and is similar to a wall boundary layer, whereas the outer region, 
or outer layer, consists of the remainder of the wall jet and can be seen as a free shear 
layer. A formal description of the wall jet is given by Launder and Rodi (1981): “A wall jet 
may be defined as a shear flow directed along a wall where, by virtue of the initially supplied 
momentum, at any station, the streamwise velocity over some region within the shear flow 
exceeds that in the external stream.” Wall jets can be subdivided in two-dimensional (plane) 
and three-dimensional wall jets. Plane wall jets are bounded by walls on the lateral sides of 
the jet which prevent its lateral expansion, whereas three-dimensional wall jets can also 
grow in the lateral direction and are therefore more complex.  

The first reported experimental study of a wall jet was conducted by Förthmann (1934). 
Later, turbulent wall jets were experimentally investigated by Bakke (1957), Sigalla (1958), 
Bradshaw and Gee (1960) and Schwartz and Cosart (1961). An extensive overview of 
experimental work until 1980 is given by Launder and Rodi (1981). Wygnanski et al. (1992), 
Hsiao and Sheu (1994, 1996), Gogineni and Shih (1997), Amitay and Cohen (1997), Eriksson 
et al. (1998) are just a few examples of studies in which the wall jet was experimentally 
analyzed during the last decades of the twentieth century.  

A non-exhaustive overview of numerical work until the beginning of the 1980s is 
presented by Launder and Rodi (1983). After 1983, numerical work on wall jets has been 
performed by, among others, Conlon and Lichter (1995), Gogineni et al. (1999), Davidson et 
al. (2000), Bhattacharjee and Loth (2004), Wernz and Fasel (2007), Ahlman et al. (2009) and 
Balabel and El-Askary (2011). Note that unless mentioned otherwise, all studies mentioned 
above and below were conducted for wall jets in a more or less quiescent flow, that is a flow 
domain that is large enough to prevent or minimize the disturbing effects of a secondary 
flow, which is in contrast to the studied flow pattern presented in this paper (Fig. 1).  

Experimental and numerical analyses of turbulent wall jets in a confined space were 
reported by Moureh and Flick (2003, 2005). The focus of these studies was on the wall jet 
characteristics and its decay and detachment from the wall. The authors concluded that the 
separation of the wall jet from the top surface was caused by an adverse pressure gradient 
as a result of the confinement of the flow. The location of jet detachment experienced an 
intermittent behavior, since it oscillated around an average position (Moureh and Flick 
2003). In this area, the velocity measurements were characterized by weak fluctuations in 
the order of 1 Hz. As a result of the intermittent behavior of the location of jet detachment, 
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there was a dynamic interaction between the wall jet flow and the corner recirculation. 
Consequently, the zones occupied by these two flows expanded and narrowed at the rate of 
these fluctuations.  

Although a lot of experimental studies have been performed for laminar and turbulent 
wall jets, only a few have focused on transitional wall jets. One of the first experimental 
studies on transitional plane wall jets was conducted by Bajura and Catalano (1975). They 
found that the transition from laminar to turbulent flow generally occurred in the following 
five stages: (i) formation of discrete vortices in outer region, (ii) pairing of two or more 
vortices in the outer region, coupled with the possible pairing of vortex-like motions in the 
inner region wall boundary layer, (iii) lifting-off of the wall jet flow into the ambient fluid, 
(iv) dispersion of the lifted-off flow field by three-dimensional turbulent motions and (v) re-
laminarization of the upstream flow, until another vortex pairing occurs. Lichter et al. (1992) 
experimentally analyzed the separation and vortex development of a wall jet in a stratified 
tank. They observed the organization of an asymmetric dipole after separation from the 
wall. Hsiao and Sheu (1994) studied the behavior of double row vortical structures in the 
near field region of a plane wall jet. Flow visualizations and hot-wire measurements were 
performed to analyze vortex formation in the inner and outer region and vortex lift-off from 
the wall. Gogineni and Shih (1997) performed flow visualizations, Particle Image Velocimetry 
(PIV) and surface pressure measurements to study the vortex pairing and jet detachment 
associated with the transition of plane wall jets. From their measurements they concluded 
that the boundary layer detaches from the wall as a result of a local adverse pressure 
gradient induced by the passage of a vortex structure in the outer region of the wall jet.  

The studies discussed above were all conducted either for turbulent plane wall jets with 
or without confinement, or for transitional plane wall jets without confinement, i.e. which 
are not strongly influenced by a secondary flow. This is in contrast to the study in the 
present paper, in which a recirculation flow driven by a transitional wall jet dominates the 
flow in the remainder of the test section. To the knowledge of the authors, only a few 
studies have been conducted for transitional plane wall jets which are influenced by a 
secondary flow resulting from a restricted size of the test section (confined flow). Nielsen et 
al. (2000) and Topp et al. (2000) performed hot-sphere measurements of room air flow 
resulting from a plane wall jet at low Reynolds numbers. Wang and Chen (2009, 2010) 
performed point measurements of air flow in a simplified model of an airline cabin using 
hot-sphere and ultrasonic anemometers. The main objective of these measurements was to 
establish benchmark data to validate numerical flow simulations. 

In addition to these wall jet studies, experiments were also performed for transitional 
flow in free plane jets (Sato 1960, Sato and Sakao 1964, Beavers and Wilson 1970, Mumford 
1982, Lemieux and Oosthuizen 1985, Namer and Ötügun 1988). Namer and Ötügun (1988) 
stated that there is strong evidence that large vortical structures control the initial jet 
growth. Immediately downstream of the inlet, unstable laminar shear layers break down 
and form vortices which carry irrotational ambient fluid into the jet and thereby induce 
mixing by wrapping the ambient fluid about themselves. They also indicated the 
dependence of jet mixing, spread rate and centerline decay on the jet Reynolds number, but 
found that the Strouhal number, based on the vortex formation frequency in the outer 
region, was independent of Re for Re-values ranging from 1,000 to 7,000. Suresh et al. 
(2008) studied the transitional characteristics of plane jets for Re in the range from 250 to 
6,250. They showed that jet spread decreases with Re due to the dominance of finer scales 
in higher Re jets and large-scale structures in the outer shear layer region for low Re jets  



Chapter 3 – PIV measurements – plane wall jet 
 

44 

(Re < 2,000). Furthermore, they concluded that the Strouhal number is Re-dependent for  
Re < 2,000. Additionally, transitional round jets were studied by Angioletti et al. (2003), 
O’Neill et al. (2004), Kwon and Seo (2005) and Todde et al. (2009). 

Not only studies on transitional jets are relevant sources of information. Also studies of 
vortex dynamics in confined spaces can contribute to the understanding of vortex 
formation, advection and decay in an enclosure. For example, van Heijst et al. (1990) 
experimentally studied the spin-up process in a rectangular container. Konijnenberg et al. 
(1994) also studied the spin-up process in a rectangular tank, both experimentally and 
numerically. Wells et al. (2007) performed experiments and numerical simulations to 
investigate the production of small-scale vorticity near no-slip sidewalls of a container and 
to study the formation and decay of wall-generated quasi-two-dimensional vortical 
structures. 

 The present paper reports flow visualizations and PIV measurements of a transitional 
plane wall jet issued into a confined space. The study is motivated by the fact that most 
plane wall jet studies in the past have been conducted for plane wall jets in relatively large 
enclosures and/or with slot Reynolds numbers (i.e. Re based on inlet height) corresponding 
with a turbulent regime. As opposed to many previous studies, this study will not only focus 
on the wall jet region but also on the recirculation region in the remainder of the enclosure. 
One of the practical situations in which this type of flow is important is the ventilation of 
enclosures. The use of a wall jet to create a recirculation region which dilutes the air in a 
confined space is one of the two major ventilation principles that are used to maintain a 
healthy, energy-efficient and comfortable indoor climate in buildings, ships, planes, etc.  
(e.g. Nielsen 1974, Etheridge and Sandberg 1996, Awbi 2003, Chen 2009). In order to 
minimize the risk of discomfort of the occupants, velocities inside an enclosure should be 
kept relatively low. As a result, the jet flow might become transitional at these low velocities 
(low Re-values). First, the experimental setup is described in Section 2. The flow 
visualizations are addressed in Section 3. A description of the PIV measurement setup is 
given in Section 4, after which the results of the PIV measurements are analyzed in Section 
5. A discussion (Section 6) and conclusions (Section 7) conclude this paper. 

2. Experimental setup 

A water-filled experimental model has been built to perform flow visualizations and PIV 
measurements (Fig. 1a). It consists of (1) a water column to drive the flow by hydrostatic 
pressure; (2) a flow conditioning section; (3) a cubic test section having edges of L = 0.3 m 
constructed from glass plates with a thickness of 8 mm; and (4) an overflow. The 
conditioning section in front of the inlet consists of one honeycomb, three screens and a 
contraction to obtain a uniform water flow at the inlet and to minimize the turbulence level. 
More information on the experimental setup can be found in van Hooff et al. (2012). 

The coordinate system is made dimensionless: x′ = x/L, y′ = y/L, z′ = z/L (Fig. 1a). The inlet 
width (w) is 0.3 m (w′ = w/L = 1) and the dimensionless inlet height (h′ = h/L) can be varied 
from 0 to 0.1. For this study h′ is fixed at 0.1. The height of the outlet is fixed at h′outlet = 
0.0167. The slot Reynolds number is defined based on the inlet height as Re = Reslot = U0h/ν, 
with U0 the area-averaged inlet velocity based on the volume flow rate through the inlet 
and ν the kinematic viscosity at room temperature (≈ 20°C). The maximum local velocity UM 
(Fig. 1b) is used to make the velocities non-dimensional (U/UM). Note that UM is defined as 
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the local maximum time-averaged x-velocity, and thus varies with x. Furthermore, UM varies 
with Re; since Re is based on the inlet velocity U0, the maximum velocities (UM) are higher 
for higher values of Re. The distance from the top wall to the location of UM is yM′ (= yM/L), 
whereas yC′ = yC/L, with yC the distance from the bottom wall to the location of UM. The 
distance to the location of ½UM in the outer region is denoted as y1/2. A useful quantity to 
characterize the flow in the midplane z′ = 0.5 is the z-component of the vorticity, defined as 

 

z

v u

x y
     (1) 

 
which is non-dimensionalized as ωz′ = ωzh/UM. Finally, the Strouhal number is defined as  
St = (fh)/UM, with f the vortex formation frequency. In the remainder of the paper, 
dimensionless quantities will be used. The accent in the symbols will be dropped and the 
symbols will refer to the dimensionless quantities. 

 

 
Fig. 1: (a) 3D representation of the experimental setup, depicting the coordinate system, the inlet 
velocity U0, the inlet height h, the outlet height houtlet and the dimensions of the test section L3. (b) 2D 
schematic representation of the plane wall jet with I the inner region, II the outer region, UM the 
maximum velocity, yM the distance from the top wall to the location of UM, yC the distance from the 
bottom wall to the location of UM and y1/2 the location of ½ UM in the outer region. 

3. Flow visualizations 

In general, flow visualization is performed to obtain qualitative information on the flow 
pattern. Several techniques are discussed in literature. Clayton and Massey (1967) - among 
others - provide an overview of methods that can be used to perform flow visualizations in 
water. One of the described methods, the injection of streaks of dye, was used in this study 
to provide some first qualitative information on the flow regime. The flow visualizations 
were performed by illuminating a fluorescent liquid that was injected in the flow field  
(Fig. 2a). To obtain a fluorescent liquid, fluorescein was dissolved in water until saturation of 
the solution was reached. The saturated solution was inserted in the flow field in the vertical 
center plane (z = 0.5) in front of the inlet using an injection needle with an outer diameter of 
0.6 mm and a length of 80 mm (Fig. 2b). The needle diameter was kept as small as possible 
to minimize the disturbing effect of the needle on the flow. To illuminate the fluorescent 
solution a slide projector was installed above the test section, providing a light sheet in the 
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center of the water cube with a width of about 0.01 m, covering the entire test section of 
the cube (Fig. 2a). The flow pattern obtained by inserting and illuminating the fluorescent 
liquid was recorded with a video camera and screen shots at a higher resolution were taken 
with a photo camera; both devices were positioned perpendicular to the flow direction as 
shown in Fig. 2a.   

The flow visualizations were performed for Re ranging from 300 to 3,700. Figure 3 shows 
instantaneous images of the flow inside the enclosure, taken in the vertical center plane  
(z = 0.5), for Re ≈ 1,000, 1,750 and 2,500. Figure 3a shows that instabilities are present for 
Re ≈ 1,000. However, the presence of large-scale vortical structures cannot clearly be 
determined from the obtained instantaneous images. Clear large-scale vortical structures 
however can be distinguished in the outer region of the jet for the other two Re numbers 
(Fig. 3b,c). These vortices are due to instability of the free shear layer that is situated in the 
outer region of the wall jet. The vortical structures are convected downstream where they 
break-up. From the flow visualizations it can be concluded that transitional flow appears to 
be present for Re up to at least 2,500. Furthermore, it can be concluded that the onset of jet 
instability occurs further upstream as Re increases, which is in agreement with the findings 
of, among others, Kwon and Seo (2005). Note that this trend was observed from the 
unsteady evolution of the injected dye; this trend is not totally clear from the steady images 
depicted in Figure 3. Based on the flow visualizations described in this section, PIV 
measurements were conducted for Re ranging from 300 to 2,500, which is the range for 
which transitional flow is present.  

 

 
Fig. 2: (a) Overview of the reduced-scale setup during flow visualizations; (b) schematic 
representation of the injection of fluorescent dye. 

 

4. PIV measurement setup 

The PIV measurements in this study were conducted using a 2D PIV system consisting of a 
Nd:Yag (532 nm) double-cavity laser (2 x 200 mJ, repetition rate < 10 Hz) used to illuminate 
the field of view, and one CCD (charge-coupled device) camera (1376 x 1040 pixel 
resolution, max. 10 frames/s) for image acquisition. The laser was mounted on a translation 
stage and was positioned above the cubic test section to create a laser sheet in the vertical 
center plane of the cube; the CCD camera was positioned perpendicular to the laser sheet 
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Fig. 3: Instantaneous images of the flow pattern inside the enclosure for h = 0.1 and for Re ≈ 1,000 
(a), Re ≈ 1,750 (b), Re ≈ 2,500 (c). 
 
 

plane (Fig. 4). Seeding of the water was provided by hollow glass microspheres (3M; type 
K1) with diameters in the range of 30 – 115 μm.  

In order to determine reliable time-averaged flow quantities, sufficient statistically-
independent (uncorrelated) samples (i.e. PIV vector fields resulting from double image 
pairs) have to be acquired. Therefore, the PIV image acquisition frequency has to be 
sufficiently low. The required measuring frequency was estimated from the integral length 
scale (= inlet height) and the characteristic velocity (i.e. inlet velocity) and was set to the 
values shown in Table 1. Each measurement set consists of 360 uncorrelated samples. The 
errors associated with PIV measurements can be divided into systematic and repeatability 
errors. The systematic errors are present for each sample and consist of a range of errors 
that are associated with the PIV measurement technique and methodology (Prasad 2000). 
Prasad (2000) mentions 5 possible sources of errors (1) random error due to noise; (2) bias 
error; (3) gradient error; (4) tracking error; (5) acceleration error. Due to the complexity of 
these errors, and the fact that a reduction of one error can lead to an increase of other 
errors, it is very difficult to provide a quantitative estimate of these errors on the measured 
velocity. To minimize the systematic errors the best practice guidelines of Keane and Adrian 
(1990) and Prasad (2000) have been taken into account. The instantaneous PIV images were 
processed in two passes with decreasing interrogation areas, from 64 x 64 pixels to 32 x 32 
pixels, both with a 75% overlap, to obtain instantaneous velocity vector fields. The vectors 
were only accepted when the ratio between the first and second tallest correlation peak for 
an interrogation area was above 1.3 to eliminate spurious vectors resulting from 
background noise or local insufficient seeding. The frame rate was chosen such that the 
particle displacement within an interrogation area between two frames was about 6 pixels, 
which satisfies the guidelines of Keane and Adrian (1990), who state that the particle 
displacement should be less than ¼ of the interrogation area size. The particle diameter on 
the images was about 2 pixels, which is in accordance with the particle diameter as 
discussed in Prasad (2000). The repeatability, or random, error is a statistical error. The 
uncertainty associated with the repeatability error can be assessed using the central limit 
theorem (e.g. Coleman and Steel 1999). The random uncertainty of the mean velocity ur can 
be calculated with 
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with N the number of samples (in this case N = 360), zα/2 a variable related to the chosen 
confidence interval, rRMS the root mean square of the measured 2D velocity in a point and R 
the mean 2D velocity at the same location. For a confidence interval of 95% the 
corresponding value of zα/2 = 1.96. The uncertainty of the measurement results is around  
2-4% in the largest part of the test section and is slightly higher in the shear layer and 
boundary layer areas as a result of the locally higher turbulence levels. Note that R is the 
local 2D velocity and not the maximum jet velocity in this case. 

The two-dimensionality of the flow was tested by performing measurements in two 
additional vertical planes at z = 0.417 and z = 0.330, which showed no significant differences 
in the time-averaged flow pattern between the three vertical planes. The time-averaged 
velocity fields were obtained by averaging the 360 instantaneous velocity vector fields.  

 
 

Table 1: PIV measurement parameters. The samples are double image pairs which result in 
instantaneous PIV vector fields. 

 
 
Two sets of PIV measurements were performed in the vertical center plane (z = 0.5) of 

the water cube. The first set focuses on the entire cross-section of the cube, i.e. a region of 
interest (ROI) of L x L (Fig. 4; ROI1). The second set focuses on a smaller region of interest of 
0.6L x 0.4L (W x H) in the proximity of the inlet, enabling a higher measurement resolution 
(Fig. 4; ROI2). The higher resolution provides more detailed information in this area with 
expected large velocity gradients. This information about the inlet conditions is important as 
boundary conditions for future numerical simulations.   

5. PIV measurement results 

In this section we will present and discuss the results of the PIV measurements. The 
results for the case with Re ≈ 300 are excluded because the observed flow pattern was very 
unstable, i.e. the large recirculation region was not present in each instantaneous velocity 
vector field due to the very low momentum of the wall jet; therefore averaging resulted in 
ambiguous results.  

5.1. Analysis of time-averaged results 

5.1.1. Time-averaged velocity vector fields 

Figure 5 shows time-averaged velocity vector fields for Re ≈ 1,000, 1,750 and 2,500, for 
both sets of measurements. Note that only 1 out of 4 vectors is shown in all figures; i.e. the 
actual resolution is sixteen times higher than shown. The velocity vectors are scaled with Re 
and velocity vectors in the close vicinity of the inlet are omitted; due to reflections at the 
walls the reliability of these vectors could not be guaranteed. Figures 5(a,c,e) show the large 

Re [-] 800 1,000 1,200 1,500 1,750 2,200 2,500 

Measuring freq. [Hz] 1.34 1.67 2.00 2.00 2.00 2.00 2.00 

Number of samples [-] 360 360 360 360 360 360 360 

Sampling time [s] 270 216 180 180 180 180 180 

Frame rate [μs] 40,000 40,000 35,000 25,000 20,000 15,000 15,000 
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recirculation cell in the cube, which is driven by the wall jet. A smaller recirculation cell is 
present in the top right corner, and its size decreases with increasing Re. Figures 5(b,d,f) 
show the entrance of the wall jet and the presence of a very small recirculation cell just 
below the entrance. The size of this cell also decreases with increasing Re-values. Although 
the vector fields provide valuable information on the general flow pattern, for a more 
detailed analysis, profiles of time-averaged velocity, turbulence intensity and vorticity will 
be used.  

 

 
Fig. 4: PIV measurement setup; the laser head is positioned above the test section using a translation 
stage. ROI1 indicates the region of interest (L x L) for the first measurement set, ROI2 indicates the 
region of interest of 0.6L x 0.4L (W x H) for the second set. 
 

5.1.2. Time-averaged velocity and turbulence profiles near the inlet 

Figure 6 shows the profiles of dimensionless time-averaged x-velocity U/UM at distances  
x = 0.1, 0.2, 0.3, 0.4 and 0.5, in the vertical center plane (z = 0.5) for Re from 1,000 to 2,500. 
The coordinate system is given in Fig. 1. Figure 6a indicates that there are hardly any 
differences in the velocity profiles of the wall jet for the different Reynolds numbers at  
x = 0.1. However, the enlarged graph in Figure 6f and the yC values in Figure 7 show that the 
distance yC, measured from the bottom of the test section, increases slightly with increasing 
Re. Note that the small negative values at x = 0.1 (Fig. 6a) for low Re-values are caused by 
the small recirculation cell below the jet, as depicted in Figs. 5(b,d,f). The profiles beneath 
the outer region of the wall jet (y < 0.87) also show a dependency on Re; higher Re-values 
result in larger U/UM values below the outer region (Fig. 6a). The velocity profiles further 
downstream show an increasing dependence of the local wall jet behavior on Re; the 
differences in yC for the six different Re-values increase with increasing x (Fig. 7). Figure 6e 
for example shows that at x = 0.5, the position of maximum jet velocity lies at yC = 0.894 for 
Re ≈ 1,000, whereas yC = 0.944 for Re ≈ 2,500. The negative values of U/UM in Figure 6e 
indicate jet detachment from the top surface for the lower Reynolds numbers (Re < 1,500); 
jet detachment at x = 0.5 is not yet present for higher Re; confirming that the location of jet 
detachment is Reynolds number dependent. Finally, Figures 6(a,b) show a minimum value of 
U/UM below the outer region of the wall jet (at about y = 0.85) for x = 0.1 and x = 0.2. 
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Fig. 5: Time-averaged velocity vectors for Re ≈ 1,000 (a,b), Re ≈ 1,750 (c,d), Re ≈ 2,500 (e,f). (a,c,e) 
Measurements for entire cross-section (ROI1); (b,d,f) measurements with higher resolution near inlet 
(ROI2). 
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Fig. 6: Time-averaged profiles of U/UM at x = 0.1 (a), x = 0.2 (b), x = 0.3 (c), x = 0.4 (d), x = 0.5 (e). 
Panel (f) presents an enlarged view of U/UM at x = 0.1. 

 
 
The profiles of U/UM are compared with the theoretical profiles of an unconfined wall jet to 
study the influence of the confinement on the wall jet profiles. Figure 8 shows the profiles 
of U/UM at five distances (x = 0.1, 0.2, 0.3, 0.4, 0.5), as well as the theoretical profiles for a 
laminar wall jet (Glauert 1956) and for a turbulent wall jet (Verhoff 1963). Please note that 
the dimensionless y-coordinate is y/y1/2 in this figure with y/y1/2 = 0 at the top surface, 
instead of y with y = 1 at the top surface. The comparison for Re ≈ 1,000 in Figure 8a shows 
that the velocity profiles are in relatively good agreement with the theoretical profile for a 
laminar wall jet. Especially the location of maximum velocity is in good agreement with the 
theory for a laminar wall jet (y/y1/2 ≈ 0.55), although the measured profiles have an almost 
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top-hat profile instead of a parabolic profile. This different shape of the profile, especially at 
x = 0.1 and x = 0.2, is due to these measuring locations relatively close to the inlet, where 
the wall jet is not yet fully developed. At x = 0.5 the wall jet has developed into a parabolic 
profile, however, the maximum velocity is now located at a larger distance from the top 
surface compared to the profile of Glauert (1956). This discrepancy can be explained by the 
separation of the wall jet at x = 0.5 (U/UM < 0), caused by an adverse pressure gradient as a 
result of the flow confinement (downstream wall). Figure 8b compares the measured and 
the theoretical profiles for Re ≈ 1,750. It can be seen that the measured profiles are shifting 
upwards compared to the profiles at Re ≈ 1,000, as was also shown in Figure 7. The profiles 
in the outer region of the wall jet resemble the theoretical profile of a laminar wall jet, 
however, in the inner region the measured velocity profiles are now situated between the 
theoretical profiles for a laminar and a turbulent wall jet. The same holds for the location of 
maximum jet velocity (U/UM = 1), which is situated between the theoretical values of a 
laminar wall jet (y/y1/2 ≈ 0.55) and of a turbulent wall jet (y/y1/2 ≈ 0.15). Finally, Figure 8c 
shows the comparison for Re ≈ 2,500, which is quite similar to the one for Re ≈ 1,750. The 
measured profiles in the outer region resemble the theoretical profile for a laminar wall jet 
to a large extent, whereas those in the inner region are moving even further upwards to the 
top surface, and consequently also to the theoretical profile of a turbulent wall jet. Again, 
the velocity profiles close to the inlet are more or less top-hat shaped, indicating that the 
wall jet is not yet fully developed at these locations. 
  
 

 
Fig. 7: Values of the position of maximum jet velocity yC obtained from the PIV measurements.   

 
 
The longitudinal turbulence intensities uRMS/UM at x = 0.1 are shown in Figure 9. The 

turbulence intensities in the core of the wall jet lie around 3% and do not show a clear 
tendency with Re. The turbulence intensities near the edges of the wall jet are higher due to 
the large velocity gradients as a result of the boundary layer and shear layer flows in the 
inner and outer region, respectively. The turbulence intensities in the outer region vary with 
Re: in general an increase in Re results in an increase in turbulence intensity, although the 
turbulence intensity for Re ≈ 1,500 is lower than for Re ≈ 1,200 and the turbulence intensity 
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Fig. 8: Comparison between measured wall jet profiles and the theoretical profiles for a laminar wall 
jet (Glauert 1956) and a turbulent wall jet (Verhoff 1963) for Re ≈ 1,000 (a), Re ≈ 1,750 (b), Re ≈ 2,500 
(c).  
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for Re ≈ 2,500 is slightly lower than for Re ≈ 1,750 and Re ≈ 2,200. The general increase of 
turbulence intensity with increasing Re in the shear layer is caused by a higher velocity 
gradient between the wall jet and the recirculation zone, resulting in a higher turbulence 
level in this region. For the inner region no clear tendency can be distinguished; the highest 
values are present for Re ≈ 1,000, while for Re ≈ 1,500 and Re ≈ 2,200 the lowest turbulence 
intensities are present. Therefore it is not possible to draw any firm conclusions on the  
Re-dependency of the turbulence intensity in the inner region.  

 

 
Fig. 9: Profiles of longitudinal turbulence intensity (uRMS/UM) at x = 0.1. 
 

5.1.3. Time-averaged velocity profiles in the entire flow domain 

The wall jet enters the confined space and forms a large recirculation zone that fills the 
cubical flow domain (Fig. 1a, Fig. 5a,c,e). Figure 10a shows profiles of the time-averaged 
non-dimensional x-velocity U/UM, taken at x = 0.2 for Re from 800 to 2,500. The profiles for 
different Re are almost identical in the near wall region (y > 0.9), as also illustrated in Figure 
6b. In the outer region of the wall jet the velocity decreases to values around U/UM = 0.05. 
Locally, in the region 0.8 < y < 0.9 a lower velocity is observed. Below this area of lower 
velocity, which was also depicted in Figure 6b, U/UM shows an almost linear decrease to 
values around U/UM = -0.2 at y = 0.05. The profiles of U/UM are almost identical in the region 
from y = 0.6 to y = 0.2. Note that the profiles are not shown for y < 0.05. The results in this 
part of the cube are inaccurate due to reflections of the laser sheet on the glass bottom of 
the cube. In addition, note that small differences are present between the velocity profiles 
in Figure 10a and in Figure 6b (x = 0.2) below the wall jet (0.8 < y < 0.9). In this area the 
velocities obtained from the measurements in ROI1 (Fig. 10a) are in general slightly lower 
than those obtained from ROI2 (Fig. 6b). The reason for this small discrepancy is the inability 
to accurately capture the small-scale recirculation zone just below the entrance of the wall 
jet due to the lower measuring resolution for ROI1. This recirculation zone directs the 
vertical flow along the upstream wall in the streamwise (x) direction and as a result the 
horizontal velocity component in this area increases. This flow feature is also clearly visible 
in Figure 5(b.d.f) and briefly addressed in Section 5.1.1. However, the small recirculation cell 
below the entrance of the jet is not accurately detected in ROI1 (see Fig. 5a,c,e). As a result, 
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the vertical flow along the upstream wall remains mainly vertical until it reaches the wall jet; 
the x-velocity remains relatively small whereas the y-velocity is larger compared to the one 
measured at ROI2. 

Profiles of U/UM at x = 0.5 are shown in Figure 10b. As already shown in Figure 6e, the 
profiles at x = 0.5 show Re-dependency in the wall jet region. The value of yC is lower for 
lower Re-values. From y = 0.6 to y = 0.1, U/UM decreases almost linearly from 0.15 to -0.2; 
again no clear Re-dependency is present in this area. The height of the center of the 
recirculation zone, U/UM = 0, lies approximately at y = 0.4 for all Re-values. 

Figure 10c shows U/UM at x = 0.8. Clear differences can be seen in the profiles for 
different Re. The negative values for U/UM in the inner region indicate detachment of the 
wall jet boundary layer, resulting in a small recirculation cell downstream of the detachment 
point. The size of this recirculation cell, and thus the area with negative values of U/UM, 
increases with decreasing Re. The vertical location of the maximum velocity depends 
strongly on Re, e.g. for Re ≈ 1,000, yC = 0.754, whereas for Re ≈ 2,500, yC = 0.843. Below the 
wall jet region, y < 0.6, Re-dependency is still present, although the differences are far less 
pronounced.  
 

 
Fig. 10: Time-averaged profiles of U/UM for x = 0.2 (a), x = 0.5 (b), x = 0.8 (c). 
 

5.1.4. Time-averaged vorticity profiles 

Figure 11 shows profiles of z-vorticity ωz at x = 0.2 and x = 0.5 for seven different  
Re-values. The positive and negative ωz-values above and below y = 0.94 (Fig. 11a) clearly 
indicate the upper and lower parts of the jet, with dU/dy < 0 and dU/dy > 0, respectively 
(compare with Figs. 10a,b). Note that U/UM has the highest value at y = 0.94; at this location 
ωz = 0, indicating the interface between positive and negative vorticity. The very weak 
negative vorticity in the range 0.1 < y < 0.8 is directly connected with the large  
clockwise-rotating recirculation cell. Figure 11a shows that there is no clear dependency of 
ωz on Re; below y = 0.94 the values of ωz are clearly Re-independent, whereas above y = 
0.94 the values of ωz do not overlap, but also do not show a trend with Re. The vorticity 
distribution at x = 0.5 is depicted in Figure 11b and shows roughly the same features as at x 
= 0.2. The border between the negative vorticity, induced by the shear layer, and the 
positive vorticity as a result of the boundary layer, lies at y = 0.91 for Re-values until 1,200 
and around  



Chapter 3 – PIV measurements – plane wall jet 
 

56 

y = 0.93 for Re > 1,200. From y = 0.75 until y = 0.1, a low and almost constant negative 
vorticity is present, which is associated with the clockwise-rotating recirculation cell 
extending over the lower part of the enclosure. Apparently, the motion in this cell is close to 
a rigid-body rotation. The differences in ωz for the different Re-values are more pronounced 
at x = 0.5 (Fig. 11b) than at x = 0.2. At x = 0.5, the locations of maximum ωz differ for 
different values of Re, which is consistent with the Re-dependent profiles of U/UM at this 
location, as indicated in Figure 10b. Finally, the values of ωz in the jet region and below the 
jet region do not show a clear trend with Re. 
 

 
Fig. 11: Time-averaged profiles of dimensionless z-vorticity ωz at x = 0.2 (a), x = 0.5 (b). 

 

5.2. Analysis of instantaneous flow field 

5.2.1. Instantaneous velocity vector fields 

The transient flow features are studied using instantaneous velocity vector fields. Figure 
12 shows instantaneous velocity vector fields for Re ≈ 1,000, 1,750 and 2,500, at two 
different positions in time. Note that only 1 out of 2 vectors is shown; i.e. the actual 
resolution is four times higher than shown. The velocity vectors are scaled with Re and the 
(mostly spurious) velocity vectors in the close vicinity of the inlet are not shown. A Kelvin-
Helmholtz-type instability of the wall jet is clearly observed. Figures 13(a,c,e) show 
instantaneous vector fields for the same Re-values from the second measurement set with a 
reduced region of interest (ROI2). In this figure only 1 out of 4 vectors is shown; i.e. the 
actual resolution is sixteen times higher than shown, the velocity vectors are again scaled 
with Re. Kelvin-Helmholtz-type instability waves are again visible at the outer region of the 
wall jet, which will grow and form the onset to the formation of discrete vortical structures. 
The presence of vortical structures is clearly visible in Figures 13(b,d,f), which are obtained 
by subtracting the area-averaged instantaneous velocity from the absolute instantaneous 
velocities. 
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Fig. 12: Instantaneous velocity vector fields at two different positions in time for Re ≈ 1,000 (a,b);  
Re ≈ 1,750 (c,d); Re ≈ 2,500 (e,f).  
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Fig. 13: Instantaneous velocity vector fields. Absolute velocity vectors are depicted in panels (a,c,e), 
whereas (b,d,f) show the vector fields obtained by subtracting the area-averaged instantaneous 
velocity from the absolute instantaneous velocities. Re ≈ 1,000 (a,b), Re ≈ 1,750 (c,d), Re ≈ 2,500 (e,f).  
 

5.2.2. Application of Q criterion  

A further analysis of the vortical structures in the flow domain is conducted using the 
Okubo-Weiss function, which was independently defined by Okubo (1970) and Weiss 
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(1991). Based on the Okubo-Weiss function the Q criterion for the center plane (z = 0.5) can 
be defined as follows: 

 
2 2 2

0.5( , , )
u v u v v u

Q x y z
x y y x x y

  (3) 

 
The first two terms denote the normal strain component and shear strain component, 
respectively, and the last term is associated with the vorticity ωz. Values of Q > 0 indicate 
strain-dominated, hyperbolic, flow regions, whereas Q < 0 indicates rotation-dominated 
regions (elliptic flow regions). The Okubo-Weiss function is valid for two-dimensional flow 
and has been successfully used by, among others, Vosbeek et al. (1997), Isern-Fontanet et 
al. (2004), Molenaar et al. (2004) and Cieślik et al. (2010). In this study, Q is determined for 
the center x,y-plane (z = 0.5). 

Figure 14 shows ωz contours and Q-contours for instantaneous velocity fields for  
Re ≈ 1,000, 1,750 and 2,500, respectively. Figures 14(a,c,e) show the vorticity distribution 
for the three values of Re, clearly illustrating the presence of vorticity in the inner and outer 
sides of the jet, associated with the boundary layer and the free shear layer, respectively. 
Figures 14(b,d,f) show the contours of Q, illustrating the presence of a vortex train in the 
outer region of the wall jet as a result of Kelvin-Helmholtz-type instability (shear layer). In 
the vortex train one can distinguish rotation-dominated regions (Q < 0) alternating with 
strain-dominated regions (Q > 0). Figures 14(a,c,e) show that between the vortices ωz ≈ 0; 
due to the strain in these regions the resulting value of Q becomes positive (hyperbolic flow 
region) as depicted in Figs. 14(b,d,f). In contrast to the positive and negative Q-values in the 
outer region, the Q-values in the inner region lie around Q ≈ 0. In good approximation the 
flow in the wall jet boundary layer is characterized by the absence of a vertical velocity 
component (v = 0) and a negligibly small horizontal velocity gradient ∂u/∂x, which indeed 
confirms that Q ≈ 0 in the inner region. However, Figure 14b shows that for Re ≈ 1,000 a 
vortical structure is present in the inner region at x = 0.55 (Q < 0), which is a location 
downstream of the point of jet detachment (for Re ≈ 1,000: 0.4 < x < 0.5). This observation 
corresponds to those of Bajura and Catalano (1975) and Gogineni and Shih (1997) that the 
development of vortices in the outer region is followed by the development of vortices in 
the inner region of the wall jet, which occurs after detachment of the boundary layer from 
the wall due to an adverse pressure gradient. Furthermore, it can be concluded that there is 
an increase in the number of vortical structures per unit length for increasing Re-values, 
indicating an increased vortex formation frequency with increasing Re. As a result, the 
distance between two consecutive vortical structures decreases with increasing Re.  

The instantaneous velocity fields in combination with the knowledge on the presence of 
vortical structures in the outer region of the wall jet can be used to analyze the 
instantaneous velocity profiles of the wall jet. Figure 15 again shows the vortical structures 
in the outer region of the wall jet for Re ≈ 1,000. The dashed lines indicate the centers of the 
vortical structures in the outer region of the wall jet, whereas the solid line indicates a 
position between the two vortical structures. Figures 15b shows the instantaneous velocity 
profiles taken at the two dashed lines and the solid line. The minimum instantaneous  
x-velocity u/uM in the outer region of the wall jet is 0.208 at the line between the two 
vortical cores, while the minimum u/uM is 0.022 and 0.066 at the lines through vortex core 1 
and vortex core 2, respectively. The presence of the clockwise-rotating vortical structures 
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results in lower instantaneous values of u/uM in the outer region of the wall jet; to be more 
precise, at the location where the lower edges of the vortical structures are present.  

 

 
Fig. 14: Contour plots of the vorticity ωz and the corresponding contour plots of the Okubo-Weiss 
function Q for Re ≈ 1,000 (a,b), Re ≈ 1,750 (c,d), Re ≈ 2,500 (e,f). 

 

5.2.3. Analysis of Strouhal number 

Since a clear periodicity of the flow was observed, the relation between Re number and 
Strouhal number, defined as St = (fh)/UM, with f the vortex formation frequency, h the inlet 
height and UM the maximum x-velocity at x = 0.1, is analyzed in this section. This relation has 
been the subject of several studies in the past. Namer and Ötügen (1988), among others, 
analyzed the relationship between Re and St for free plane jets and Re ranging from 1,000 
to 7,000. They stated that in their experiments St was independent of the Re (St ≈ 0.273), 
even for Re = 1,000 which is expected to result in transitional flow. However, Suresh et al. 
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(2008) did find a dependency of St on Re for free plane jets, at least for Re < 2,000. For 
higher Re, they found that St reached an asymptotic value of around 0.36. It should be 
noted that all studies described above were performed for free plane jets in an unconfined 
space. 

The vortex formation frequency in this study was determined based on the average 
distance between two adjacent vortical structures and the local maximum jet velocity UM. 
Other studies reported vortex formation frequencies based on Fast Fourier Transformations 
(FFT), however, for the vast majority of the measurements in this study the measuring 
frequency was too low (sampling frequency < Nyquist frequency) to be able to determine St 
using a frequency spectrum. Only for Re ≈ 1,000 and Re ≈ 1,200 the measuring frequency 
was high enough to apply FFT and to determine the vortex formation frequency. 
Comparison of FFT with the used method showed a good agreement between results from 
both methods (± 5%).  

 

 
Fig. 15: (a) Contours of Q < 0 for Re ≈ 1,000. (b) Corresponding instantaneous velocity profiles (u/uM) 
at the dashed lines and the solid line, illustrating the influence of the clockwise-rotating vortical 
structures on the instantaneous values of the x-velocity (u/uM). 

 
 
Figure 16 shows the calculated St-values as function of Re. The St-values clearly increase 

with increasing Re. The presented results partly agree with the findings of Suresh et al. 
(2008) that St increases with Re. However, in their case St reached an asymptotic value at 
Re = 2,000, whereas no sign of an asymptotic value can be seen in Figure 16 yet. A possible 
explanation might be the fact that the experiments in this study are all well within the 
transitional range, and are consequently Re-dependent, whereas the onset to turbulent 
flow might have occurred at lower Re-values in the experiments by Suresh et al. (2008). 
Furthermore, their experiments were performed for a free jet and not for a wall jet and in 
air instead of water. Namer and Ötügen (1988) stated that the St-value, based on the vortex 
formation frequency, is constant. Our results however clearly show an increase in St with 
increasing Re (Fig. 16), in line with the findings of Suresh et al. (2008). Again, possible 
explanations might be the flow regime during the measurements (turbulent vs. transitional), 
and the fact that they studied free plane jets instead of confined plane wall jets. 
Furthermore, their study was conducted for an air jet.  
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Fig. 16: Observed relationship between Strouhal number St and Reynolds number Re. 
 

6. Discussion 

In this paper the experimental results of a study on a transitional plane wall jet in a 
confined space have been presented and discussed. The experimental work consists of flow 
visualizations and PIV measurements to analyze the flow pattern. PIV measurements were 
performed for Reynolds numbers from 300 to 2,500, since the flow visualizations have 
shown that transitional flow is present for at least this range of Re-values. 

In accordance with previous studies on transitional jets, the present study has shown that 
jet properties such as time-averaged velocity, turbulence intensity, Strouhal number, etc., 
show a Re-dependency. Unfortunately, a detailed comparison with previously published 
experimental data was not possible, since, to the knowledge of the authors, papers in which 
transitional plane wall jets in a confined space are analyzed using high-resolution 
measurements have not been published so far. However, a comparison with theoretical 
profiles was performed and showed that in general the measured wall jet profiles were 
situated between the theoretical profiles for a laminar and a turbulent wall jet. 
Furthermore, the comparison illustrated the effect of the flow confinement.   

In Section 1 a short description was given of the five stages that generally occur during 
the transition from laminar to turbulent flow in jets, as identified by Bajura and Catalano 
(1975) based on flow visualizations and hot-film anemometry. In the present study, the 
presence of the following four stages can be identified: (i) formation of discrete vortices in 
the outer region (Figs. 13,14), (ii) formation of vortex-like motions in the inner region wall 
boundary layer (Fig. 14b), (iii) separation of the wall jet from the top surface due to an 
adverse pressure gradient, (iv) interaction of the separated wall jet with the global 
recirculation cell. Neither the vortex pairing in the inner and outer region, nor the  
re-laminarization could be distinguished from the PIV measurements. The different 
observations are likely caused by the differences in experimental setup: the measurements 
in this study are performed in a confined space with an influence of the recirculation zone 
on the flow physics of the wall jet, whereas the measurements by Bajura and Catalano 
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(1975) were conducted in an unconfined space, without influence of an opposing wall on 
the transition process. Furthermore, the measurement resolution and frequency in our 
study might have been too low to capture the pairing of vortices in the test section. 

In addition, there are some other limitations concerning the experimental work 
described in this paper. First, the reflections of the glass bottom of the test section made it 
impossible to analyze the flow in this area of the cube. As a result, some information on the 
flow pattern is lacking, although one must note that the bottom of the cube is not the 
primary area of interest in this study, in contrast to the wall jet region. Second, the 
determination of the Strouhal number has not been conducted using Fast Fourier 
Transformations (FFT), although the suitability of the used method has been assessed using 
FFT. Future work should consist of measurements with a higher temporal resolution  
(time-resolved measurements) to enable the use of more accurate methods to determine 
the Strouhal number. Finally, there appears to be a small discrepancy between the velocity 
profiles obtained from the higher resolution measurements in the vicinity of the inlet and 
the profiles obtained from the measurements in the entire cross-section of the cube. The 
second set of profiles (Fig. 6) indicates the presence of a top-hat profile, which is not that 
clearly visible in the profiles obtained from the second set of measurements (Fig. 10). 
Furthermore, the values of U/UM below the entrance of the wall jet show small differences 
between ROI1 and ROI2. A possible explanation for these small deviations is the lower 
measuring resolution for the measurements in the entire cross-section of the cube (ROI1), in 
combination with relatively smaller seeding due to the larger field of view.  

This study is a first step in a more extensive research project on transitional wall jets in a 
confined space. Future work will include measurements for different inlet opening heights 
h, inlet geometries and additional values of the slot Reynolds number Re = U0h/ν. Alongside 
the PIV measurements, point measurements will be conducted using Laser Doppler 
Anemometry (LDA). These point measurements in an air filled setup (2 x 2 x 2 m3) will 
provide time-resolved data of the air flow pattern, which will provide valuable 
complementary information to the data set presented in this paper. In addition, LDA is more 
suited than PIV to carry out a local study concerning wall jet detachment, especially its 
intermittency (Moureh and Flick 2003) and the local turbulence anisotropy (Moureh and 
Flick 2005). 

7. Conclusions 

This paper presents a detailed and systematic experimental analysis of a transitional 
plane wall jet in a confined space. To ensure that the measurements are conducted for a 
transitional flow regime, flow visualizations have been performed using fluorescent dye. 
Based on the flow visualizations PIV measurements have been conducted for seven 
Reynolds numbers, ranging from 800 to 2,500. For each value of Re two sets of 
measurements have been obtained; one of the flow pattern in the entire cross-section of 
the cube (region of interest = L x L) and one with a smaller region of interest near the inlet 
(0.6L x 0.4L) to increase the measurement resolution in this area with large velocity 
gradients. Both the time-averaged and the instantaneous vector fields have been analyzed. 

From the time-averaged results the following conclusions can be made: 
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 The flow visualizations and the PIV measurements have indicated that the onset of jet 
instability occurs further downstream as Re increases. 

 The general flow pattern is the same for all tested Re-values (800 < Re < 2,500). The 
wall jet drives the large recirculation cell in the center of the cube. Smaller 
recirculation cells are present in the downstream top corner and just below the jet 
entrance in the enclosure. 

 The size of these small recirculation cells decreases with increasing Re. 

 The velocity profiles show a clear Re-dependency which increases with increasing 
distance from the inlet.   

 Jet detachment and the location of maximum jet velocity (yC) both depend on Re; the 
jet detachment occurs further downstream and yC increases with increasing Re. 

 The wall jet is not yet fully developed at small distances from the inlet, while at larger 
distances from the inlet the confinement of the jet and the associated adverse 
pressure gradient lead to flow separation and a reversed flow. 

 The outer region of the measured wall jet resembles the theoretical values for a 
laminar wall jet for all tested Re-values. The inner region for Re ≈ 1,000 also shows a 
fair to good agreement with the laminar wall jet. For Re ≈ 1,750 and Re ≈ 2,500 
however, the velocity profiles in the inner region are shifting towards the theoretical 
values of a turbulent wall jet.  

 Below the wall jet region the dimensionless vorticity profiles are Re-independent, 
whereas in the wall jet region the values of ωz do not overlap, but also do not show a 
trend with Re.  

 The large velocity gradients in the inner and outer region of the wall jet due to the 
boundary layer and the shear layer result in increased values of positive and negative 
z-vorticity, respectively. The weak negative vorticity in the center of the test section is 
associated with the large clockwise-rotating recirculation cell, the uniform ωz-value 
indicates a solid-body rotation in this cell. 

 
Analysis of the instantaneous velocity vector fields has led to the following conclusions: 

 

 Kelvin-Helmholtz-type-instability waves are present at the bottom part of the wall jet, 
which grow and lead to the formation of discrete vortical structures in the outer 
region. 

 The Q criterion shows that the positive vorticity in the inner region, and before jet 
detachment, is the result of shear in the boundary layer (hyperbolic region). However, 
in the outer region, a vortex train is present with alternating regions of Q < 0 and  
Q > 0, indicating the presence of rotation-dominated regions (elliptic flow) and  
strain-dominated regions (hyperbolic flow), respectively.   

 The instantaneous velocity profiles indicate a lower velocity in the outer region of the 
wall jet at the locations of the vortical structures. This feature is due to the presence 
of clockwise-rotating coherent structures, the bottom of which causes the locally 
lower values of the instantaneous velocity.  

 The number of formed vortices per unit length increases with Re and this increase is 
larger than the increase in inlet velocity; therefore the Strouhal number St increases 
with an increase in Re. 
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On the suitability of steady RANS CFD for forced mixing 
ventilation at transitional slot Reynolds numbers 

van Hooff T, Blocken B, van Heijst GJF, 2012. Indoor Air, doi:0.1111/ina.12010.  
 

Abstract 

Accurate prediction of ventilation flow is of primary importance for designing a healthy, 
comfortable and energy-efficient indoor environment. Since the 1970s, the use of 
computational fluid dynamics (CFD) has increased tremendously and nowadays it is one of 
the primary methods to assess ventilation flow in buildings. The most commonly used 
numerical approach consists of solving the steady Reynolds-averaged Navier-Stokes (RANS) 
equations with a turbulence model to provide closure. This paper presents a detailed 
validation study of steady RANS for isothermal forced mixing ventilation of a cubical 
enclosure driven by a transitional wall jet. The validation is performed using particle image 
velocimetry (PIV) measurements for slot Reynolds numbers of 1,000 and 2,500. Results 
obtained with the renormalization group (RNG) k-ε model, a low-Reynolds k-ε model, the 
shear stress transport (SST) k-ω model and a Reynolds stress model (RSM) are compared 
with detailed experimental data. In general, the RNG k-ε model shows the weakest 
performance, whereas the low-Re k-ε model shows the best agreement with the 
measurements. In addition, the influence of the turbulence model on the predicted air 
exchange efficiency in the cubical enclosure is analyzed, indicating differences up to 44% for 
this particular case. 
 
Keywords: forced mixing ventilation; computational fluid dynamics (CFD); transitional flow; 
particle image velocimetry (PIV); model validation; steady Reynolds-averaged Navier-Stokes 
(RANS). 

Practical implications 

This paper presents a detailed numerical study of isothermal forced mixing ventilation 
driven by a low-velocity (transitional) wall jet using steady computational fluid dynamics 
(CFD) simulations. It is shown that the numerically obtained room airflow patterns are highly 
dependent on the chosen turbulence model and large differences with experimentally 
obtained velocity fields can be present. The renormalization group (RNG) k-ε model, which 
is commonly used for room airflow modeling, shows the largest deviations from the 
measured velocities, indicating the care that must be taken when selecting a turbulence 
model for room airflow prediction. As a result of the different predictions of the flow 
pattern in the room, large differences are present between the predicted air exchange 
efficiency obtained with the four tested turbulence models, which can be as high as 44%.  
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1. Introduction  

Ventilation is used to provide a healthy, comfortable, sustainable and energy-efficient 
indoor environment in buildings, airplanes, cars, etc., by removing pollutants, excess heat 
and moisture, etc. The accurate prediction of ventilation flow is therefore of primary 
importance. The ventilation flow in an enclosure can be assessed by analytical and/or  
semi-empirical formulae, by full-scale or reduced-scale experiments or by numerical 
simulation using computational fluid dynamics (CFD). An overview of ventilation assessment 
methods is provided by Chen (2009). All methods should be conducted with the utmost 
care; an incorrect prediction of the ventilation flow in an enclosure will lead to incorrect 
predictions of the actual ventilation performance, e.g. the air exchange efficiency.  

Since the early work of Nielsen (1974) in the nineteen-seventies, a lot of work has been 
published on the numerical prediction of room airflow, which is governed by recirculation 
cells, flow separation and flow attachment (e.g. Awbi 1989, Jones and Whittle 1992, Kato et 
al. 1992, Gan and Awbi 1994, Nielsen 1998, van Hooff and Blocken 2010, Ramponi and 
Blocken 2012, Cao and Meyers 2012). The majority of these studies consisted of CFD 
simulations of mixing or displacement ventilation, either with or without buoyancy effects. 
Although it is widely recognized that large eddy simulation (LES) is inherently more accurate 
for ventilation flow modeling, its high computational cost is the main reason why the 
majority of ventilation studies is still performed using steady Reynolds-averaged Navier-
Stokes (RANS) simulations. However, the use of steady RANS for room airflow modeling is 
challenging because of three distinct features of indoor airflow: (1) transitional flow;  
(2) turbulence anisotropy and; (3) adverse pressure gradients.  

The first challenge is the modeling of transitional room airflow. Although the vast 
majority of the ventilation studies have been conducted for fully turbulent flow, transitional 
flow can be present in different types of room airflow, either in the supply jet region or in 
other regions of low velocities (e.g. corners of the room, vicinity of buoyant plumes)  
(e.g. Chen and Jiang 1992, Murakami et al. 1994, Li and Nielsen 2011). However, to the 
knowledge of the authors, only a limited number of ventilation studies have dealt with room 
airflow at transitional slot Reynolds numbers. Nielsen et al. (2000), Davidson et al. (2000) 
and Wang and Chen (2009, 2010) studied transitional room air flow experimentally and 
numerically. Davidson et al. (2000) concluded that only LES was capable of reproducing this 
type of room airflow based on the experiments by Nielsen et al. (2000). However, Wang and 
Chen (2009, 2010) concluded that steady RANS in combination with the renormalization 
group (RNG) k-ε turbulence model provided accurate results, which indicates the lack of 
consensus on the ability of steady RANS to model transitional room airflow. An overview of 
studies on transitional jets in other research areas is provided by van Hooff et al. (2012a).  

The second challenge is the presence of turbulence anisotropy. In the RANS approach, 
the Reynolds decomposition leads to six additional terms in the RANS equations; the 
Reynolds stresses. These Reynolds stresses need to be modeled, which can be done by using 
the Boussinesq hypothesis or by solving transport equations for each of the Reynolds 
stresses (i.e. second-order closure models, e.g. Reynolds stress models (RSM)). The most 
commonly used turbulence models based on the Boussinesq hypothesis are the linear two-
equation eddy-viscosity models such as the k-ε and k-ω models. The Boussinesq hypothesis 
relates the Reynolds stresses to the mean velocity gradients by using an eddy (or turbulent) 
viscosity μt. An important approximation of the Boussinesq hypothesis is that it assumes the 
anisotropic part of the Reynolds stress tensor to be aligned with the shear stress tensor, 
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presuming that a spatially dependent proportionality factor (i.e. the eddy viscosity) exists. 
This is mainly problematic in regions of high shear (e.g. in wall jets), where turbulence tends 
to be strongly anisotropic. It should be noted that in several publications it has been 
erroneously reported that the normal Reynolds stresses predicted by eddy-viscosity models 
are equal (= isotropic). The normal Reynolds stresses consist of an isotropic part (= 2/3k) to 
ensure that the sum of the normal Reynolds stresses always has the correct physical value, 
and an anisotropic part, which is only zero in case there is no shear in the flow. If shear is 
present the normal stresses are not equal due to unequal values of ∂u/∂x, ∂v/∂y, and 
∂w/∂z. Using a second-order closure model, e.g. RSM, one can more accurately take into 
account the effect of the Reynolds stresses on the flow field, which should provide superior 
results for these flows (e.g. Hanjalić 1994, Murakami et al. 1994, Schälin and Nielsen 2004). 
However, using RSM entails several disadvantages: increased computational demand and 
less straightforward convergence.  

Finally, the third challenge for room airflow modeling using steady RANS is the presence 
of an adverse pressure gradient. In mixing ventilation flows a high-momentum jet is used to 
drive a recirculation region in the enclosure (e.g. Awbi 2007). The wall opposite to the 
ventilation opening from which the air jet is released into the enclosure, invokes an adverse 
pressure gradient. The higher pressure in the downstream top-corner of a room can induce 
the separation of the boundary layer (attached wall jet). The correct modeling of boundary 
layer separation (jet detachment) due to an adverse pressure gradient is not straightforward 
for some of the steady RANS models, i.e. high-Reynolds (HR) k-ε models (e.g. Patel et al. 
1985, Rodi and Scheuerer 1986, Wilcox 1993, Casey and Wintergerste 2000, Chen and 
Srebric 2002). This inability is due to the fact that the HR k-ε models underpredict the 
turbulence dissipation rate ε, which is too small relative to the production rate of k. This 
leads to an incorrect eddy viscosity and an increased shear stress level near the wall, which 
leads to an unrealistic delay, or even prevention, of boundary layer separation. The k-ω 
models in general (e.g. Casey and Wintergerste 2000), and the shear stress transport (SST) 
k-ω model in particular (Menter 1993, Wilcox 1993, Menter 1996) are known to provide 
more accurate results in separating flows. Finally, second-order closure models, e.g. RSM, 
are said to provide superior predictions for flows in confined rooms with an adverse 
pressure gradient (Moureh and Flick 2003, 2005, Norton et al. 2007).    

Although a lot of guidelines have been published on room airflow modeling  
(e.g. Nielsen 1990, 1998, 2004, Baker et al. 1994, Chen 1995, 1996, Chen and Srebric 2002, 
Sørensen and Nielsen 2003, Zhai et al. 2007, Zhang et al. 2007), no clear consensus could be 
found in literature on which turbulence models should be used for room airflow modeling in 
general, and for transitional room airflow in particular. This is at least partly attributed to 
the large variety in indoor geometry and physical conditions in previous studies and to the 
large number of parameters influencing the airflow patterns.  

The objective of this study is to assess the accuracy of steady RANS CFD simulations in 
combination with four frequently used turbulence models for forced mixing ventilation at 
transitional slot Reynolds numbers (i.e. Re ≈ 1,000 and Re ≈ 2,500) in a cubical enclosure 
driven by a wall jet. The study in this paper focuses on the three challenges mentioned 
above: (1) transitional flow, (2) turbulence anisotropy and (3) adverse pressure gradients. In 
Section 2, the experimental setup for the particle image velocimetry (PIV) measurements 
that are used for CFD validation is described. The computational model is described in 
Section 3 and Section 4 presents the steady RANS simulations for two slot Reynolds 
numbers (Re ≈ 1,000 and Re ≈ 2,500) and their comparison with the PIV measurements. The 
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influence of the turbulence models on the predicted ventilation efficiency is shown in 
Section 5. A discussion with an overview of future work (Section 6) and conclusions (Section 
7) conclude the paper. 

2. PIV measurements 

2.1. Reduced-scale model 

A reduced-scale and water-filled model (1:6.67) of a 2 x 2 x 2 m3 air-filled enclosure has 
been built to perform flow visualizations and PIV measurements. The former were 
conducted to determine the slot Reynolds numbers for which the studied flow is 
transitional, while the latter were performed to analyze the flow behavior and to obtain a 
data set for the validation of CFD models (van Hooff et al. 2012a, 2012b). The reduced-scale 
experimental setup is filled with water and consists of (1) a water column to drive the flow; 
(2) a flow conditioning section; (3) a cubic test section with dimensions 0.3 x 0.3 x 0.3 m3 
(L3); and (4) an overflow (Fig. 1). The conditioning section in front of the inlet consists of one 
honeycomb, three screens and a contraction to obtain a uniform water flow at the inlet and 
to minimize the turbulence level. The test section has edges of 0.3 m (L) and is constructed 
from glass plates with a thickness of 8 mm. The inlet width (w) is 0.3 m (w/L = 1) and the 
inlet height (h) can be varied up to 0.03 m (0 < h/L ≤ 0.1); for this study h/L is fixed to 0.1. 
The height of the outlet is fixed at houtlet/L = 0.0167. The slot Reynolds number is defined 
based on the inlet height as Re = U0h/ν, with U0 the area-averaged inlet velocity based on 
the volume flow rate through the inlet and ν the kinematic viscosity at room temperature  
(≈ 20°C). The maximum local velocity UM is used to make the velocities non-dimensional 
(U/UM) (Fig. 1b). Note that UM is defined as the local maximum time-averaged x-velocity, 
and thus varies with both x/L and Re. More information on the experimental setup can be 
found in van Hooff et al. (2012b). 

2.2. PIV measurement setup 

The PIV measurements were conducted using a 2D PIV system consisting of a Nd:Yag 
(532 nm) double-cavity laser (2 x 200 mJ, repetition rate < 10 Hz) used to illuminate the field 
of view, and one CCD (Charge Coupled Device) camera (1376 x 1040 pixel resolution,  
10 frames/s) for image acquisition. The laser was mounted on a translation stage and was 
positioned above the cubic test section to create a laser sheet in the vertical center plane of 
the cube; the camera was positioned perpendicular to the water cube. Seeding of the water 
was provided by hollow glass micro spheres (3M; type K1) with diameters in the range of 30 
– 115 μm.  

Two sets of PIV measurements were performed in the vertical center plane (z/L = 0.5) of 
the water cube. The first set of measurements consists of data in the entire cross-section of 
the cube, i.e. a region of interest (ROI) of 0.3 x 0.3 m2 (= ROI1). The second set contains PIV 
measurements in a smaller area of 0.18 x 0.12 m2 (W x H) in the proximity of the inlet, 
enabling a higher measurement resolution (= ROI2). The uncertainty of the measurement 
results is around 2-4% in the largest part of the test section and is slightly higher in the shear 
layer and boundary layer areas as a result of the locally higher turbulence levels. For this 
study, the time-averaged velocities were used. Note that the results for y/L < 0.05 are not 
used in the remainder of this paper. The results in this part of the cube are inaccurate due 
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to reflections of the laser sheet on the glass bottom of the cube. Additional information and 
measurement results can be found in van Hooff et al. (2012a). 

 
 

 
Fig. 1: (a) Reduced-scale setup used for the flow visualizations and PIV measurements (1) water 
column; (2) flow conditioning section in front of the inlet, (3) test section, (4) overflow, and the valves 
that are placed in a block after the overflow. Dimensions in mm. (b) 2D schematic representation of 
the plane wall jet with I the inner region, II the outer region, UM the maximum velocity, yM the 
distance from the top wall to the location of UM. 
 

3. CFD simulations 

3.1. Computational geometry and grid 

The computational model is a replica of a part of the experimental setup as described in 
Section 2.1. The conditioning section is not included in the model, only the contraction 
upstream of the inlet of the test section has been taken into account (Fig. 2a). The outlet is 
extended in the x-direction to enhance convergence of the simulations.   

The computational grid was created using the surface-grid extrusion technique presented 
in van Hooff and Blocken (2010). A grid-sensitivity analysis was conducted using three 
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different fully structured grids, ranging from 1,254,400 cells to 10,022,400 cells, based on 
grid refinement of √2 in each direction (Fig. 2b, Fig. 3). The grid-sensitivity analysis was only 
performed for Re ≈ 1,000 and with the SST k-ω model by Menter (1994). The three different 
grids are depicted in Figure 3, clearly illustrating the higher grid resolution in the boundary 
layer and the shear layer, which are the regions with high velocity gradients. The number of 
cells over the inlet height is 40, 56 and 80 for the coarse, middle and fine grid, respectively. 

 
 

 
Fig. 2: (a) Computational model of the water cube. (b) Computational grid (coarse grid: 1.25 million 
cells). 

 
 

 Fig. 3: Computational grids used for the grid-sensitivity analysis: (a) coarse grid (1,254,400 cells);  
(b) middle grid (3,437,056 cells); (c) fine grid (10,022,400 cells). (d) Enlarged figure of the mesh in the 
inlet region (fine grid). 
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Over the outlet height 20, 28 and 40 cells are present for the three different grids. An 
overview of the grid size and the corresponding dimensionless wall distances y* at the top 
surface (y/L = 1) in the center plane are shown in Table 1. The y* values range from 0.045 to 
0.45 for the coarsest grid to 0.007 to 0.28 for the finest grid. The low values for y* enable 
the use of low-Reynolds number modeling (LRNM), which implies solving the flow all the 
way down to the viscous sublayer. The grid resolution for the application of LRNM should be 
very fine, preferably with y*-values at the wall-adjacent cell equal to or lower than 1. Note 
that using wall functions would reduce the near-wall grid resolution, and thus the 
computational demand, to a great extent since the center point of the wall-adjacent cell 
should be located in the log-law region (y* ≈ 30-300). However, the numerical accuracy using 
LRNM is larger than when using wall functions, in which semi-empirical formulae are used to 
bridge the region from the wall to the center of the wall-adjacent cell. Accurately resolving 
the flow all the way down to the viscous sublayer is especially important in situations in 
which low-Reynolds-number flow, pressure gradients and boundary layer separation are 
present, as is the case in this study. 
 
 

Table 1: Grids used for the grid-sensitivity analysis.  

Grid Number of cells [-] y* (top; min) [-] y* (top; max) [-] 

Coarse  1,254,400 0.045 0.45 
Middle  3,437,056 0.026 0.40 
Fine  10,022,400 0.007 0.28 

 
 

The results of the grid-sensitivity analysis are shown in Figure 4, which shows the profiles 
of the non-dimensional x-velocities (U/UM) in the vertical center plane (z/L = 0.5) at x/L = 0.5 
and x/L = 0.8. It can be concluded that the results obtained with the coarse grid show some 
significant differences from those obtained with the middle grid. The results obtained with 
the middle grid and the fine grid nearly overlap, although there are still some small 
differences between the middle and the fine grid. Note that these differences are mainly 
present in the shear layer and boundary layer regions. The simulations for the  
grid-sensitivity analysis showed oscillatory convergence, comparable to that reported by 
Ramponi and Blocken (2012) and van Hooff et al. (2012c). The oscillations resulted in small 
fluctuations of the velocity, mainly in the wall jet region, which were within 2% and 5% of 
 

 

 
Fig. 4: Results of the grid-sensitivity analysis: (a) U/UM at x/L = 0.5; (b) U/UM at x/L = 0.8.  
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the average velocity at a given point for the two-equation models and the RSM model, 
respectively. To obtain an “average” solution the results were averaged over a sufficiently 
large number of iterations. More information can be found in the next subsection. Based on 
Figure 4, and taking into account the oscillatory convergence that was present, the middle 
grid was considered to provide fairly grid-independent results and is therefore used in the 
remainder of this study.  

3.2. Boundary conditions 

The boundary conditions were chosen to replicate those of the experiments as closely as 
possible. The surfaces were modeled as smooth no-slip walls. A uniform velocity was 
imposed at the CFD inlet (see Fig. 2a), which was based on the Reynolds number at the 
actual ventilation inlet during the experiments and the ratio between the height of the CFD 
inlet (h/L = 0.3) and the actual ventilation inlet (h/L = 0.1); Uinlet;CFD = 0.01 m/s for Re ≈ 1,000 
and Uinlet;CFD = 0.025 m/s for Re ≈ 2,500. As a result of the contraction between the CFD inlet 
and the actual ventilation inlet, the velocities at the actual ventilation inlet are 
approximately three times higher than those imposed at the CFD inlet. The turbulence 
parameters were specified based on the hydraulic diameter and the turbulence intensity. 
The hydraulic diameter Dh was calculated using Dh = (4WH)/(2(W+H)), with H the height and 
W the width of the CFD inlet. The turbulence intensity (uRMS/UM) in the wall jet region at  
x/L = 0.2 was around 3-4% for each value of Re (van Hooff et al. 2012a). A constant 
turbulence intensity of 6% was imposed at the CFD inlet for Re ≈ 1,000 and 18% for  
Re ≈ 2,500. Due to the contraction the resulting turbulence intensity at the entrance of the 
cubic test section corresponded with the measured values (see Section 5.3). Zero static 
pressure was imposed at the outlet. Note that the boundary conditions were identical for all 
tested turbulence models to enable a fair comparison of their performance.  

3.3. Solver settings 

The 3D steady RANS simulations were conducted using Fluent 6.3.26 (Fluent 2006). Four 
different turbulence models were used to provide closure to the governing equations; three 
linear two-equation eddy-viscosity models (RNG k-ε, low-Reynolds k-ε, SST k-ω) and one 
second-order closure model (low-Re stress-omega Reynolds Stress Model). The standard k-ε 
model by Launder and Spalding (1974) has been used for engineering applications for 
several decades, however, it has several well-documented disadvantages (e.g. Casey and 
Wintergerste 2000) and was therefore not tested in this study. The RNG k-ε model by 
Yakhot et al. (1992) is an improved version of the standard k-ε model and has been 
extensively used in room air flow modeling. In addition to the RNG k-ε model, the  
low-Reynolds number k-ε (LR k-ε) by Chang et al. (1995) was tested. This low-Re number 
turbulence model was designed for flow in a sudden expansion. Low-Re number models use 
damping functions to improve their accuracy in the near wall region and should show an 
improved performance for low-Re number flows as studied in this paper. The third 
turbulence model that was used is the SST k-ω model by Menter (1994). The eddy-viscosity 
function of the standard k-ω model has been adjusted for the SST model by Menter (1994), 
in order to account for the transport of the principal turbulent shear stress in adverse 
pressure gradient boundary layers. Finally, the low-Re stress-omega Reynolds Stress Model 
(RSM) by Wilcox (1998) was used. The RSM model is the only turbulence model tested in 
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this study that solves transport equations for the individual Reynolds stresses and should 
show a better performance for the wall jet, since turbulence in a wall jet is anisotropic due 
to the damping effects of the wall. For all turbulence models studied in this paper the 
default model constants are used, which are not mentioned here for the sake of brevity. 
Note that most RANS turbulence models were developed for fully developed turbulent flow, 
which is not the case in this study. Flow visualizations indicated that transitional flow is 
present and that the measured turbulence intensities are very low (van Hooff et al. 2012a).    

Pressure-velocity coupling is solved by the SIMPLEC algorithm, pressure interpolation is 
second order and second-order upwind discretization schemes are used for both the 
convection terms and the viscous terms of the governing equations. Convergence has been 
monitored carefully. For the majority of the simulations oscillatory convergence was 
present. As discussed in Ramponi and Blocken (2012) and van Hooff et al. (2012c), CFD 
simulations can exhibit oscillatory unsteadiness of the flow field, resulting in fluctuating 
values of the studied parameters as function of the number of iterations. Solely looking at 
the residuals is therefore not enough and might even be misleading. To obtain an “average” 
solution the results were averaged over a sufficiently large number of iterations. In this 
case, the averaging took place over an interval of 4,000 or an interval of 20,000 iterations, 
depending on the Re-value, grid size and the turbulence model.   

4. Comparison of turbulence model performance 

4.1. Velocities 

The PIV measurements are compared with the numerical results obtained with steady 
RANS in combination with the four turbulence models described above. Figure 5 shows 
vertical profiles of U/UM in the vertical center plane (z/L = 0.5) at x/L = 0.2, 0.5 and 0.8  
(Fig. 5f) for Re ≈ 1,000. Figures 5d,e show the results at x/L = 0.2 and x/L = 0.5 obtained from 
the PIV measurements in a smaller ROI (higher spatial resolution). At x/L = 0.2 the  
RNG k-ε model provides clearly erroneous predictions of U/UM; the shape of the wall jet is 
not correct (not top-hat shaped) (Fig. 5d). Note that the experimentally obtained velocity 
profile in Figure 5a does not resemble a clear top-hat profile; this is due to the lower 
measurement resolution in ROI1 (van Hooff et al. 2012a). The other three turbulence 
models are able to predict the correct shape of the wall jet at this position. In Figure 5d it is 
shown that the LR k-ε model and the SST k-ω model also accurately predict the velocities 
below the wall jet (0.7 < y/L < 0.9), whereas the RSM model predicts too low x-velocities in 
this area. The results at x/L = 0.5 are depicted in Figures 5b and 5e. It can be seen that the 
RNG k-ε model provides the worst agreement with the measurement results. The wall jet is 
too thin and the location of maximum jet velocity is too close to the top surface. As seen in 
Figure 5a,d, the RSM model again predicts too small absolute x-velocities below the wall jet. 
Finally, Figure 5c shows the velocity profiles at x/L = 0.8. Although the LR k-ε model predicts 
too high negative x-velocities near the bottom of the cube, it shows the overall best 
agreement with the PIV measurements. The worst agreement is again obtained with the 
RNG k-ε model which underpredicts the jet detachment to a large extent. The SST k-ω and 
the RSM model on the other hand overpredict jet detachment compared to the 
measurements. 
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The profiles of U/UM at x/L = 0.2, 0.5 and 0.8 for Re ≈ 2,500 are depicted in Figure 6. The 
results at x/L = 0.2 for Re ≈ 2,500 are quite similar to those for Re ≈ 1,000. The shape of the 
wall jet is fairly accurate predicted by all models except by the RNG k-ε model, which again 
does not accurately predict the top-hat velocity profile at x/L = 0.2 (Fig. 6d). The RSM model 
again underpredicts the velocities below the wall jet (0.7 < y/L < 0.9) (Fig. 6a), whereas it 
predicts too large negative velocities between y/L = 0.2 and y/L = 0.5. Finally, the SST k-ω 
model predicts a positive velocity near the bottom surface, which is not in agreement with 
the measurements and is also not predicted by the other three models. From the measured 
profiles at x/L = 0.5 and x/L = 0.8 for Re ≈ 2,500, it can be concluded that the jet separation 
from the top surface occurs further downstream in comparison with the results for  
Re ≈ 1,000. This dependency on Re, as presented in van Hooff et al. (2012a), is not correctly 
reproduced by all turbulence models, which does not come as a surprise since most 
turbulence models are developed for fully developed turbulent flow (high Reynolds 
number). The velocity profiles obtained with the RNG k-ε model are almost the same as 
those for Re ≈ 1,000 and again the wall jet detaches too far downstream. In contrast to the 
RNG k-ε model, the SST k-ω and the RSM model predict the jet detachment to occur too far 
upstream resulting in deviations from the measured profiles; the locations of maximum jet 
velocity are predicted to be too low at x/L = 0.5 and at x/L = 0.8 (Fig. 6b,c,e). The LR k-ε 
model in general provides the best agreement with the measurement results; the 
 

 
Fig. 5: (a-c) Comparison of PIV results in ROI1 with CFD simulation results for Re ≈ 1,000: (a) U/UM at 
x/L = 0.2; (b) U/UM at x/L = 0.5; (c) U/UM at x/L = 0.8. Comparison PIV results in ROI2 with CFD 
simulation results: (d) U/UM at x/L = 0.2; (e) U/UM at x/L = 0.5. (f) Locations of x/L = 0.2, 0.5 and 0.8. 



Chapter 4 – Steady RANS CFD simulations 
 

79 

numerically obtained profiles closely resemble the measured velocity profiles, especially in 
the upper part of the cube. Near the bottom (y/L < 0.1), the LR k-ε model predicts too high 
negative values of U/UM. In this area, the RSM model provides the best results. The fact that 
 the results obtained with the RNG k-ε model for Re ≈ 2,500 show a better agreement with 
the measurement results than for Re ≈ 1,000, can be attributed to the higher measured 
turbulence level for Re ≈ 2,500, which delays the separation of the wall jet and which 
reduces the velocity gradient in the outer region of the wall jet (compare Fig. 5e and  
Fig. 6e). For even higher turbulence levels (higher values of Re), the performance of the RNG 
k-ε model will probably improve even further and probably will eventually show a good 
comparison with the measurements when the flow becomes fully turbulent.  
 

 
 

Fig. 6: (a-c) Comparison of PIV results in ROI1 with CFD simulation results for Re ≈ 2,500: (a) U/UM at 
x/L = 0.2; (b) U/UM at x/L = 0.5; (c) U/UM at x/L = 0.8. Comparison PIV results in ROI2 with CFD 
simulation results: (d) U/UM at x/L = 0.2; (e) U/UM at x/L = 0.5. 
 

4.2. Velocity vector fields 

In addition to the detailed velocity profiles, also the velocity vector fields can be used to 
assess the performance of the turbulence models. Figure 7 shows the measured (Fig. 7a) 
and computed velocity vector fields in the vertical center plane (z/L = 0.5). The circular dot 
represents the measured center of the large recirculation zone, whereas the open circle 
represents the computed centers. It is again shown that the RNG k-ε model does not 
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correctly predict the detachment of the wall jet due to the adverse pressure gradient. As a 
result, the smaller recirculation zone in the top-right corner is too small. Nevertheless, the 
computed center of the large recirculation zone does resemble the measured location quite 
well, but this is believed to be a coincidence since the other flow features do not correspond 
with the measurements. The location of the center of the recirculation zone is also fairly 
well predicted by the LR k-ε model (Fig. 7c) and the SST k-ω model (Fig. 7d). The former 
predicts the center to be slightly too far to the left, while the latter predicts a location that is 
slightly too high. These two turbulence models provide a more accurate prediction of jet 
detachment and of the resulting top corner recirculation zone. Finally, the RSM model 
shows quite a large deviation of the location of the center of the large recirculation zone; its 
shape clearly differs from the measured one. However, jet detachment is predicted quite 
accurately. 

4.3. Turbulent kinetic energy 

In addition to U/UM, also the measured and predicted turbulent kinetic energy profiles 
can be compared, especially near the top surface. The turbulent kinetic energy is calculated 
using the measured root-mean-square (RMS) values in the longitudinal (uRMS) and vertical 
direction (vRMS), obtained with the PIV measurements in the reduced region of interest 
(ROI2), for improved spatial accuracy. Since the PIV measurements only provided the 
velocity components in the streamwise (U, uRMS) and vertical direction (V, vRMS), the  
RMS value in the lateral direction (wRMS) is unknown. To be able to calculate the turbulent 
kinetic energy, the correlation between the normal stresses in a 2D wall jet, as described by 
Nielsen (1990), is used: 

 

0.8   RMS RMSw u      (1) 

 
The turbulent kinetic energy can subsequently be calculated using  

 

     2 2 21
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k ( )RMS RMS RMSu v w     (2) 

 

Figure 8 shows the vertical profiles of k at x/L = 0.2 and at x/L = 0.5 for Re ≈ 1,000. The 
values of k predicted by the RNG k-ε model in the wall jet region are far too high in general, 
both at x/L = 0.2 (kmax = 10-4 m2/s2) and x/L = 0.5 (kmax = 7 x 10-5 m2/s2). A closer look at 
Figure 8b shows that the RNG k-ε model strongly overpredicts the turbulent kinetic energy 
in the boundary layer at x/L = 0.5. This observation is directly related to the inability to 
accurately predict the detachment of the wall jet (boundary layer separation) (see Figs. 5 
and 6). This discrepancy has been addressed by several other researchers in the past and 
also in Section 1 of this paper. Furthermore, the high levels of turbulent kinetic energy at x/L 
= 0.2 below y/L = 0.97 are the reason for the inability of the RNG k-ε model to predict a  
top-hat velocity profile. The high values of k smooth out the velocity profile in the outer 
region of the wall jet (y/L < 0.97), as can be seen in Figure 5d. The results of the LR k-ε, SST 
k-ω and the RSM model in general show a much better agreement with the turbulent kinetic 
energy profiles based on the measurements, although these models underpredict the value 
of k in the inner region of the wall jet at x/L = 0.2 (y/L ≈ 0.99) and at x/L = 0.5 (y/L ≈ 0.94). 
The RSM model underpredicts the turbulent kinetic energy in the outer region at x/L = 0.5. 
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Fig. 7: Time-averaged velocity vector fields in the vertical center plane for Re ≈ 1,000.  
(a) PIV measurements; (b) RNG k-ε; (c) LR k-ε; (d) SST k-ω; (e) RSM. ● = measured center of the large 
recirculation zone, ○ = computed center of large recirculation zone. 
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The profiles of turbulent kinetic energy for Re ≈ 2,500 are shown in Figure 9a (x/L = 0.2) 
and Figure 9b (x/L = 0.5). It is shown that the RNG k-ε model again strongly overpredicts the 
turbulent kinetic energy in the wall jet region, although the discrepancy is smaller than for 
Re ≈ 1,000. At x/L = 0.2, the other three turbulence models slightly overpredict the turbulent 
kinetic energy in the wall jet region, although the RSM model provides fairly accurate results 
for the outer region of the wall jet at this location. Below the wall jet, the RSM model shows 
the best agreement with the experimentally obtained turbulent kinetic energy; the other 
models overpredict the value of k. The numerical results at x/L = 0.5 obtained with the  
LR k-ε, SST k-ω and the RSM model show a fair to good agreement with the measurement 
results, although the turbulent kinetic energy below the wall jet is slightly overpredicted by 
all models.      

      
 

 
Fig. 8: Comparison of measured turbulent kinetic energy k and values obtained from CFD simulations 
for Re ≈ 1,000: (a) k at x/L = 0.2; (b) k at x/L = 0.5. The values of k for the RNG model do not entirely 
fall in the range of the graphs (kmax = 10-4 m2/s2 at x/L = 0.2; kmax = 7 x 10-5 m2/s2 at x/L = 0.5). 
 

  

 
Fig. 9: Comparison of measured turbulent kinetic energy k and values obtained from CFD simulations 
for Re ≈ 2,500: (a) k at x/L = 0.2; (b) k at x/L = 0.5.  
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5. Influence on air exchange efficiency prediction 

The influence of the turbulence model on the calculation of the air exchange efficiency 
has been assessed for this particular case. The air exchange efficiency εa is defined as: 

 

2a n      (3) 

 
with τn the nominal time constant, which is the shortest possible time it takes to replace the 
air, and  the volume average age of air (Etheridge and Sandberg 1996). In the case of 
perfect mixing the air exchange efficiency would be equal to 0.5, since the average age of air 
in the room would in this case be equal to the age of air at the exhaust (= nominal time 
constant). By solving a transport equation for a passive scalar in CFD it is possible to 
numerically determine the age of air inside the enclosure, enabling the calculation of the air 
exchange efficiency using CFD (e.g. Chanteloup and Mirade 2009, Hang and Li 2011). The 
turbulent Schmidt number for these simulations was set to Sct = 0.7.  

Figure 10 shows the distribution of the age-of-air in the vertical center plane (z/L = 0.5) 
for Re ≈ 1,000 as obtained with the CFD simulations with the four turbulence models. Due to 
the overprediction of the turbulent kinetic energy by the RNG k-ε model (Fig. 8), both in the 
wall jet region as in the remainder of the domain, the age-of-air contours for this model  
(Fig. 10a) differ considerably from those obtained with the other three models. Due to the 
unrealistic high levels of turbulent kinetic energy the turbulent diffusivity is much higher, 
which results in a lower age-of-air. Consequently, the air exchange efficiencies in the 
occupied zone below the wall jet (indicated with dashed rectangles in Fig. 10) differ 
significantly for the four turbulence models that were tested; the difference between the 
 

Fig. 10: Contours of computed age of air in the occupied zone (indicated with the dashed rectangle) 
and value of the air exchange efficiency for Re ≈ 1,000. (a) RNG k-ε model; (b) SST k-ω model; (c) LR 
k-ε model; (d) RSM model.  
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RNG k-ε model and the LR k-ε model is (0.36-0.29)/0.29 = 24%, and the difference between 
the RNG k-ε model and RSM model is even larger, 44%. The computed air exchange 
efficiencies for Re ≈ 2,500 are: RNG k-ε: 0.29; SST k-ω: 0.23; LR k-ε: 0.25; RSM: 0.22. The 
largest difference is again present between the RNG k-ε model and the RSM model, namely 
(0.29-0.22)/0.22 = 32%. 

6. Discussion 

This paper presents the results of a numerical study on isothermal forced mixing 
ventilation at two transitional slot Reynolds numbers (Re ≈ 1,000 and Re ≈ 2,500). There are 
two topics that are addressed in this discussion: (1) differences with earlier studies;  
(2) limitations of this study and future work.  

As mentioned in the introduction, Davidson et al. (2000) performed CFD simulations of 
transitional room airflow and concluded that steady RANS was not capable of providing 
accurate predictions for these types of flows. It was stated that only LES could provide good 
results. These statements by Davidson et al. (2000) are not fully in line with the findings 
presented in the current paper. There are several possible explanations for this apparent 
discrepancy. The first and probably most important one is the grid size, which is essential for 
accurately predicting the near-wall flow and boundary layer separation. The finer the grid 
near the top wall, the more accurately the boundary layer can be resolved. As a result of the 
increase in computational power it was possible to perform simulations in the present study 
with y* values well below 1, which are most probably smaller than those in the study by 
Davidson et al. (2000), who used 307,200 cells, with 10 cells over the inlet height, for their 
simulations. The total number of cells in the present study was over 3.4 million with 56 cells 
over the inlet height. Note that Davidson et al. (2000) only tested the modified k-ω model 
by Peng et al. (1997). Furthermore, the experimental setup was different, and also the value 
of Re (= 600) studied by Davidson et al. (2000) was not the same as in the current study.  

The present study also has important limitations. The first one concerns the turbulence 
inlet conditions, which were chosen according to the best available information. Future 
measurements should include detailed measurements of turbulence properties at the inlet 
to increase the accuracy of this boundary condition. Second, this study focused on a flow 
pattern in which three different challenges for room airflow prediction act in a combined 
way; (1) transitional flow; (2) turbulence anisotropy; (3) adverse pressure gradients. As a 
result of this combination, it was not possible to thoroughly analyze the capability of the 
studied turbulence models for each of the individual challenges. Future work could focus on 
decomposition of the flow pattern, on analysis of individual flow features and on each of the 
three challenges separately. Third, only four turbulence models were assessed. There are 
numerous other linear and non-linear two-equation models, second-order closure models, 
etc. Future work will include more RANS turbulence models, as well as LES. Furthermore, 
future work will include a more extensive validation of these numerical models for a larger 
range of Re-values and other inlet heights and inlet geometries. The influence of cell size 
and turbulence intensity on the flow pattern and the point of separation will be studied in 
more detail. Based on the extension of the work as described above, future publications will 
provide general guidelines on the use of steady RANS for the prediction of room airflow, 
both for transitional and turbulent airflow. Fourth, the experiments and CFD simulations 
presented in this paper were conducted for an isothermal situation. Although the focus was 
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on the ability of steady RANS to predict transitional ventilation flow, future research will 
also focus on non-isothermal room airflow. The inclusion of thermal effects will make the 
flow problem even more complex, but also more realistic. As a result of the temperature 
differences the overall turbulence level in the enclosure might increase, which can be 
beneficial for the steady RANS turbulence models as studied in this paper.      

Finally, full-scale measurements of transitional ventilation flow will be conducted using 
laser Doppler anemometry (LDA). In addition to velocities and turbulence levels, pollutant 
concentrations will be measured, which will enable the experimental determination of the 
air exchange efficiency.    

7. Conclusions 

This paper reports 3D steady RANS CFD simulations of isothermal forced mixing 
ventilation driven by a transitional wall jet for two slot Reynolds numbers (i.e. Re ≈ 1,000 
and Re ≈ 2,500). Studies on transitional airflow in buildings are to the knowledge of the 
authors very scarce, and this paper aims on enhancing the knowledge of the numerical 
modeling of these types of flows. The flow pattern studied can be seen as challenging due to 
the presence of (1) transitional flow, (2) turbulence anisotropy (e.g. in the wall jet),  
(3) an adverse pressure gradient. The CFD simulations were validated using time-averaged 
PIV measurement results that were conducted in a reduced-scale water-filled experimental 
setup. Visualizations presented in a previous study (van Hooff et al. 2012a) have shown that 
the flow is transitional for the combination of a slot height h/L = 0.1 and for these Re-values. 
The CFD simulations were conducted with four different turbulence models (RNG k-ε,  
SST k-ω, LR k-ε and a RSM model). The following conclusions can be made: 

 

 Although most turbulence models are developed for fully developed turbulent flow, 
the results obtained with the LR k-ε and SST k-ω models show a fair to good 
agreement with the measurement results. In general, the results obtained with the  
LR k-ε model show the best agreement for this specific case.  

 The flow pattern obtained with the RNG k-ε turbulence model shows large deviations 
with the measured flow pattern due to the inability of this model to predict the flow 
separation due to the adverse pressure gradient. The reason for this inability is the 
unrealistically high level of turbulent kinetic energy in the wall jet region.   

 Although the velocity profiles obtained with the RSM model show a fair to good 
agreement, the prediction of the large recirculation zone in the cube deviates quite a 
lot from the measurements. 

 The prediction of the turbulent kinetic energy shows a fair to good agreement for the 
SST k-ω, LR k-ε and RSM model. The RNG k-ε model largely overpredicts the turbulent 
kinetic energy in the wall jet region. This overprediction results in a delayed separation 
of the wall jet due to the adverse pressure gradient. 

 Although the studied configuration is highly complex due to the presence of 
transitional flow, an adverse pressure gradient, and a wall jet which is intrinsically 
anisotropic, two out of four turbulence models provide quite accurate results. 

 As a result of the differences in predicted flow pattern and turbulent kinetic energy 
levels the calculated air exchange efficiencies in the occupied zone show relatively 
large differences between the RNG k-ε model on the one hand, and the SST k-ω,  
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LR k-ε and RSM models on the other hand. The differences between the predictions 
obtained with the different models can be as large as 44%. 

 
The last conclusion illustrates that large differences can be present when performing the 

same study with different turbulence models. Caution should be taken in the process of 
choosing the computational methods and models to avoid erroneous ventilation 
predictions. Additional comparative studies are needed to evaluate the validity of the 
present findings beyond the slot height (h/L = 0.1), Re-values and slot geometry investigated 
here, and to test other computational parameters that might influence the predicted flow 
pattern, e.g. grid size/distribution, boundary conditions, turbulence models. 
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Analysis of the validity of the standard gradient-diffusion 
hypothesis for indoor dispersion modeling in a slot-
ventilated enclosure 

van Hooff T, Blocken B, Gousseau P, van Heijst GJF, 2012. Submitted. 
 
 

Abstract 

The majority of the Computational Fluid Dynamics (CFD) studies for the prediction of 
room airflow are conducted with the Reynolds-averaged Navier-Stokes (RANS) approach, in 
which only the averaged quantities are computed, whereas the effect of turbulence is 
modelled. In addition, turbulent mass transport is often modelled using the standard 
gradient-diffusion hypothesis, which relates the turbulent mass flux to the mean 
concentration derivatives. This paper presents a CFD analysis of pollutant dispersion in an 
enclosure ventilated by a transitional wall jet (Re ≈ 2,500), using validated high-resolution 
RANS and Large Eddy Simulations (LES). The LES simulations show that a counter-gradient 
turbulent mass flux is present, indicating that the standard gradient-diffusion hypothesis 
used in RANS is not valid in the entire flow domain. However, it is shown that the convective 
mass fluxes dominate over the turbulent mass fluxes, and that the predicted pollutant 
concentrations by RANS will therefore not differ significantly. 

 
Keywords: Computational Fluid Dynamics (CFD); dispersion modeling; Particle Image 
Velocimetry (PIV) measurements; mechanical ventilation; reduced-scale setup. 
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1. Introduction 

The numerical modeling of room airflow started in the nineteen-seventies, when Nielsen 
performed Reynolds-averaged Navier-Stokes (RANS) simulations for a mixing ventilation 
case with and without buoyancy effects (Nielsen 1973, 1974, 1975). Since those early 
simulations of room airflow, a lot of research efforts have focused on the numerical 
modeling of room airflow (ventilation flow). Among others, Awbi (1989), Jones and Whittle 
(1992), Kato et al. (1992), Gan and Awbi (1994), Murakami et al. (1994), Chen (1995, 1996), 
Nielsen (1998, 2004), Moureh and Flick (2003, 2005), Sørensen and Nielsen (2003),  
Chen (2009), van Hooff and Blocken (2010a, 2010b), Li and Nielsen (2011), van Hooff et al. 
(2011), Ramponi and Blocken (2012) and Cao and Meyers (2012) published papers on the 
numerical modeling of ventilation flow. The simulations have become more complex over 
time, as a result of more complex room geometries, the inclusion of buoyancy effects, the 
inclusion of pollutant dispersion modeling and the use of more sophisticated numerical 
approaches such as Large Eddy Simulation (LES). However, nowadays, steady RANS 
simulation with a turbulence model to provide closure is still the most often used method, 
although there are several challenges associated with RANS turbulence models. Van Hooff 
et al. (2012a) mentioned three specific challenges in room airflow modeling, namely the 
modeling of turbulence anisotropy, transitional flow and adverse pressure gradients. In their 
study, 3D steady RANS simulations were compared with PIV measurements in a  
reduced-scale water filled model, indicating that, despite the complexity of the studied flow 
problem, the low-Reynolds number k-ε model (LR k-ε) by Chang et al. (1995), the SST k-ω 
model by Menter (1994) and the low-Re stress-omega Reynolds Stress Model (RSM)  
(Wilcox 1998), based on the omega equations and the Launder-Reece-Rodi (LRR) model by 
Launder et al. (1975), provided quite accurate results.  

Another important topic in room airflow research is pollutant dispersion modeling. In 
turbulent flows, dispersion is the result of the combination of molecular, convective and 
turbulent mass transport, where the first is often negligibly small compared with the two 
others. In general, steady RANS simulations of dispersion use the standard  
gradient-diffusion hypothesis (the adjective “standard” will be omitted in the remainder of 
the paper) which relates the turbulent mass flux to the mean mass concentration gradient 
using the turbulent (or eddy) mass diffusivity Dt (Qt,i;RANS = - Dt (∂C/∂xi)). The value of Dt is 
deduced from the computed turbulent viscosity νt and the input value of the turbulent 
Schmidt number Sct (Dt = νt/Sct). In general, a value for Sct between 0.5 and 0.9 is used. In 
the commercial CFD code Fluent 6.3 for example, the default value is 0.7 (Fluent 2006). The 
Sct value is in general lower than unity due to the higher efficiency of scalar transport 
compared to momentum transport. The lower efficiency of turbulent momentum transport 
is due to the presence of a pressure gradient in the momentum equations which suppresses 
turbulent transport and which is not present for scalar transport (Lubbers et al. 2001). 
Several publications have focused on determining the Sct value that provides the most 
accurate results. He et al. (1999) studied the adequacy and accuracy of using a constant Sct 
for predicting pollutant dispersion in jet-in-crossflows and found that a value of 0.2 resulted 
in the best agreement with the measurements. Lubbers et al. (2001) used Direct Numerical 
Simulation (DNS) to determine Sct for passive scalar mixing in a free turbulent round jet and 
found an average value of Sct = 0.74 for this particular case, which resembles the values 
obtained from experiments by Chevray and Tutu (1978). Yimer et al. (2002) studied an 
axisymmetric turbulent free jet, for which they empirically determined Sct based on 
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previous velocity and passive scalar measurements. They concluded that Sct increased from 
0.62 on the jet axis to 0.82 in the region where the intermittency factor δ is still 1. An 
intermittency factor δ = 1 indicates a fully turbulent jet region. The average Sct value for the 
region with δ = 1 amounts 0.69, which is close to the recommended values of Sct = 0.7 for 
species transport in jets by Spalding (1971) and of Sct = 0.72 by Hinze (1987). Yimer et al. 
(2002) concluded that there is no physical reason to use much lower values for Sct in these 
cases. Finally, Awbi (2003) reports values found by Rodi (1984), who recommended Sct = 0.9 
for near wall flows (boundary layer or wall jets), Sct = 0.5 for plane jets and mixing layers and 
Sct = 0.7 for axisymmetric jets. 

Although several studies have focused on the value of Sct, to the knowledge of the 
authors, no earlier room airflow studies have been published in which the validity of the 
gradient-diffusion hypothesis is investigated. In other research areas there are not much 
similar studies either. Tominaga and Stathopoulos (2007) provided some information about 
convective and diffusive fluxes for the case of dispersion around a building in an 
atmospheric boundary layer flow, but they only considered a few locations on the roof. 
Gousseau et al. (2011, 2012) published two articles in which they assessed the validity of the 
gradient-diffusion hypothesis for pollutant dispersion around isolated buildings by 
comparing high-resolution LES results with RANS results. They found that a counter-gradient 
mechanism governs turbulent mass transfer in the streamwise direction. This indicates that 
the commonly used gradient-diffusion hypothesis in RANS is invalid for this particular case. 
However, this erroneous prediction of the streamwise turbulent mass flux by the RANS 
models did not significantly influence the results since convection was shown to act as the 
dominant mechanism of mass transport in this direction. However, it should be noted that 
in other cases, the invalidity of the gradient-diffusion hypothesis can lead to larger errors in 
the predicted pollutant concentration field. 

In this paper, a detailed analysis of the transport process of a passive gaseous pollutant in 
a room ventilated by a transitional plane wall jet is presented. The relative influence of 
convective and turbulent fluxes in the mass transport process is analyzed after which their 
role in the prediction accuracy of RANS and LES simulations is clarified. First, the room 
geometry is described in Section 2. Section 3 outlines the experimental setup that has been 
used to obtain validation data for the numerical simulations. The governing equations are 
addressed in Section 4. Section 5 presents the CFD model. In Section 6, the validation study 
is outlined, followed by the results of the pollutant dispersion simulations. Finally, Sections 7 
(discussion) and 8 (conclusions) conclude the paper. 

2. Room geometry  

The room under study is a cubical enclosure (L3) with edges L = 0.3 m. The room has a 
linear ventilation inlet at the top of the room with a height of h/L = 0.1 and a width of  
w/L = 1, and a linear ventilation outlet at the bottom of the opposing wall (h/L = 0.0167) 
(see Fig. 1a). The chosen configuration represents a mixing ventilation case; the ventilation 
air enters the enclosure through the inlet in the upper part of the room (wall jet), it mixes 
with the room air, and the diluted air is exhausted through the outlet (e.g. Awbi 2003). This 
geometrical configuration is one of the most often studied configurations in ventilation 
research, and was used, among others, by Nielsen (1974, 1990) and Chen (1995, 1996).   
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An important parameter for indoor airflow studies is the slot Reynolds number, which is 
defined based on the inlet height as Re = U0h/ν, with U0 the bulk inlet velocity and ν the 
kinematic viscosity at room temperature (≈ 20°C) (see Fig. 1b). For this study a Re-value of 
2,500 was used, which was shown to result in a transitional flow pattern, including  
Kelvin-Helmholtz-type instabilities in the outer region of the wall jet (shear layer) (van Hooff 
et al. 2012b).  

 

 
Fig. 1: (a) 3D room geometry with indication of the coordinate system, the inlet velocity U0, the inlet 
height h, the outlet height houtlet and the dimensions of the test section L3. (b) 2D schematic 
representation of the plane wall jet with I the inner region, II the outer region, UM the maximum 
velocity, yM the distance from the top wall to the location of UM, yC the distance from the bottom wall 
to the location of UM and y1/2 the location of ½ UM in the outer region. 

 

3. Reduced-scale experiments 

Particle Image Velocimetry (PIV) measurements were performed in the test section of a 
reduced-scale water-filled model to provide validation data (van Hooff et al. 2012b, 2012c). 
The reduced-scale model consists of a water column, a conditioning section and a cubic test 
section of 0.3 x 0.3 x 0.3 m3 (Fig. 2). More information on the experimental setup can be 
found in van Hooff et al. (2012c). 

A 2D PIV system was used to conduct the measurements. It consisted of a Nd:Yag  
(532 nm) double-cavity laser (2 x 200 mJ, repetition rate < 10 Hz) used to illuminate the field 
of view, and one CCD (Charge Coupled Device) camera (1376 x 1040 pixel resolution,  
10 frames/s) for image acquisition. The laser was mounted on a translation stage and was 
positioned above the cubic test section to create a laser sheet in the vertical centre plane of 
the cube (z/L = 0.5); the camera was positioned perpendicular to the water cube. Seeding of 
the water was provided by hollow glass micro spheres (3M; type K1) with diameters in the 
range of 30 – 115 μm.  

Two sets of PIV measurements were performed. The first set focused on the entire cross-
section of the cube, i.e. a target area of 0.3 x 0.3 m2 (= ROI1) (Fig. 3a). The second set 
focused on a smaller target area of 0.18 x 0.12 m2 (W x H) in the proximity of the inlet, 
enabling a higher measurement resolution (= ROI2) (see Fig. 3a). The uncertainty of the 
measurement results is around 2-4% in the largest part of the test section and is slightly 
higher than 4% in the shear layer and boundary layer areas as a result of the locally higher 
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turbulence levels. For the validation study in this paper the time-averaged velocities at three 
vertical lines inside the enclosure are used (Fig. 3b). Note that the results for y/L < 0.05 are 
not used because they are less accurate due to reflections of the laser sheet on the glass 
bottom of the cube. For more measurement results for this specific room geometry with h/L 
= 0.1 and Re ≈ 2,500, the reader is referred to van Hooff et al. (2012b). The measurement 
results will be presented together with the CFD simulation results in Section 6. 

4. CFD simulations: governing equations 

4.1. RANS and turbulence models 

In the RANS approach, the Reynolds decomposition splits the flow variables into an 
average and a fluctuating part. Only the averaged quantities are resolved and the effect of 
turbulence on the average flow field (Reynolds stresses) is modeled with turbulence models. 
In this study, four turbulence models will be used and compared: the renormalization-group 
(RNG) k-ε model (Yahkot et al. 1992), the LR k-ε model by Chang et al. (1995), the SST k-ω 
model by Menter (1994) and the RSM model as described by Wilcox (1998).  

 
 

 
Fig. 2: Reduced-scale setup used for the flow visualizations and PIV measurements (1) water column; 
(2) flow conditioning section in front of the inlet, (3) test section, (4) overflow, and the valves that are 
placed in a block after the overflow. Dimensions in mm.  
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Fig. 3: (a) PIV measurement setup; the laser head is positioned above the test section using a 
translation stage. ROI1 indicates the region of interest (L x L) for the first measurement set, ROI2 
indicates the region of interest of 0.6L x 0.4L (W x H) for the second set. (b) Indication of vertical lines 
along which experimentally and numerically obtained velocities will be compared in Section 6. 

 

4.2. LES and subgrid-scale models 

In LES, a spatial-filtering operator is applied to the Navier-Stokes equations, which 
separates the large scales of motion, which are explicitly resolved, from the small scales, 
which have a more universal behavior and can therefore be modeled. A subgrid-scale (SGS) 
model is used to model the effect of the small scales on the resolved flow field. For the LES 
simulations in this paper, the dynamic Smagorinsky SGS model is used (Smagorinsky 1963, 
Germano et al. 1991, Lilly 1992). The application of LES is especially interesting in studies of 
mass transport, since this process is mainly governed by the largest scales of motion.  

4.3. Dispersion modeling 

The instantaneous pollutant concentration c (kg/m3) is treated as a scalar transported by 
an advection-diffusion equation (Eulerian approach): 

 

cm sqcu
t

c
..


    (1) 

 

whereu is the velocity vector, sc a source term and mq the mass flux due to molecular 

diffusion. Applying the Reynolds decomposition to the variables (x = X + x’ where X = <x> 
and x’ are the mean and fluctuating components of x, respectively) and averaging Eq. (1) 
yields: 
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In this equation, mQ is the mean molecular mass flux (kg/m2s), which is proportional to the 

gradient of mean concentration:  
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where Dm is the molecular mass diffusivity (m2/s). In general, the molecular mass flux is 
negligible in comparison with the mean convective and turbulent fluxes, symbolized by 
and     , respectively. Note that the adjective “mean” will be omitted in the remainder of the 
paper. The convective mass flux is given by: 
 

CUQ iic,       (4) 

 
And the turbulent mass flux is defined as: 

 

t,i iQ u c       (5) 

 
However, the steady RANS models do not provide the velocity and concentration 

fluctuations. Therefore, the turbulent mass flux must be linked to the mean variables. In 
general, the gradient-diffusion hypothesis is adopted, by analogy with molecular diffusion: 
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where Dt is the turbulent mass diffusivity. The value of Dt is deduced from the computed 
turbulent viscosity νt and the input value of the turbulent Schmidt number Sct = νt/Dt. As 
stated in the introduction, the value of Sct used in previous studies differs significantly.  
A recommended value for dispersion in jets is 0.7 (Spalding 1971, Hinze 1987, Lubbers et al. 
2001, Yimer et al. 2002).  

In LES, the total turbulent mass flux Qt is the sum of the flux due to the resolved 
turbulent fluctuations and the mean SGS mass flux: 

 

t,i; LES i SGS,iQ u'c' q      (7) 

 
The instantaneous SGS mass flux      is assumed proportional to the gradient of resolved 
concentration: 

SGS,i i i SGS
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c
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x
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where the overbar denotes the filtering operation and DSGS is the SGS mass diffusivity. In this 
study, DSGS is computed via the SGS viscosity νSGS and the SGS Schmidt number  
ScSGS = νSGS/DSGS. Here, ScSGS is computed dynamically, with a similar procedure as the 
Smagorinsky coefficient Cs (Moin et al. 1991). In the remainder of the paper all mean 
concentrations will be expressed in non-dimensional form as a concentration coefficient K: 
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where the reference concentration Cref is defined as: 
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with Sc the pollutant source rate (kg/m3s), V the enclosure volume (m3), hinlet the inlet height 
(m) and U0 the inlet velocity (m/s). In addition, a reference flux magnitude Q0 (kg/m2s) will 
be used to make the convective and turbulent mass fluxes non-dimensional. The reference 
flux magnitude Q0 can be calculated from the inlet velocity and from the reference 
concentration Cref (kg/m3) as Q0 = CrefU0. 

5. CFD simulations: computational settings and parameters  

5.1. Computational geometry and grid 

The computational model is a replica of a part of the experimental setup as described in 
Section 3 and as previously presented in van Hooff et al. (2012a). Note that the simulations 
are also performed for the reduced-scale model, filled with water (ρ = 998.2 kg/m3). Only a 
small part of the conditioning section, i.e. the contraction upstream of the test section, is 
included in the model (Fig. 4a). Note that the outlet is extended in the x-direction to 
enhance convergence of the simulations.  

The computational grid was created using the surface-grid extrusion technique presented 
in van Hooff and Blocken (2010a). A grid with 1,386,400 cells was used for both the steady 
RANS and the LES simulations. The grid size was based on a previous grid-sensitivity analysis, 
which indicated nearly grid-independent results (van Hooff et al. 2012a). The number of 
cells over the inlet height and outlet height is 50 and 20, respectively (Fig. 4c,d). The 
dimensionless wall distances y* at the top surface (y/L = 1) in the centre plane (z/L = 0.5) are 
between 0.12 and 0.68 for the simulation conducted with the SST k-ω model. The low values 
for y* enable the use of low-Reynolds number modeling (LRNM) for the RANS models, which 
implies solving the flow all the way down to the wall, including the thin viscous sublayer. 
The grid resolution for the application of LRNM should be very fine, preferably with  
y* values lower than 1. The numerical accuracy using LRNM is larger than when using wall 
functions, in which semi-empirical formulae are used to bridge the region from the wall to 
the centre of the wall-adjacent cell. Also for LES the y* value should preferably be about 1 or 
smaller. 

5.2. Boundary conditions 

The boundary conditions for the CFD simulations were chosen to replicate those of the 
PIV experiments as closely as possible. A uniform velocity was imposed at the CFD inlet  
(see Fig. 4a), which was based on the Reynolds number at the actual ventilation inlet during 
the experiments and the ratio between the height of the CFD inlet (h/L = 0.3) and the actual 
ventilation inlet (h/L = 0.1); Uinlet;CFD = 0.025 m/s for Re ≈ 2,500. As a result of the contraction 
between the CFD inlet and the actual ventilation inlet, the velocity at the actual ventilation 
inlet is approximately three times higher than the one imposed at the CFD inlet. The 
turbulence parameters were specified based on the hydraulic diameter and the turbulence 
intensity. The hydraulic diameter Dh was calculated using Dh = (4WH)/(2(W+H)), with H the 
height and W the width of the CFD inlet. The measured turbulence intensity (uRMS/UM) in the  
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Fig. 4: (a) Computational model of the water cube. (b) Computational grid (1,386,400 cells).  
(c) Computational grid at the actual ventilation inlet with 50 cells over the inlet height.  
(d) Computational grid at the actual ventilation outlet with 20 cells over the outlet height.  

 
 

wall jet region at x/L = 0.2 was around 3-4% (van Hooff et al. 2012c). UM is the maximum 
local velocity and it will also be used in the remainder of the study to make the velocities 
non-dimensional (U/UM) (Fig. 1b). Note that UM is defined as the local maximum  
time-averaged x-velocity, and thus varies with both x/L and Re. A constant turbulence 
intensity of 18% was imposed at the CFD inlet. Due to the contraction the resulting 
turbulent kinetic energy values at the entrance of the cubic test section correspond with the 
measured values (see Figure 8). For the LES computations, a time-dependent inlet profile is 
generated by using the vortex method (Sergent 2002) with a number of vortices Nv = 190. As 
shown by Sergent (2002), this parameter has only little influence on the generated velocity 
fluctuations. Zero static pressure was imposed at the outlet and the surfaces were modeled 
as smooth no-slip walls.  

To incorporate pollutants, a constant and uniform pollutant source term Sc = 0.02 kg/m3s 
was imposed in the cubic enclosure. The pollutant is passive and gaseous and has the same 
density as the ambient fluid (= water: 998.2 kg/m3), implying absence of buoyancy effects. 
The concentration at the ventilation inlet equals zero, which corresponds to the supply of 
fresh water. 

5.3. Solver settings 

For the RANS simulations, pressure-velocity coupling is taken care of by the SIMPLEC 
algorithm, pressure interpolation is second order and second-order upwind discretization 
schemes are used for all transport equations (momentum, turbulence and concentration). 
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Convergence has been monitored carefully. For the majority of the simulations oscillatory 
convergence was present. As discussed in Ramponi and Blocken (2012) and van Hooff et al. 
(2012a, 2012d), CFD simulations can suffer from an oscillatory unsteadiness of the flow 
field, resulting in fluctuating values of the studied parameters as function of the number of 
iterations. Solely looking at the residuals for judging convergence is therefore not enough 
and might even be misleading. To obtain an “average” solution the results of the RANS 
simulations were averaged over a sufficiently large number of iterations. In this case, the 
averaging took place over an interval of 4,000 or an interval of 20,000 iterations, depending 
on the Re-value, grid size and the turbulence model. More information on the oscillatory 
convergence observed in the CFD simulations for this mixing ventilation study can be found 
in van Hooff et al. (2012a). The dispersion simulations using RANS simulations were 
conducted in two steps. First, the steady flow field was obtained. Second, the transport 
equation for concentration is solved to obtain the spatial distribution of the pollutant.   

For the LES simulations, the filtered momentum equation is discretized with a bounded 
central-differencing scheme. A second-order upwind scheme is used for the concentration 
equation. Pressure interpolation is second order. Time integration is second-order implicit. 
Pressure-velocity coupling is taken care of by the PISO algorithm. The results of the LES 
computation presented here are averaged over 200,000 time steps, which corresponds to 
800 s, which is 20 times the approximated value of t*, which is the time needed for the jet to 
make one circulation in the test section, and which can be defined as t* = (4L)/Uaverage, with 
Uaverage the average velocity of the jet around the recirculation cell. The time step Δt was 
based on a maximum CFL number of 1 and is equal to Δt = 0.004 s. It was verified that the 
averaging time is sufficient to obtain statistically-steady results by monitoring the evolution 
of K with time (moving average). 

6. CFD simulations: results 

6.1. Mean velocity profiles 

Figure 5 compares the measured and simulated profiles of the time-averaged 
dimensionless x-velocity (U/UM) along three vertical lines in the test section centre plane, at 
x/L = 0.2, x/L = 0.5 and x/L = 0.8 (Fig. 3b). Figure 5a-c contains the RANS simulation results 
and Figure 5d-f the LES results. Note that the experimentally obtained velocity profile in 
Figure 5a,d does not resemble a clear top-hat profile, which is the result of the lower 
measurement resolution in ROI1 (van Hooff et al. 2012c). A comparison between the 
measured and simulated profiles in ROI2 is provided in Figure 6, where the experimental 
top-hat profile is clearly present. Figure 5a shows that the velocity profile obtained with the 
RNG k-ε model shows the largest deviation with the measured velocity profile; too high  
x-velocities are predicted in the region 0.5 > y/L > 0.9. The three other turbulence models 
provide fairly identical results, which are in relatively close agreement with the 
measurements. At x/L = 0.5 (Fig. 5b), the RNG k-ε model does not accurately predict the 
location of maximum jet velocity (U/UM = 1). The predicted location is too close to the top 
surface, which can be attributed to an overestimation of the turbulent kinetic energy in the 
wall jet region (van Hooff et al. 2012d), as will be shown later in Section 6.3. The other three 
turbulence models again provide roughly the same velocity profiles. Figure 5c shows the 
velocity profiles at x/L = 0.8, at which the largest differences between the four turbulence 
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models can be observed. The RNG k-ε model again predicts the location U/UM = 1 to be too 
close to the top surface, i.e at y/L = 0.9 instead of at y/L = 0.84. On the other hand, the RSM 
model predicts U/UM = 1 to be located at y/L = 0.74, which is much lower than the measured 
location. The location of maximum jet velocity predicted by the SST k-ω model (y/L = 0.79) 
and the LR k-ε model (y/L = 0.82) are also too low at x/L = 0.8, however, these results are in 
closer agreement with the measurements. From Figure 5a-c it can be concluded that the  
LR k-ε model in general provides the best agreement with the measurement results; the 
numerically obtained profiles closely resemble the measured velocity profiles, especially in 
the upper part of the cube.  

Figure 5d-f shows that the profiles obtained with LES fit the PIV measurement results 
very well. Especially at x/L = 0.2 and x/L = 0.8 the results obtained with the LES simulations 
show a very strong agreement with the measurements, and LES clearly outperforms the 
RANS simulations at these locations. Note that the deviation of the wall jet velocity profile 
at x/L = 0.2 is caused by the lower measuring resolution in ROI1, as mentioned earlier in this 
section. The detachment of the wall jet is predicted very accurately; the location of 
maximum jet velocity (U/UM = 1) is accurately predicted at all three locations. At x/L = 0.8, 
the numerical prediction of the location of the maximum jet velocity is almost identical to 
the measured location, which is the location at which the RANS turbulence models showed 
the largest deviations. In general, a good to very good agreement is obtained using the LES 
simulation. 

 

 
Fig. 5: Comparison of mean velocity profiles by PIV in ROI1 with results of steady RANS CFD 
simulations (a-c) and LES simulation (d-f) for Re ≈ 2,500. (a,d) U/UM at x/L = 0.2; (b,e) U/UM at  
x/L = 0.5; (c,f) U/UM at x/L = 0.8.  
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Figure 6 shows the results at x/L = 0.2 obtained from the PIV measurements in a smaller 
ROI with a higher spatial resolution (Fig. 3a: ROI2), which are compared with the results of 
the RANS simulations (Fig. 6a) and of the LES simulations (Fig. 6b). Figure 6a clearly shows 
the erroneous prediction of the shape of the velocity profile by the RNG k-ε model. This 
model does not predict a top-hat velocity profile, in contrast with the other RANS models 
and the LES model. The velocity profiles in the wall jet predicted by the LES model are quite 
similar to the ones predicted by the SST k-ω, LR k-ε and the RSM model.  

Overall, the SST k-ω, LR k-ε and the RSM model provide fairly accurate predictions of the 
mean velocity profiles, although they have some difficulties with the prediction of the jet 
detachment and the resulting location of maximum jet velocity at x/L = 0.8. The RNG k-ε 
model provides the worst results, which can be explained by an overprediction of the 
turbulent kinetic energy in the wall jet region, as will be shown in Section 6.3. The LES model 
provides good to very good predictions of the velocity field. 

 

 
Fig. 6: Comparison of mean velocity profiles U/UM at x/L = 0.2 by PIV in ROI2 with results of:  
(a) steady RANS CFD simulations; (b) LES simulation.   

 

6.2. Velocity vector fields 

Figure 7 shows the experimentally and numerically obtained velocity vector fields in the 
vertical centre plane of the cube. These vector fields confirm the ability of the SST k-ω 
model, LR k-ε model, the RSM model and LES to fairly accurately predict the flow pattern 
inside the enclosure. The delayed separation of the wall jet as predicted by the RNG k-ε 
model is clearly illustrated in Figure 7b. 

6.3. Turbulent kinetic energy 

Since the PIV measurements only provided the velocity components in the streamwise 
(U, uRMS) and vertical direction (V, vRMS), the RMS value in the lateral direction (wRMS) is 
unknown. To be able to calculate the turbulent kinetic energy, the correlation between the 
normal stresses in a 2D wall jet, as described by Nielsen (1990), is used: 

 

0.8  RMS RMSw u       (11) 
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Fig. 7: Time-averaged velocity vector fields in the vertical centre plane (z/L = 0.5). (a) PIV 
measurements; (b) RNG k-ε; (c) LR k-ε; (d) SST k-ω; (e) RSM; (f) LES. 
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The turbulent kinetic energy can subsequently be calculated using 
 

2 2 21
k  

2
( )RMS RMS RMSu v w     (12) 

The profiles of turbulent kinetic energy are shown in Figure 8a,c (x/L = 0.2) and Figure 
8b,d (x/L = 0.5). It is shown that the RNG k-ε model overpredicts the turbulent kinetic 
energy in the wall jet region, which is most pronounced in, but not limited to, the outer 
region. The overprediction of turbulent kinetic energy is the reason for the delayed wall jet 
separation from the top surface and for the smaller velocity gradients in the outer region of 
the wall jet. At x/L = 0.2, the other three turbulence models slightly overpredict the 
turbulent kinetic energy in the wall jet region. In the outer region of the wall jet (shear 
layer), the RSM model underpredicts the turbulent kinetic energy, whereas the other 
models overpredict the value of k. Figure 8b indicates that the numerical results at x/L = 0.5 
obtained with the LR k-ε, SST k-ω and the RSM model show a fair to good agreement with 
the measurement results, although the turbulent kinetic energy in the outer region of the 
wall jet and below the wall jet is slightly overpredicted by most turbulence models. Figure 8c 
shows the turbulent kinetic energy obtained from the LES simulation at x/L = 0.2. It can be 
seen that the LES results at this location are in much better agreement with the measured 
turbulent kinetic energy than the RANS results. At x/L = 0.5, the results show a larger 
deviation from the experimentally obtained profiles, especially in the inner region of the 
wall jet, where the turbulent kinetic energy is overpredicted (Fig. 8d).    

   

 
Fig. 8: Comparison of turbulent kinetic energy at x/L = 0.2 (a,c) and x/L = 0.5 (b,d) obtained from the 
PIV measurements in ROI2 with results of: (a,b) steady RANS CFD simulation; (c,d) LES simulations.   
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6.4. Pollutant dispersion  

6.4.1. Influence of turbulent Schmidt number  

To test the influence of the turbulent Schmidt number for the case under study, 
simulations with the LR k-ε model have been performed with Sct = 0.3, 0.7 and 1.0. Vertical 
profiles of the calculated dimensionless concentrations K in the vertical centre plane of the 
enclosure are depicted in Figure 9, together with those obtained with LES. It can be seen 
that the results obtained with LES show a very strong agreement with the results obtained 
with Sct = 0.7. This observation can be made at all three locations and seem to justify using 
the Flunet default value of Sct = 0.7, at least for this particular case. Furthermore, Figure 9 
shows that the differences in K obtained with different Sct values are relatively small. The 
deviations between the results with Sct = 0.3 and with Sct = 0.7 are below 25%, which is 
considered a small difference. The differences between the results obtained with Sct = 0.7 
and with Sct = 1.0 are even smaller, the maximum deviations are within 12%.   

6.4.2. Analysis of mass fluxes 

In LES studies on pollutant dispersion in the urban environment the contribution of the 
non-resolved scales to the turbulent flux was often neglected (e.g. Tominaga and 
Stathopoulos 2010, Gousseau et al. 2011). Figure 10 shows the ratio of the magnitudes of                        
a      and        (|             |) in the vertical centre plane (z/L = 0.5), in which <qSGS,i> = QSGS,i in  
Eq. (7). It can be seen that the ratio is between 1.0E-02 and 1.0E-03 in the largest part of the 
flow domain, which indicates that the magnitude of the subgrid-scale fluxes is relatively 
small compared to the turbulent fluxes. In general, Figure 10 shows that with the currently 
applied grid resolution and SGS modeling the magnitude of      is several orders of 
magnitude smaller than that of   . Please note that in accordance to Eq. (7) the SGS 
contribution is included in the definition of the turbulent mass flux in this and in consecutive 
figures.   
 
 

Fig. 9: Vertical profiles of dimensionless concentration K obtained with the LR k-ε model and a Sct 
value of 0.3, 0.7 and 1.0, and with LES. (a) x/L = 0.2; (b) x/L = 0.5; (c) x/L = 0.8.  
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Fig. 10: Relative contribution of the magnitude of the SGS mass flux to the magnitude of the total 
turbulent mass flux in the vertical centre plane (|               |).  

 
 

Figure 11 shows the non-dimensional convective mass fluxes (Qc,i/Q0) in the streamwise 
(Fig. 11a,c,e,g,i) and the vertical direction (Fig. 11b,d,f,h,j) obtained from the four steady 
RANS simulations and the LES simulation (time-averaged). It can be seen that the contours 
are quite similar for the four steady simulations as well as for the unsteady LES simulation. 
Only small differences in the shape of the contours are visible, and the values of the  
non-dimensional convective fluxes are also quite similar. In addition to the contours of the 
non-dimensional convective mass fluxes, the isolines for K = 0.04; 0.12; 0.20; 0.28 and 0.34 
are plotted in Figure 11. From these isolines it can be seen that slightly lower concentrations 
are obtained using the RNG k-ε, LR k-ε models and the LES model. This can at least partly be 
attributed to the different predictions for the average flow pattern.  

The non-dimensional turbulent mass fluxes (Qt,i/Q0) are depicted in Figure 12. The 
turbulent mass fluxes from the LES simulation are calculated using Eq. (7). For the steady 
RANS simulations the turbulent fluxes are obtained using the gradient-diffusion hypothesis 
(Eq. (6)). The first observation to be made is that the turbulent fluxes depicted in Figure 12 
are considerably smaller than the convective fluxes in Figure 11. The absolute values of the 
turbulent fluxes|Qt,i/Q0|are in general one order of magnitude smaller than the absolute 
values of the convective fluxes. It is shown that there are no large differences between the 
results obtained with the four different RANS turbulence models. The general shape of the 
regions with positive and negative values of Qt,i/Q0 only shows small differences between 
the three two-equation turbulence models (RNG kε, LR k-ε, SST k-ω). The differences with 
the RSM model are slightly more pronounced, but the general shape of the contour plot is 
still almost the same. The circles with a ‘+’ or ‘-’ sign indicate whether there is a positive or 
negative concentration derivative in the corresponding direction, respectively. It can be 
seen, as expected, that the turbulent fluxes are positive in regions with negative 
concentration derivatives (∂C/∂x < 0; ∂C/∂y < 0), and vice versa, which is the result of the 
gradient-diffusion hypothesis as shown in Eq. (6).  

Figure 13 shows the turbulent fluxes in the vertical centre plane obtained from the LES 
simulation. In addition to contours of Qt,i/Q0, the isoline ∂C/∂x = 0 is depicted, as well as the 
areas with positive or negative concentration derivatives, indicated with a ‘+’ or ‘-’ sign, 

SGS tQ Q
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respectively. The contours of Qt,i/Q0 differ significantly from those obtained from the RANS 
simulations. Figure 13a shows that in the outer region of the wall jet there is a negative 
concentration gradient (∂C/∂x < 0) in the x-direction, while there is also a negative turbulent 
flux (Qt,x/Q0 <0) in this region. This observation shows that the gradient-diffusion hypothesis 
is not valid in this region; a counter-gradient mass transport mechanism is present 
 

 

 
Fig. 11: Contours of the streamwise (Qc,x/Q0) (a,c,e) and vertical (Qc,y/Q0) (b,d,f) non-dimensional 
convective mass fluxes in the vertical centre plane (z/L = 0.5) of the enclosure obtained with steady 
RANS and LES. (a,b) RNG k-ε. (c,d) Low-Reynolds k-ε. (e,f) SST k-ω. (g,h) RSM. (i,j) LES. The solid lines 
are isolines of K = 0.04; 0.12, 0.20, 0.28 and 0.34.  



Chapter 5 – Gradient-diffusion hypothesis 
 

108 

 
Fig. 11 (cont’d): Contours of the streamwise (Qc,x/Q0) (a,c,e) and vertical (Qc,y/Q0) (b,d,f)  
non-dimensional convective mass fluxes in the vertical centre plane (z/L = 0.5) of the enclosure 
obtained with steady RANS and LES. (a,b) RNG k-ε. (c,d) Low-Reynolds k-ε. (e,f) SST k-ω. (g,h) RSM. 
(i,j) LES. The solid lines are isolines of K = 0.04; 0.12, 0.20, 0.28 and 0.34. 

 
 

characterized by Qt,i and ∂C/∂xi being of the same sign. The same holds for the region near 
the bottom surface and close to the wall containing the inlet; in this area a positive value of 
(∂C/∂x > 0) exists in combination with a positive turbulent mass flux (Qt,x/Q0 > 0). Figure 13b 
shows the turbulent fluxes in the vertical direction obtained with LES. It is shown that there 
is a region with ∂C/∂y < 0below the wall jet in combination with a negative turbulent mass 
flux (Qt,y/Q0 < 0). In the vicinity of the outlet a positive turbulent mass flux (Qt,y/Q0 > 0) is 
present in an area with ∂C/∂y < 0. The four observations described above indicate the fact 
that the gradient-diffusion hypothesis is not valid in the entire flow domain. The inability of 
the gradient-diffusion hypothesis to accurately predict the turbulent fluxes can be 
attributed to the effects of coherent structures inside the flow domain, which was also 
indicated by Gousseau et al. (2012) for dispersion around an isolated building. These 
coherent structures drive the counter-gradient transport in the enclosure.  

Figure 14 shows the ratio of turbulent to convective mass flux components (|Qt,i/Qc,i|), 
for both the streamwise (Fig. 14a) and the vertical direction (Fig. 14b). It can be seen that 
the turbulent mass flux is in general in the range of one or even two orders of magnitude 
smaller than the convective mass flux, both in the streamwise and vertical direction. There 
are some regions, for example in the vicinity of the downstream wall and the exhaust  
(Fig. 14a), and in the outer region of the wall jet (Fig. 14b), where the turbulent flux is about 
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equal to the convective flux (|Qt,i/Qc,i| = 1) and where the turbulent transport thus plays a 
significant role. However, for the largest part of the enclosure, the turbulent flux plays a less 
important role in the pollutant dispersion process than the convective flux for this particular 
case. This implies that, although the gradient-diffusion hypothesis is partly violated for the 

 

 
Fig. 12: Contours of the streamwise (Qt,x/Q0) (a,c,e,g) and vertical (Qt,y/Q0) (b,d,f,h) non-dimensional 
turbulent mass fluxes in the vertical centre plane (z/L = 0.5) of the enclosure obtained with steady 
RANS. (a,b) RNG k-ε. (c,d) Low-Reynolds k-ε. (e,f) SST k-ω. (g,h) RSM, (i,j) LES. The dashed lines in (i,j) 
represent the isolines ∂C/∂xi = 0 in the corresponding direction: (i) xi = x, (j) xi = y. On each side of the 
isoline, the sign of ∂C/∂xi is indicated in circles (+: positive; -: negative). The CG mechanism of 
turbulent mass transport is characterized by Qt,i/Q0 and ∂C/∂xi of the same sign.  
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Fig. 12 (cont’d): Contours of the streamwise (Qt,x/Q0) (a,c,e,g) and vertical (Qt,y/Q0) (b,d,f,h)  
non-dimensional turbulent mass fluxes in the vertical centre plane (z/L = 0.5) of the enclosure 
obtained with steady RANS. (a,b) RNG k-ε. (c,d) Low-Reynolds k-ε. (e,f) SST k-ω. (g,h) RSM, (i,j) LES. 
The dashed lines in (i,j) represent the isolines ∂C/∂xi = 0 in the corresponding direction: (i) xi = x,  
(j) xi = y. On each side of the isoline, the sign of ∂C/∂xi is indicated in circles (+: positive; -: negative). 
The CG mechanism of turbulent mass transport is characterized by Qt,i/Q0 and ∂C/∂xi of the same 
sign. 

 
 

 
Fig. 14: Relative contribution of the turbulent mass fluxes to the convective mass fluxes in the vertical 
centre plane. Contours of (a) |Qt,x/Qc,x|; (b) |Qt,y/Qc,y|.  
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case under study, this does not necessarily have a large impact on the accuracy of the 
computed pollution concentration. This statement is indeed supported by Figure 15, which 
shows the distribution of the dimensionless concentration K in the vertical centre plane  
(z/L = 0.5) obtained with the steady RANS simulations and with LES. Although there are 
differences in the distribution of K, the general concentration distribution, as well as the 
absolute values, obtained with steady RANS simulations do not differ significantly from the 
concentrations obtained with LES. The distribution of K obtained with the LR k-ε model 
shows the best agreement with the LES results. 
 
 

 
Fig. 15: Contours of dimensionless concentration K in the vertical centre plane. (a) RNG k-ε; (b) LR k-ε; 
(c) SST k-ω; (d) RSM; (e) LES. 
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7. Discussion 

This study has presented an analysis of the validity of the standard gradient-diffusion 
hypothesis for indoor dispersion modeling in a slot-ventilated enclosure. Although the 
gradient-diffusion hypothesis is not always accurate due to the presence of counter-
gradient transport mechanisms, it has been shown that the turbulent fluxes are one or even 
two orders of magnitude smaller than the convective fluxes in the largest part of the 
enclosure. This indicates the strong importance of convection in this particular case and 
underlines the importance of primarily predicting the mean flow field in an accurate way. As 
a result, the choice of the value of the turbulent Schmidt number was shown to have limited 
influence, at least for the particular case under study.  

Future work will focus on additional room geometries and flow configurations, including 
different slot Reynolds numbers. The use of different formulations for the turbulent scalar 
flux in RANS simulations can be considered. In addition to the standard gradient-diffusion 
hypothesis, the performance of the generalized gradient-diffusion hypothesis (Daly and 
Harlow 1970) and the high-order gradient-diffusion hypothesis can be studied (Abe and 
Suga 2001). Future work will also consist of validating both ventilation flow and pollutant 
concentrations in an enclosure. 

8. Conclusions 

This study has presented an analysis of the validity of the standard gradient-diffusion 
hypothesis for indoor dispersion modeling in an enclosure ventilated by a transitional wall 
jet (Re ≈ 2,500). This is important because the standard gradient-diffusion hypothesis is 
often applied in ventilation studies, as well as in other research areas, to model the 
turbulent mass flux in steady RANS simulations of pollutant dispersion. The following 
conclusions can be made: 

 

 The influence of the turbulent Schmidt number on the predicted mean concentrations 
in the enclosure is small for this particular case. The results from simulations with  
Sct = 0.3 and Sct = 1.0 are within 25% and 12% of the simulation results obtained with 
the default value of Sct = 0.7, respectively. 

 The convective mass fluxes obtained with LES and RANS are nearly identical. Small 
differences are present between the results obtained with the four RANS turbulence 
models, which can be attributed to slightly different mean flow fields.  

 The convective mass fluxes are at least one order of magnitude larger than the 
turbulence fluxes, indicating the stronger importance of the transport by the mean 
flow in the overall dispersion process in the enclosure compared to transport by the 
turbulent fluctuations. 

 The results of the turbulent fluxes obtained with the LES simulation have shown that 
counter-gradient mechanisms are present inside the enclosure. As a result, the 
standard gradient-diffusion hypothesis is not valid in the entire flow domain. 
However, since the convective mass fluxes dominate over the turbulent mass fluxes 
for this particular case, the predicted concentration in the enclosure will not differ 
significantly as a result of this deficiency. 
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Full-scale measurements of indoor environmental conditions and 
natural ventilation in a large semi-enclosed stadium: Possibilities 
and limitations for CFD validation 

van Hooff T, Blocken B, 2012. Journal of Wind Engineering and Industrial Aerodynamics 
104-106: 330-341. 
 
 

Abstract 

The use of Computational Fluid Dynamics (CFD) to study complex physical processes in 
the built environment requires model validation by means of reduced-scale or full-scale 
experimental data. CFD studies of natural ventilation of buildings in urban areas should be 
validated concerning both the wind flow pattern around the buildings and the indoor 
airflow driven by wind and buoyancy. Reduced-scale wind tunnel measurements and  
full-scale on-site measurements both have particular advantages and disadvantages. A main 
disadvantage of reduced-scale experiments is the difficulty to fulfill the similarity 
requirements, especially when wind flow and buoyancy effects are combined. This paper 
presents the results of unique full-scale measurements for a situation in which accurate 
wind tunnel experiments are not possible: natural ventilation and thermal, humidity and 
CO2 concentration conditions inside a large semi-enclosed multifunctional stadium with 
relatively small ventilation openings. The emphasis is on three consecutive evenings on 
which concerts took place in the stadium. Although the repeatability of full-scale on-site 
measurements is in general quite low, nearly identical meteorological and indoor 
environmental conditions were present on the three concert evenings. Furthermore, the 
calculated air exchange rate based on CO2 concentration decay measurements shows that 
also the natural ventilation on the three evenings was almost equal. The paper addresses 
the possibilities and limitations of this type of experimental data for the validation of CFD 
simulations. The data will be used in future studies for validation of CFD models for wind 
flow, natural ventilation and indoor environmental conditions in buildings.6 
 
Keywords: Full-scale measurements; urban area; indoor climate; air quality, natural 
ventilation; model validation; tracer gas decay; thermal comfort. 
 
 

                                                       
6 Note that the measurements reported in this Chapter were performed during the master thesis 

period of the author, the detailed analysis was conducted during the PhD period. 
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1. Introduction 

The use of numerical models requires model validation by means of reduced-scale or  
full-scale experimental data. In the past decades, an increasing amount of guidelines and 
papers have stipulated the importance of validation of numerical models in general, and of 
Computational Fluid Dynamics (CFD) in particular to ensure the trustworthiness of the 
simulation results (e.g. Schatzmann et al. 1997, Casey and Wintergerste 2000, Dalgliesh and 
Surry 2003, Franke et al. 2004, 2007, Tominaga et al. 2008, Schatzmann and Leitl 2011, 
Blocken et al. 2011, 2012, Blocken and Gualtieri 2012). The validation of numerical models 
that are used to analyze natural ventilation is not always straightforward. Numerical natural 
ventilation studies can use either a coupled or a decoupled approach, where the former 
consists of modeling the urban wind flow and the indoor air flow simultaneously and within 
the same computational domain (e.g. Kato et al. 1992, Jiang and Chen 2002, Evola and 
Popov 2006, Mochida et al. 2006, Hu et al. 2008, Norton et al. 2010, Kobayashi et al. 2010, 
van Hooff and Blocken 2010a, 2010b, Ramponi and Blocken 2012a, 2012b). Validation of 
these coupled models should focus on the wind flow pattern around the buildings as well as 
on the indoor airflow driven by wind and buoyancy. This requires high-quality experimental 
data, either from reduced-scale measurements in an Atmospheric Boundary Layer (ABL) 
wind tunnel, or by full-scale on-site measurements. The first has the advantage that the 
measurements are performed under controlled boundary conditions and have a strong 
degree of repeatability. On-site measurements on the other hand suffer from uncontrollable 
boundary conditions and lack of repeatability, due to the inherent variability of ABL 
meteorology (Schatzmann and Leitl 2011). Schatzmann et al. (1997) and Schatzmann and 
Leitl (2011) elaborated on the issues that are associated with the validation of CFD models 
for urban wind flow and dispersion simulations. The advantage of full-scale on-site 
measurements is that the real conditions are measured. In addition, many physical 
problems in wind engineering and building physics, such as wind-driven rain on buildings 
and heat and moisture transfer in porous building components require on-site 
measurements because these phenomena cannot (fully) be reproduced at reduced scale 
(e.g. Dalgliesh and Surry 2003, Blocken and Carmeliet 2005). The same holds for natural 
ventilation due to the combined effect of wind and buoyancy, as explained below. 

Natural ventilation can be driven by wind and/or buoyancy (e.g. Linden 1999, Hunt and 
Linden 1999, Li and Delsante 2001, Heiselberg et al. 2004). For buoyancy-driven ventilation 
of buildings, the representation of the indoor thermal conditions and the vapor 
concentration is very important. Reduced-scale measurements can be deficient to 
reproduce these conditions, as pointed out by among others Chen (2009), since these 
measurements can suffer from scaling problems associated with the combined modeling of 
inertial and buoyancy forces. For the inertial forces the Reynolds number should be the 
same, or at least high enough to ensure a fully turbulent flow field which is Re-independent. 
This holds for the building Reynolds number as well as for the Reynolds number of the 
ventilation openings. Ruck (1993) recommends a building Reynolds number of at least 
10,000 for wind tunnel measurements of ABL flow. Special attention however should be 
given to the ventilation flow through relatively small openings in the building facade, which 
might lead to Reynolds number effects due to the reduced length scale in the wind tunnel.  
A too large reduction of the opening size might lead to either transitional or laminar flow 
through the model-scale openings, instead of turbulent flow. In addition, reduced-scale 
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measurements including thermal effects require similarity of the Grashof and Richardson 
numbers. The Grashof number is given by: 

 
3

2

( )w refgH T T
Gr     (1) 

with β the thermal expansion coefficient (K-1), g the gravitational acceleration (= 9.81 m/s2), 
H the height of the building, Tw the average wall temperature (K) and Tref the average 
reference temperature (K). Grashof numbers above 109 indicate turbulent convection close 
to the heated surface, whereas values lower than 108 indicate laminar convection (Bejan 
1984, Ruck 1993). In addition to the Grashof number, one should also consider the 
Richardson number, which represents the importance of natural convection compared to 
forced convection, and which is defined as Ri = Gr/Re2. The Richardson number is equal to 
the inverse Froude number (1/Fr). When Ri ≈ 1, thermal and mechanical effects are equally 
important, whereas for Ri >> 1 thermal effects dominate the flow. Note that the similarity 
requirement for Ri is automatically fulfilled when both Re and Gr for the reduced-scale 
experiments are equal to the full-scale values. However this is not always the case; e.g. the 
Re-values in the wind tunnel are often several orders of magnitude smaller than in reality. 
As a result of these similarity requirements, the collection of a proper set of experimental 
validation data for numerical models dealing with non-isothermal natural ventilation studies 
is far from straightforward.  

In literature, several studies can be found that describe wind tunnel measurements that 
include thermal effects. Ruck (1993) studied the airflow around a heated cubic building 
model in the wind tunnel. From his measurements it was concluded that the reattachment 
length altered significantly, starting from a Richardson number of about 0.2. Kovar-Panskus 
et al. (2002) studied the influence of solar radiation on the flow pattern in a 2D urban street 
canyon. Their measurements were conducted for Froude numbers in the range 0.27 to 2 
and also indicated the influence of the heated building surfaces on the flow pattern inside 
the urban street canyon. Richards et al. (2006) performed wind tunnel measurements of 
wind flow around an isolated building with a heated leeward wall. They stated that it was 
almost impossible to fulfill all similarity requirements and therefore decided not to replicate 
typical full-scale conditions but to model the scaled conditions for mixed and forced 
convection. The vast majority of reduced-scale natural ventilation studies in ABL wind 
tunnels were performed for isothermal conditions, e.g. Kato et al. (1992), Straw et al. 
(2000), Ohba et al. (2001), Jiang et al. (2003), Karava et al. (2007, 2011), Kobayashi et al. 
(2010), whereas experimental studies on natural ventilation including thermal effects are 
often conducted without the effects of ABL wind flow, e.g. Holford and Hunt (2003),  
Liu et al. (2009).  

An example of a study in which the natural ventilation needs to be assessed is that of the 
Amsterdam ArenA (Fig. 1) multifunctional stadium in the Netherlands. For this stadium with 
its very large indoor volume of 1.2 x 106 m3, natural ventilation is important to ensure a 
comfortable and healthy indoor environment. A previous study by van Hooff and Blocken 
(2010b) has indicated the necessity of explicitly modeling the urban surroundings of the 
stadium in order to obtain accurate natural ventilation rates. The urban area that was taken 
into account in their study was about 700 x 700 m2. The modeling scale for this area, in a 
typical ABL wind tunnel with a cross-section of 2 x 2 m2, would then be at least 1:500. For a 
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1:500 scale model, the minimum building Reynolds numbers for a wind tunnel experiment 
are still achievable without too much effort; the building Reynolds number already 
surpasses the critical value of 10,000 for low reference velocities of 1.2 m/s. However, at 
this scale the dimensions of the smallest ventilation openings (full-scale size = 0.2 m) would 
be around 4.10-4 m (= 0.4 mm), which implies that the resulting Reynolds numbers through 
these openings, based on a relatively high characteristic velocity of 5 m/s, would be around 
128 (full-scale value around 64,000). In addition to the fact that an opening of 0.4 mm 
cannot be properly made in a wind tunnel model, the flow through such opening would be 
laminar and not representative of the actual turbulent flow.  

For non-isothermal reduced-scale experiments one should also fulfill the similarity 
requirements associated with thermal modeling, as indicated above. Based on the building 
height (H) of 70 m and a temperature difference inside the stadium (Tw-Tref) of 10°C, the 
Grashof number for full-scale conditions becomes larger than 1014, indicating turbulent 
convection. The Grashof number for the reduced-scale measurements should therefore be 
at least 109 to measure turbulent convection. However, due to the scale of the model 
(1:500), which is fixed due to the large area of interest, it would require unrealistically high 
temperature differences of at least 2,800 K (!) to measure at Gr-numbers above 109. An 
extra problem would be the changing air density when the temperatures become very large, 
as indicated by Richards et al. (2006). In addition to the similarity requirements for the 
Reynolds number and the Grashof number, one should also make sure that the Richardson 
number is similar to the full-scale conditions in order to measure at the correct balance 
between natural convection and forced convection. 

Given the large difficulties in obtaining reliable reduced-scale data, this paper presents 
unique full-scale on-site measurement data of natural ventilation and indoor environmental 
conditions in the large semi-enclosed ArenA stadium. The experiments were performed to 
provide experimental data for CFD validation. The paper also discusses the possibilities and 
limitations of this type of full-scale data. First, a description of the stadium is given in 
Section 2. Second, the experimental setup is described in Section 3. Next, in Section 4, the 
measurement results are presented. Finally, Sections 5 (discussion) and 6 (conclusions) 
conclude the paper. 

2. Description of stadium and surroundings 

2.1. Surroundings  

The Amsterdam ArenA stadium (Fig. 1) is located in the southeast area of Amsterdam. 
The city and its surroundings are located on very flat terrain; topographical height 
differences are limited to less than 6 m. This area of Amsterdam is still under development, 
and several new large and high-rise buildings are planned in the vicinity. The height of the 
current surrounding buildings varies from 12 m to a maximum of 95 m for the “ABN-AMRO” 
office building (see Fig. 1a). The aerodynamic roughness length y0 of the surroundings is 
determined based on the updated Davenport roughness classification (Fig. 2) (Wieringa 
1992). The area on the north side of the ArenA can be classified as “closed terrain” due to 
the urban character that is present in a radius of 10 km upwind. The estimated y0 for this 
area is 1.0 m. The south side area of the ArenA is not as rough as the north side due to the 
presence of agricultural and natural areas and can be characterized with an y0 of 0.5 m. 
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Fig. 1: (a) Aerial view of the ArenA and its surroundings, including the ABN-AMRO office tower 
building. (b) Picture of the stadium taken from the ABN-AMRO office tower.  

 
 

 
Fig.2: Terrain surrounding the stadium with a radius of 10 km and estimated aerodynamic roughness 
length y0 based on an upstream distance of 10 km. The white square represents the area of interest, 
shown in Fig. 1a. 
 

2.2. Stadium   

The ArenA is a so-called oval stadium with a dome-shaped roof. Figures 3a-c show a 
detailed plan view and two vertical cross-sections αα’ and ββ’. The exterior stadium 
dimensions are 226 x 190 x 72 m3 (L x W x H) and the interior volume is about 1.2 x 106 m3. 
The stands consist of two separate concrete tiers, which run along the entire perimeter of 
the stadium. The roof consists of a steel roof construction, which is largely covered with 
semi-transparent polycarbonate sheets, while steel sheets are applied near the gutter.  
Fig. 4a shows a cross-section of the stadium, in which different components can be 
distinguished, indicated with numbers. Numbers 1 and 2 are the logistic rings in which 
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facilities and the entrances to the interior stadium volume are situated. Number 3 is an 
elevated circulation deck that runs around the stadium. It serves as parking and logistics 
area and is known as the ArenA deck. Four large gates in the corners of the stadium  
(Fig. 3a, 4b) connect the ArenA deck (Fig. 4a) with the stadium interior. Each gate has a 
cross-section Lg x Hg = 6.2 x 6.7 m2 and can be individually opened and closed. Number 4 
indicates a safety and facility ring that separates the stands from the pitch. This ring runs 
along the entire perimeter of the field and connects the four gates. The parking deck under 
the stadium is indicated with number 5. 

 
 

 
Fig. 3: (a) Horizontal cross-section of stadium. The arrows indicate the four large openings (gates) in 
the corners of the stadium (see Fig. 4b). (b) Vertical cross-section αα’; (c) cross-section ββ’. 
Dimensions in m. 
 
 

In absence of Heating, Ventilation, and Air-Conditioning (HVAC) systems, natural 
ventilation is the only means to ensure indoor air quality. Natural ventilation can occur 
through the openings that are present in the stadium envelope. The roof is the largest 
potential opening (4,400 m2). However, during concerts and other festivities, which are 
usually held in the summer period, the roof is closed most of the time to provide shelter 
from rain and wind for the spectators and the technical equipment. When the roof is closed, 
natural ventilation of the stadium can only occur through a few smaller openings. The four 
gates in the corners of the stadium form the second largest (potential) opening (4 x 41.5 m2) 
(Fig. 3a and 4b). Additionally, two relatively narrow openings are present in the upper part 
of the stadium. The first narrow opening with a surface area of 130 m2, is situated between 
the stand and the steel roof construction and runs along the entire perimeter of the roof 
(Fig. 4c). The second narrow opening is situated between the fixed and movable part of the 
roof (Fig. 4d). This opening is only present along the two longest edges of the stadium and 
has a total surface area of about 85 m2.  
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Fig. 4: (a) Vertical cross-section of the stadium illustrating the different components of the stadium. 
(b) Opening (gate) in the corner of the stadium (41.5 m2). (c) Ventilation opening between the stand 
and the steel roof construction (130 m2). (d) Ventilation opening between the fixed and movable part 
of the roof (85 m2). Dimensions in m. 
 

3. Description of experimental setups   

Experimental data for natural ventilation of the ArenA stadium should include 
information on the outdoor meteorological conditions, including the wind-flow pattern 
around the stadium, as well as information on the indoor environmental conditions. Two 
sets of measurements were conducted. The first set consisted of measurements of outdoor 
and indoor environmental conditions from the end of May until September 2007, with 
specific focus on three consecutive days on which concerts were held inside the stadium, 
because of the special indoor conditions during the concerts. The second set consisted of 
wind velocity measurements around the stadium and in the gates (openings) during days 
with high wind speeds and negligible thermal effects. This data set can be used for 
validation of CFD simulations of the isothermal wind-flow pattern around the stadium. 
These measurements were conducted from September to November 2007. Note that the 
wind measurements were not conducted simultaneously with the measurements of the 
indoor environmental conditions. 
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3.1. Indoor environmental conditions and natural ventilation 

The measurements to assess the indoor environmental conditions and the natural 
ventilation were conducted at four positions inside the stadium; two in the upper part of 
the first tier (N1, SE1), and two in the upper part of the second tier (N2, SE2) (Fig. 5a,b). The 
number of indoor measurement positions was limited to four due to practical and financial 
constraints. The four measurement units are placed in the northwest part of the stadium 
(N1, N2), and the southeast part of the stadium (SE1, SE2). The locations of the 
measurement units were chosen in such a way that possible differences due to solar 
irradiation (N vs. SE) and due to possible thermal stratification (first tier vs. second tier) 
inside the stadium could be detected. Furthermore, the risk of vandalism by concert 
spectators was minimized by positioning the measurement units sufficiently high (> 3 m) 
above the stands. Each measurement unit consisted of sensors to monitor the air 
temperature, relative humidity, globe temperature, air speed and CO2 concentration. All 
variables were measured once per minute and saved to data loggers that were installed as 
part of each measurement unit.  

 

Fig. 5: (a) The four indoor measurement positions ( ) in stadium plan view. (b) The four indoor 
measurement positions and the outdoor reference position in a vertical cross-sectional view. The grey 
area indicates the stadium interior volume.  

 

3.1.1. Solar radiation, temperature, indoor air speed and relative humidity 

To assess the influence of solar irradiation on the indoor air temperature, measurements 
were performed using a pyranometer, which was installed in the gutter of the stadium. The 
pyranometer of Kipp & Zonen (type CM11) is capable of measuring irradiation flux E within a 
range of 0-1400 W/m2, with an expected error in the hourly radiation totals of 3% (Kipp and 
Zonen 2000).   

The measurements of indoor air temperature (θa) were conducted at the four positions 
described above. The air temperature was measured using sensors by Escort, type Junior  
EJ-HS. These sensors measure the air temperature with an accuracy of ±0.3˚C. The reference 
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outdoor air temperature was measured simultaneously at the position at the ArenA-deck 
(Fig. 5b). In addition to the measurements of air temperature, the globe temperature (θg) 
was measured using a black-globe thermometer. The mean radiant temperature (θMRT) can 
be calculated from θg and the indoor air speed v (in m/s) using Eq. (2) (McIntyre 1980) in 
case θa ≈ θMRT. It is defined as the area weighted mean temperature of all the objects 
surrounding the body. The mean radiant temperature is among others used in thermal 
comfort studies.  

2.44 ( )MRT g ag v     (2) 

The indoor air speed was also measured at the four indoor positions, with hot-sphere 
anemometers of the type Sensor HT-412-2, with an accuracy of 0.02 m/s in the range of 
0.05-1 m/s. 

Finally, the relative humidity was also measured at the four indoor positions and the 
outdoor position with the Escort type Junior EJ-HS sensors, with an accuracy of ±3%. The 
water vapor concentration (xv) can be obtained by using Eq. (3) (WMO 2008) and (4) (Awbi 
2007), in which the measured air temperature and the relative humidity are inserted: 
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with pv;sat the saturated water vapor pressure and pv the water vapor pressure.  
 

3.1.2. CO2 concentration 

The natural ventilation of an enclosure can be assessed by performing tracer gas 
measurements (Lagus and Persily 1985, Sherman 1990). Based on these concentration 
measurements one can determine the air exchange rate (ACH – Air Changes per Hour). One 
of the most frequently used methods is the concentration decay method. It consists of filling 
the enclosure with a tracer gas until a uniform concentration is present in the entire 
enclosure, after which the decay of the tracer gas due to the ventilation can be used to 
calculate the ACH value. In this study CO2 concentration is used as a tracer gas. During the 
concerts, the spectators are the CO2 source, and the CO2 concentration reaches a maximum 
at the end of the concert. After the spectators have left the stadium, the CO2 concentration 
decreases due to natural ventilation, until it reaches the outdoor concentration. As such, 
these concerts provide a very suitable opportunity to measure the natural ventilation of the 
stadium, at a time when its indoor environment is used most intensively. The CO2 values are 
measured at the four previously mentioned indoor positions, using CO2 concentration 
sensors of Vaisala and SenseAir, both with a range of 0-2000 ppm. The ACH can be 
determined using Eq. (5) (ASHRAE 2005): 
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where ACH is the air exchange rate in h-1, c0 is the concentration at time 0 in ppm, c1 the 
concentration at τ1 in ppm and (τ1-τ0) the time between the two measurements.   

3.2. Wind velocity measurements 

Measurements of the 3D wind velocity vector around the stadium were performed on 
days with high reference wind speeds (Uref > 8 m/s), in an attempt to focus on situations 
with neutral stratification. The reference wind velocity Uref was measured using an 
ultrasonic anemometer on a 10 m high post on top of the 95 m high ABN-AMRO office 
tower (Fig. 1a). The other measurements were conducted using ultrasonic anemometers on 
mobile posts, enabling the collection of measurement data on a variety of positions on the 
stadium deck, and in the gates. The measurement frequency was 5 Hz, after which the 
measurements were averaged into 10-min values and analyzed. Only data with at least 12 
different 10-min values per reference wind direction sector of 10° were used. From these 
measurements, amplification factors U/Uref were derived, which can be used for the 
validation of isothermal simulations, as described by Blocken and Persoon (2009) and van 
Hooff and Blocken (2010a, 2010b). Note that these measurements were conducted from 
September-November 2007, and thus not simultaneously with the measurements of the 
indoor environmental conditions and natural ventilation. 

4. Measurement results 

First, the measurements of the environmental conditions and the CO2 concentration are 
shown and discussed, with specific emphasis on three consecutive evenings in the beginning 
of June 2007 on which three similar concerts were held and on which the roof was closed. 
Second, the results of the wind velocity measurements are briefly addressed.  

4.1. Indoor environmental conditions and natural ventilation 

4.1.1. Solar radiation, temperatures, indoor air speed and water vapor pressure 

Although the use of solar irradiation levels is uncommon in CFD simulations of natural 
ventilation, the measurement results can be used to validate other thermal simulations  
(e.g. building performance simulations). Figure 6 shows the measured irradiance of the sky E 
and the measured air temperature θa inside (position N2) and outside the stadium on both a 
sunny day (July 18) and a cloudy day (July 20). Note that the roof was closed, but no 
concerts took place during the irradiance measurements presented in this subsection, 
enabling an assessment of solely the influence of solar irradiation. It is shown that the 
indoor air temperature was up to 6°C higher than the outdoor temperature on the sunny 
day. This temperature difference was the result of the combined effect of incoming solar 
radiation through the semi-transparent polycarbonate sheets of the roof and of insufficient 
natural ventilation. Note that the polycarbonate sheets allow the entrance of short-wave 
radiation, which is subsequently absorbed by the stadium interior surfaces, but that it blocks 
the passage of the long-wave radiation that is emitted by the stadium interior surfaces  
(i.e. the greenhouse effect). On the cloudy day, the indoor air temperature was only up to 
3°C higher than the outdoor air temperature. 
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Fig. 6: Measurements of outdoor irradiance (E), outdoor air temperature and indoor air temperature 

( a) at position N2 on a sunny day (July 18) and a cloudy day (July 20).  

 
 
Figure 7 shows the measured outdoor air temperature and the indoor air temperature at 

the four positions inside the stadium on three consecutive concert evenings. The outdoor 
air temperature at the end of the concert, at 24:00, and thus at the beginning of the CO2 
decay measurements, was around 19°C, 17.5°C and 19°C on June 1, June 2 and June 3 
respectively, while the indoor air temperatures were significantly higher and also showed 
considerable variation between the different positions, indicating strong temperature 
gradients inside the stadium. Due to the presence of the spectators, the indoor air 
temperature rose up to about 10° higher than the outdoor air temperature. Note that the 
air temperatures at N2 and SE2 were in general lower during the night, which was most 
probably caused by the fact that they were located in the direct vicinity of the ventilation 
openings near the roof gutter. Finally, the influence of the approximately 50,000 spectators 
on the air temperature is clearly visible; the air temperature clearly rose from the beginning 
of the concerts at 20:00 hours with about 2-4°C, and decreased after 0:00 hours, when the 
spectators had left the stadium.  

The globe temperature can be used to determine the mean radiant temperature which 
can be used in thermal comfort predictions and gives an area weighted mean temperature 
of all the objects surrounding the globe thermometer. Figure 8a shows that the difference 
between the measured air temperatures (θa) and globe temperatures (θg) at position N2 
was small, and therefore the use of Eq. (2) was justified. To calculate the mean radiant 
temperature with this equation, the air velocity is needed. The air speed for the given 
measurement period on June 2 fluctuated around 0.12 m/s (Fig. 8b). The resulting mean 
radiant temperature is depicted in Figure 8c, illustrating the lower value of θMRT compared 
to θa. However, the difference is less than 2°C for this measurement period. This small 
difference between the air temperature and the mean radiant temperature indicates the 
absence of surfaces with a high surface temperature. This is attributed due to the lack of 
direct insolation of the stadium interior surfaces, due to the closed roof.   
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Fig. 7: Measured outdoor and indoor air temperature (θa) from the afternoon of June 1 until the early 
morning of June 4, 2007. The dashed vertical lines indicate the beginning and the end of a concert in 
the stadium. 
 

 
Fig. 8: (a) Measured air temperature (θa) and globe temperature (θg) at position N2 on June 2-3, 
2007. (b) Measured air temperature (θa) and mean radiant temperature (θMRT) at position N2 on June 
2-3, 2007. (c) Measured indoor air speed at position N2 on June 2-3, 2007. 
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Figure 9 shows the water vapor concentration, xv, outdoor as well as at the four indoor 
measurement positions, from the afternoon of June 1 until the morning of June 4. Except 
during and after the concert evenings, the value of xv was around 7-11 g/kg, and the values 
at the outdoor measurement position and the indoor positions do not show large 
differences. However, during the concerts the indoor water vapor concentration increased 
to 12-16 g/kg as a result of the moisture production by the spectators. Note that the four 
measurement positions again show considerable differences, illustrating concentration 
gradients inside the stadium. Based on an ACH of 0.67 h-1 (which is the value determined by 
the CO2 measurements in the next section), 50,000 spectators and a time interval of four 
hours, the water vapor emission rate per person would then be around 100 g/h. Note that 
this value lies between the values for a person in rest (50 g/h) and a person performing a 
low level of physical exercise (200 g/h) (ECA 1992).  

 

 
Fig. 9: Measured outdoor and indoor water vapor concentration (xv) from the afternoon of June 1 
until the early morning of June 4, 2007. The dashed vertical lines indicate the beginning and the end 
of a concert in the stadium. 

 

4.1.2. Natural ventilation 

The measured CO2 concentration decay curves at the four indoor measurement positions 
on the evening and night of June 2-3 are depicted in Figure 10. The period of interest is 
between 24:00 and about 2:00, which is the time between the end of the concert and 
removal of the CO2 sources/spectators, and the time at which the indoor CO2 concentration 
had reached the level of the outdoor concentration. The natural logarithms of the CO2 
concentrations are shown on the vertical axis and the decay is illustrated with the straight 
black lines, which have approximately the same slope, indicating relatively small deviations 
between the values of ACH for the four positions on this particular evening. Furthermore, it 
is worth mentioning that the fluctuations of the CO2 concentration at positions N2 and SE2 
were larger than at N1 and SE1. The most probable reason for this difference is the fact that 
positions N2 and SE2 are located in the direct vicinity of the ventilation opening between 
the stand and the steel roof construction (see Fig. 5b). This results in a higher unsteadiness 
of the CO2 concentrations due to the exchange of indoor air with less polluted outdoor air 
through this ventilation opening. 
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The CO2 concentration decay curves on three consecutive evenings (June 1 – June 3) are 
overlaid on each other in Figure 11. It can again be seen that the fluctuations at position N1 
were smaller than at SE2, as described above. Furthermore, it can be noted that the decay 
curves on the three consecutive evenings are quite similar, especially at position N1. Table 1 
shows the calculated ACH values for the three consecutive evenings based on the decay 
curves of CO2 concentration. Note that the CO2 concentration measurement at point SE1 on 
June 3-4 failed due to equipment malfunctioning. Although differences are present between 
the four measurement positions, and also between the three consecutive evenings, the 
total average ACH was around 0.67 h-1 with a relatively small maximum deviation of about 
±10% for the values at each individual position. The ACH values based on the CO2 
concentration decay curves on three consecutive evenings were within 8% of the average 
ACH value for each particular position. This – albeit limited – indication of repeatability 
provides confidence in using these measurement data for the validation of numerical 
simulation models.  

 

 
Fig. 10: CO2 concentration decay curves at the four indoor measurement positions on June 2-3, 2007. 
(a) N1; (b) SE1; (c) N2; (d) SE2. 
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Fig. 11: CO2 concentration decay curves on three consecutive evenings/nights (June 1-2, June 2-3, 
June 3-4, 2007) at two positions. (a) N1; (b) SE2. 
 
 
Table 1: Calculated ACH values based on the CO2 concentration decay curves. 

ACH [h-1] 

 June 1-2 June 2-3 June 3-4 Average 

N1 0.70 0.60 0.63 0.65 

N2 0.70 0.75 0.76 0.74 

SE1 0.64 0.74 - 0.69 

SE2 0.64 0.62 0.58 0.61 

 

4.2. Wind velocity 

During the measurements of natural ventilation and indoor environmental conditions, 
the setup of ultrasonic anemometers described in Section 3.2 was not yet operational. 
Instead, measurement data from the meteorological station at Schiphol airport of the KNMI 
(Royal Netherlands Meteorological Institute) were used for this period. The hourly averaged 
wind speed U10 measured by the KNMI at Schiphol Airport on these three evenings was 
about 2-3 m/s and the wind direction on all three days was about 30-50° from north (see 
Fig. 12). 

The wind velocity measurements were conducted during autumn of 2007, on days with 
high measured reference wind speeds (Uref > 8 m/s). During these days thermal effects were 
negligible and therefore these measurements could be used to perform an isothermal 
validation of the wind flow around the stadium using a CFD model. Blocken and Persoon 
(2009) and van Hooff and Blocken (2010a, 2010b) elaborated on the measurement results, 
these are therefore not repeated in the present paper.  
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Fig. 12: Measured reference wind speed and wind direction from the afternoon of June 1 until the 
early morning of June 4, 2007, at the meteorological station of the KNMI at Schiphol. The dashed 
squares roughly indicate the periods during which the CO2 concentration decay measurements were 
performed. 
 

5. Discussion 

The discussion focuses on four issues: (1) the advantages and disadvantages of full-scale 
on-site measurements versus reduced-scale wind tunnel measurements; (2) the limited 
number of measurement positions inside the stadium; (3) the repeatability of the full-scale 
measurements; and (4) the possibilities and limitations of the full-scale measurements for 
CFD validation.  

5.1. Full-scale on-site measurements versus reduced-scale wind tunnel measurements 

Full-scale on-site measurements and reduced-scale wind tunnel measurements both 
have particular advantages and disadvantages. In wind tunnel measurements, the boundary 
conditions can be accurately controlled and the repeatability of the measurements is very 
high. However, for reproducing natural ventilation and indoor environmental conditions in 
buildings, reduced-scale wind tunnel measurements have several important disadvantages. 
First, it is generally very difficult or impossible to satisfy the similarity requirements in case 
of non-isothermal conditions (in terms of Reynolds, Grashof and Richardson number).  
In addition, for buildings with relatively small ventilation openings that are situated in urban 
areas, large wind tunnel scaling factors are required, which can lead to model-scale 
ventilation openings that become so small that the flow through them will be laminar or 
transitional, rather than turbulent. In such cases, full-scale measurements are required for 
model validation. The main advantages of full-scale on-site measurements are the 
measurement of the real conditions and the absence of scaling problems. Apart from model 
validation purposes, full-scale measurements can also be very useful to obtain insight in the 
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physical processes related to natural ventilation and indoor environmental conditions in 
buildings. 

This paper is focused on a situation in which accurate reduced-scale wind tunnel 
experiments are not possible: natural ventilation and thermal, humidity and CO2 
concentration conditions inside a large semi-enclosed multifunctional stadium with 
relatively small ventilation openings. However, known disadvantages of full-scale 
measurements in the real atmospheric boundary layer are (1) the limited number of 
measurement positions and (2) the uncontrollable boundary conditions and the variability 
(and lack of repeatability) of the measurements due to the inherently unsteady 
meteorological conditions (Schatzmann et al. 1997, Schatzmann and Leitl 2011). These two 
limitations are addressed in Sections 5.2 and 5.3. 

5.2. Limited number of measurement positions inside the stadium 

Indoor measurements of temperatures, indoor air speed, relative humidity and CO2 
concentration were only conducted at four positions. The number of positions was limited 
due to practical and financial constraints. However, the locations of these four 
measurement units were selected carefully, in such a way that possible differences due to 
solar irradiation (N vs. SE) and due to possible thermal stratification (first tier vs. second tier) 
inside the stadium could be detected. The measurement results indeed showed 
considerable variations in the measured environmental parameters between the different 
positions, indicating significant gradients of these parameters inside the stadium. As an 
example, the fluctuations of the CO2 concentration at positions N2 and SE2 were larger than 
at N1 and SE1. The most probable reason for this difference is the fact that positions N2 and 
SE2 are located in the direct vicinity of the ventilation opening between the stand and the 
steel roof construction (see Fig. 5b). This results in a higher unsteadiness of the  
CO2 concentrations due to the exchange of indoor air with less polluted outdoor air through 
this ventilation opening. Given the differences in indoor environmental parameters 
measured at the four positions, it is clear that additional measurement positions would have 
further increased the value of the data set. On the other hand, it is important to mention 
that on-site full-scale experimental data of the type presented in this study are very rare, 
and are therefore considered to be very valuable. It should be noted that, although the  
CO2 concentration decay curves show some differences among the four measurement 
positions, there is only a relatively small maximum deviation in ACH of about ±10% for the 
values at each individual position (from the total average ACH of about 0.67 h-1). Therefore, 
the ACH values were approximately the same at the four measuring positions, providing 
confidence in the use of this - albeit spatially limited - data set to validate CFD simulations of 
natural ventilation of the stadium. 

5.3. Repeatability of the full-scale measurements 

Known disadvantages of on-site measurements are the uncontrollable boundary 
conditions and lack of repeatability, due to the inherent variability of the ABL 
meteorological conditions (Schatzmann and Leitl 2011). In this paper, the measurements of 
the indoor environmental conditions were mainly focused on three consecutive concert 
evenings in the stadium. Figures 7, 9 and 10 show a fairly high degree of repeatability in 
terms of indoor and outdoor air temperature, indoor and outdoor water vapor 
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concentration and indoor CO2 concentration. In addition, Figure 12 also shows that the 
outdoor reference wind speed and wind direction were quite similar during all three concert 
evenings. The ACH values based on the CO2 concentration decay curves on three 
consecutive evenings are within 8% of the average ACH value for each particular position. 
This indicates a fairly high degree of repeatability, for at least the three concerts evenings 
that were part of the measurements.  

5.4. Possibilities and limitations of the full-scale measurements for CFD validation 

Throughout this paper, several possibilities and limitations of the full-scale 
measurements for CFD validation have been mentioned and discussed. This subsection 
provides a summary of the specific possibilities and limitations of the full-scale 
measurements presented in this paper. The following main possibilities and advantages of 
these data for CFD validation are noted: 

 

 The full-scale measurements do not violate similarity constraints, and provide real and 
realistic data on natural ventilation due to the combined effect of wind and buoyancy, 
which could not have been obtained with reduced-scale wind tunnel measurements. 

 The measurements at four different indoor positions allow validation of the 
reproduction of spatial gradients by the CFD models. 

 The simultaneous measurement of many parameters (outdoor and indoor air 
temperature, water vapor concentration, CO2 concentration, solar radiation and 
reference wind speed and wind direction) allow validation of the combined processes 
of heat and mass transfer inside the stadium. 

 The measurements on the three concert evenings show a fairly high degree of 
repeatability, which benefits their use for CFD validation. 

 The use of the spectators as CO2 sources and the use of the concentration decay 
method after concerts is a rather unique approach to determine the air exchange rate 
of the stadium indoor environment.  

 
The two main limitations and disadvantages of these data for CFD validation are: 
 

 The limited number of indoor measurement positions. 

 The limited number of concert evenings over which measurement data can be 
averaged to reduce the uncertainty due to the inherent meteorological variability. 

 
Note that the quite large differences in temperature, water vapor concentration and CO2 
concentration that were measured at the four different indoor measurement positions 
suggest that numerical modeling of the natural ventilation and indoor environmental 
conditions should be performed by advanced numerical models such as CFD, rather than by 
simplified models that assume that the indoor temperature and concentration distributions 
are uniform in the stadium interior. For an overview of the complete range of existing 
ventilation models, the reader is referred to the work by Chen (2009). 
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6. Summary and conclusions 

The use of Computational Fluid Dynamics (CFD) to study complex physical processes in 
the built environment requires model validation by means of reduced-scale or full-scale 
experimental data. CFD studies of natural ventilation of buildings in urban areas should be 
validated concerning both the wind flow pattern around the buildings and the indoor 
airflow driven by wind and buoyancy. This paper has presented the results of unique on-site 
full-scale measurements for a situation in which accurate reduced-scale wind tunnel 
experiments were not possible: natural ventilation and thermal, humidity and CO2 
concentration conditions inside a large semi-enclosed multifunctional stadium with 
relatively small ventilation openings. Two sets of measurements were conducted. The first 
set consisted of measurements of outdoor and indoor environmental conditions from the 
end of May until September 2007, with specific focus on three consecutive days on which 
concerts were held inside the stadium, because of the special indoor conditions during the 
concerts. The stadium roof was closed during this period to protect equipment and 
spectators from wind and rain. Measurements were conducted of solar irradiation, air 
temperature, globe temperature, air speed, relative humidity and CO2 concentration. The 
measurements took place on four different positions inside the semi-enclosed stadium, and 
the reference air temperature and relative humidity were measured simultaneously outside 
the stadium. The concentration decay method was used to determine the air exchange rate 
by natural ventilation.  

The second set consisted of wind velocity measurements around the stadium and in the 
gates (openings) during days with high wind speed and negligible thermal effects. This data 
set can be used for validation of CFD simulations of the isothermal wind-flow pattern 
around the stadium. These measurements were conducted from September to November 
2007.  

The presented measurement data, especially during the concert evenings, are quite 
unique and are considered valuable for CFD validation, for several main reasons: 

 

 Full-scale on-site simultaneous measurements of a wide range of indoor 
environmental parameters are scarce.  

 The concerts in the stadium provide strong temporal variations in indoor 
environmental parameters, which in turn provides a challenging case for validation of 
transient CFD modeling.  

 The use of the spectators as CO2 sources and the use of the concentration decay 
method is a rather unique approach to determine the air exchange rate of the stadium 
indoor environment.  

 Although the repeatability of full-scale on-site measurements is in general quite low, 
nearly identical meteorological and indoor environmental conditions were present on 
the three concert evenings. This is an important observation, given the importance of 
repeatability in order for the data to be suitable for validation purposes. 

 
From the measurement data, the following additional conclusions can be made: 
 

 On a typical sunny day, the irradiation of the sky had a strong influence on the indoor 
air temperature for the stadium with closed roof. The temperature difference 
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between the indoor air and the outdoor air easily rose up to 6°C. On a typical cloudy 
day, this difference was only 2-3°C.   

 During the concerts, the indoor air temperature increased significantly up to a 
maximum difference of 10°C compared to the outdoor air temperature. The reason is 
the combined effect of insolation through the polycarbonate sheets (greenhouse 
effect) and the heat generated by the spectators.   

 During the concerts, the mean radiant temperature was approximately equal to the 
air temperature. This implies that this temperature can be used for thermal comfort 
assessment of the stadium occupants.  

 During the concerts, the water vapor concentration rose to 12-16 g/kg, while the 
outdoor value was about 7-11 g/kg, indicating a clear impact of the spectator water 
vapor production. 

 During the concerts, the CO2 concentration reached values of about 2000 ppm, while 
before the concert (unoccupied stadium) the CO2 concentration was only about  
420 ppm. The decay curves of the CO2 concentration, and thus the ACH values, were 
approximately the same at the four measuring positions. The average ACH value was 
0.67 h-1. Furthermore, the ACH values on three consecutive evenings were within 8% 
of the average ACH value for each particular position. 

 
The presented on-site full-scale measurement data, in particular during the three concert 
evenings, will be used in future studies for validation of CFD models for wind flow, natural 
ventilation and indoor environmental conditions in buildings.  
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Coupled urban wind flow and indoor natural ventilation modeling 
on a high-resolution grid: A case study for the Amsterdam ArenA 
stadium 

van Hooff T, Blocken B, 2010a. Environmental Modelling & Software 25(1): 51-65. 
 
 

Abstract 

Wind flow in urban environments is an important factor governing the dispersion of heat 
and pollutants from streets, squares and buildings. This paper presents a coupled CFD 
modeling approach for urban wind flow and indoor natural ventilation. A specific procedure 
is used to efficiently and simultaneously generate the geometry and the high-resolution 
body-fitted grid for both the outdoor and indoor environment. This procedure allows 
modeling complex geometries with full control over grid quality and grid resolution, 
contrary to standard semi-automatic unstructured grid generation procedures. It also 
provides a way to easily implement various changes in the model geometry and grid for 
parametric studies. As a case study, a parametric analysis of natural ventilation is performed 
for the geometrically complex Amsterdam ArenA stadium in the Netherlands. The turbulent 
wind flow and temperature distribution around and inside the stadium are solved with the 
3D steady Reynolds-averaged Navier-Stokes equations. Special attention is given to CFD 
solution verification and validation. It is shown that small geometrical modifications can 
increase the ventilation rate by up to 43%. The coupled modeling approach and grid 
generation procedure presented in this paper can be used similarly for future studies of 
wind flow and related processes in complex urban environments. 

 
Keywords: Integrated model; grid generation technique; Computational Fluid Dynamics 
(CFD); air quality; air exchange rate; outdoor and indoor air flow; numerical simulation;  
full-scale measurements; cross-ventilation; sports stadium; model validation and solution 
verification. 
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1. Introduction 

Wind flow in urban environments is an important factor for a large number of physical 
processes that can affect human health and comfort and the durability of man-made 
constructions. Examples are atmospheric transport and dispersion of solid, liquid and 
gaseous air pollutants (Britter and Hanna 2003, Meroney 2004, Gromke and Ruck 2007, 
2009, Blocken et al. 2008, Mensink and Cosemans 2008, Berkowicz et al. 2008, Yang and 
Shao 2008), wind-driven rain (Choi 1993, Blocken and Carmeliet 2004, Persoon et al. 2008, 
Abuku et al. 2009), wind loading (Stathopoulos 1997, Nozu et al. 2008), pedestrian wind 
comfort (Blocken et al. 2004, Stathopoulos 2006, Yoshie et al. 2007, Tominaga et al. 2008a) 
and natural ventilation of buildings (Reichrath and Davies 2002, Mochida et al. 2006). Urban 
wind flow is very complex, and appropriate tools are required for characterization of the 
flow and the related processes. Three main approaches can be distinguished: (1) on-site  
full-scale experiments; (2) reduced-scale wind tunnel measurements; and (3) numerical 
modeling with Computational Fluid Dynamics (CFD). As opposed to experiments, the main 
advantages of CFD are that it provides information on the relevant flow variables in the 
whole calculation domain (whole-flow field data), under well-controlled conditions and 
without similarity constraints. However, the accuracy of CFD is an important matter of 
concern. Care is required in the geometrical implementation of the model and in grid 
generation, and solution verification and validation studies are imperative. CFD validation 
for urban wind flow in turn requires high-quality full-scale or reduced-scale measurements 
to be compared with the simulation results.  

The use of CFD in urban wind studies is receiving strong support from several 
international initiatives that specifically focus on the establishment of guidelines for such 
simulations (Franke et al. 2004, Franke et al. 2007, Yoshie et al. 2007, Tominaga et al. 2008b, 
Tamura et al. 2008). In addition, other guidelines, for more general CFD applications, are 
available (e.g., Casey and Wintergerste 2000). Other research efforts have focused on 
specific aspects for improving the quality of CFD simulations, such as those concerning the 
simulation of equilibrium atmospheric boundary layers in computational domains  
(e.g. Richards and Hoxey 1993, Blocken et al. 2007a, 2007b, Franke et al. 2007, Hargreaves 
and Wright 2007, Yang et al. 2009, Gorlé et al. 2009). Among others, the existing guidelines 
focus on the importance of grid quality, in terms of cell shape, cell size gradients and overall 
grid resolution, and on the importance of grid-sensitivity analysis and the assessment of 
discretization errors (Franke and Frank 2008). Up to now however, the guidelines have paid 
relatively little attention to procedures to generate high-resolution and high-quality grids for 
application in complex urban environments.  

Indoor natural ventilation refers to air exchange between the outdoor environment and 
an enclosed or semi-enclosed indoor environment by wind and/or local density differences 
(buoyancy). In general, there are two methods that can be used to model natural ventilation 
in an enclosure with CFD. The first is a “coupled” CFD simulation, in which both the outdoor 
and indoor air flow are modeled simultaneously and within the same computational 
domain. This method allows the proper calculation of air flow in the proximity of and 
through the ventilation openings. The main disadvantage of this method in urban 
applications is the large difference in geometrical length scales between the outdoor 
(urban) environment (1-5 km) and the ventilation openings (e.g., 0.01 – 1 m), resulting in a 
large and high-resolution grid, and thus in a relatively high computational cost. This is 
probably the reason why in the past, this method has only been used for relatively simple 
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outdoor and indoor environments and relatively large ventilation openings (e.g., Jiang et al. 
2003, Allocca et al. 2003, Evola and Popov 2006, Hu et al. 2008, Horan and Finn 2008). The 
very large grids that would be required for complex outdoor and indoor environments 
and/or for small ventilation openings can be avoided by resorting to “de-coupled” 
simulations. In this case, two separate simulations are conducted, one for the outdoor flow 
and one for the indoor flow, each in their own computational domain (Jiang and Chen 2002, 
Cook et al. 2003, Chen 2009). In the outdoor flow simulations, the ventilation openings are 
closed. The information obtained from the simulation of the outdoor flow (generally 
pressure coefficients at the positions of the openings) can be used as boundary condition 
for the simulation of the indoor flow. Although this is the standard approach for indoor 
ventilation studies, its accuracy can easily be compromised because of the simplifications 
involved. Often, only pressure is passed from outdoor to indoor environment by means of 
pressure coefficients at the boundary, and assumptions are made in terms of discharge 
coefficients and expansion coefficients (Cook et al. 2003).  

A coupled approach is preferred for urban wind flow and indoor natural ventilation 
studies. Due to the large differences in geometrical length scales between the urban area  
(1 – 5 km) and the ventilation openings (down to 0.01 m), CFD is preferred over wind tunnel 
modeling. The reason is that accurate wind tunnel modeling with adherence to similarity 
criteria would likely be inhibited by Reynolds number effects near and in the narrow 
ventilation openings. In CFD, the large difference in scales requires a high-resolution grid 
with strong local refinements, without compromising overall grid quality. To the knowledge 
of the authors, coupled CFD simulations of urban wind flow and indoor natural ventilation in 
complex urban environments and for complex building geometries have not yet been 
performed. Similarly, to the knowledge of the authors, also efficient grid generation 
procedures for such cases have not yet been presented.  

This paper presents a coupled CFD modeling approach for urban wind flow and indoor 
natural ventilation on a high-resolution grid. It employs a specific procedure to efficiently 
and simultaneously generate the geometry and the high-resolution body-fitted grid for both 
the outdoor and indoor environment, based on translation and rotation of pre-meshed 
cross-sections. The approach is demonstrated by application to the case of a large 
multifunctional stadium situated in an urban environment, in which natural ventilation is 
the only means to ensure indoor air quality. The turbulent wind flow and temperature 
distribution around and inside the stadium are solved with the 3D steady Reynolds-averaged 

Navier-Stokes (RANS) equations and the realizable k-  turbulence model, supplemented 
with the Boussinesq model for thermal effects. Special attention is given to CFD solution 
verification by grid-sensitivity analysis and to CFD validation with on-site full-scale wind 
velocity measurements. The coupled CFD modeling approach is used to analyze the 
ventilation rates for different alternative ventilation configurations, which are obtained by 
introducing small changes in the current geometry of the stadium. All these ventilation 
configurations are a priori embedded in the same grid, and can be turned on/off by deleting 
parts of the grid.  

First, in Section 2, the urban area and stadium of the case study are described. In Section 
3, some full-scale measurements of the indoor conditions and ventilation rates are briefly 
presented to demonstrate the insufficient natural ventilation in the current situation. In 
addition, four alternative ventilation configurations are presented. Section 4 describes the 
numerical model geometry of the stadium and its surroundings and the procedure to 
simultaneously generate this geometry and the high-resolution body-fitted grid. Section 5 
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contains the CFD validation study. The results of the CFD simulations for the different 
ventilation configurations are given in Section 6. Finally, Sections 7 (discussion) and 8 
(conclusions) conclude the paper. 

2. Case study: urban area and stadium 

2.1. Urban area 

The urban area considered in this study is part of the city of Amsterdam, which is located 
in the north-west of the Netherlands. The city and its surroundings are located on very flat 
terrain; height differences are limited to less than 6 m. The study focuses on the southeast 
part of Amsterdam, known as “Zuidoost”. It is one of the 15 districts of Amsterdam and 
contains four residential areas and a business park. In addition to medium and high rise 
office buildings, the business park also contains a recreational area, called the “ArenA 
Boulevard” that includes the ArenA stadium (Fig. 1). This area of Amsterdam Zuidoost is still 
under development, and several new large and high-rise buildings are planned in the 
vicinity. The height of the current surrounding buildings varies from 12 m to a maximum of 
95 m for the “ABN-AMRO” office building (see Fig. 1).  

The aerodynamic roughness length y0 of the surroundings, which is needed for the CFD 
simulations, is determined based on the updated Davenport roughness classification 
(Wieringa 1992). The area on the north side of the ArenA Boulevard can be classified as 
“closed terrain” due to the urban character that is present in a radius of 10 km upwind. The 
estimated y0 for this area is 1.0 m (Fig. 2). The south side area of the ArenA Boulevard is not 
as rough as the north side due to the presence of agricultural and natural areas and can be 
characterized with an y0 of 0.5 m (Fig. 2). 
 
 

 
Fig. 1: Aerial view from north of Amsterdam ArenA football stadium and surroundings. The  
ABN-AMRO tower is indicated. 
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Fig. 2: Terrain surrounding the stadium with a radius of 10 km and estimated aerodynamic roughness 
length y0 based on an upstream distance of 10 km. The white square represents the computational 
domain used in this study. 
 

2.2. Stadium 

The Amsterdam ArenA is a so-called oval stadium (Fig. 3a). The roof is dome shaped and 
can be closed by moving two large panels with a projected horizontal area of 110 x 40 m2  
(L x W). The roof consists of a steel frame, largely covered with semi-transparent 
polycarbonate sheets, while steel sheets are applied at the edge of the roof until a distance 
of 18 m from the gutter. Fig. 3b provides an inside view of the stadium. The stand consists of 
two separate tiers and runs along the entire perimeter. Figures 3c-e show a detailed plan 

view and the two cross-sections ’ and ’. The exterior stadium dimensions are 226 x 190 
x 72 m3 (L x W x H). The stadium has a capacity of 51,628 seated spectators and an interior 
volume of about 1.2 x 106 m3. Fig. 4a shows a cross-section of the stadium, in which 
different components can be distinguished, which are indicated with numbers. These 
components contain the different ventilation openings used in this study. Numbers 1 and 2 
are the logistic rings in which facilities and the entrances to the interior stadium volume are 
situated. Number 3 is an elevated circulation deck that runs around the stadium. It serves as 
parking and logistics area and is known as the ArenA deck. Four large gates in the corners of 
the stadium (Fig. 3c, 4b) connect the ArenA deck (Fig. 3c, 4a, 4b) with the stadium interior. 
Each gate has a cross-section Lg x Hg = 6.2 x 6.7 m2 and can be individually opened and 
closed. Number 4 indicates a safety and facility ring that separates the stands from the 
pitch. This ring runs along the entire perimeter of the field and connects the four gates.  

Natural ventilation can occur through the openings that are present in the envelope of 
the stadium. The ArenA has several of such openings. The semi-transparent roof is the 
largest potential opening. During concerts and other festivities however, which are usually 
held in the summer period, the roof is closed most of the time to provide shelter for the 
spectators and the technical equipment. When the roof is completely open, it is the largest 
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Fig. 3: Amsterdam ArenA stadium. (a) Aerial view of the stadium with the roof opened; (b) stadium 
interior; roof is open; (c) horizontal cross-section at a height of 2 m above the deck, which is situated 
at 8.5 m above ground level. The four arrows indicate the location of the openings in the corners of 
the stadium (gates), (d) vertical cross-section αα’; (e) vertical cross-section ββ’. The four 

measurement positions ( ) for air temperature and CO2 concentration inside the stadium are 
indicated. Dimensions in m.  
 

 

 
Fig. 4: (a) Vertical cross-section of the eastern part of the ArenA. (1) logistics ring with entrances to 
the stands on the second tier; (2) logistics ring with entrances to the stands on the first tier; (3) the 
ArenA deck that contains the gates; (4) safety and logistics ring between the stands and the pitch;  
(5) car park underneath the pitch; (6) ventilation opening between stand and steel roof construction; 
(7) ventilation opening between the fixed and movable part of the roof. Dimensions in m. (b) One of 
the four openings in the corner of the stadium (gates).  
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opening (4,400 m²) in the stadium envelope. When it is closed, natural ventilation of the 
stadium can only occur through a few smaller openings. The four gates in the corners of the 
stadium (Fig. 4) together form the second largest (potential) opening (4 x 41.5 m2). They are 
open most of the time, but are sometimes closed during concerts to limit noise nuisance for 
the surroundings. Additionally, two relatively narrow openings are present in the upper part 
of the stadium (Fig. 4a; numbers 6 and 7). The first opening is situated between the stand 
and the steel roof construction, and runs along the entire perimeter of the roof (Fig. 5a). 
The total surface area of this opening is 130 m2. The other opening is situated between the 
fixed and movable part of the roof (Fig. 5b). This opening is only present along the two 
longest edges of the stadium. The total surface area of this opening is about 85 m2. An 
overview of the present ventilation openings and their surface areas is provided in Table 1. 
Of these openings, only the roof and gates can be opened/closed. In the basic stadium 
configuration in this study, the roof is closed, and all other openings are open. Alternative 
configurations will be defined in Section 3.2, in which either existing openings are enlarged 
or new openings are introduced at a few positions7.  
 
 

 
Fig. 5: Cross-sections of the ventilation openings in the upper part of the stadium; (a) ventilation 
opening between the steel roof construction, the gutter and the concrete stand, present along the 
entire perimeter of the stadium (see nr. 6 in Fig. 4a); (b) ventilation opening between the fixed and 
movable part of the roof. This opening is only present at the two longest edges of the stadium  
(see nr. 7 in Fig. 4a).  
 

 
Table 1. Ventilation openings present in the stadium with their surface area (m2). 

Ventilation opening Surface area [m2] 

Roof      4,400 

Four openings in corners of stadium (Fig. 3c, 4b) 166 

Opening between stand and roof construction (Fig. 5a) 130 

Opening between fixed roof and movable roof (Fig. 5b) 85 

                                                       
7 In addition to the airflow through the ventilation openings in the stadium envelope, air may also 

enter the stadium through small unintended openings in the building envelope (infiltration). Since 
the presence and size of these openings is unknown, and since their size is normally much smaller 
than the size of the ventilation openings reported in Table 1, they have not been taken into account 
in the computational model of the stadium. As a result, these unintended openings introduce an 
uncertainty in the prediction of the volume flow rate that enters the stadium.  
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3. Case study problem statement and alternative ventilation configurations 

3.1. Problem statement 

The ArenA is a so-called multifunctional stadium. Nowadays, more and more sports 
stadia are designed to serve a multitude of purposes. Apart from sports events, they also 
host a wide variety of other activities, such as concerts, conferences and festivities. For this 
purpose, many of these stadia are equipped with a roof construction that can be opened 
and closed depending on the weather conditions and the type of event. However, they are 
generally not equipped with HVAC systems to control the conditions of the very large indoor 
air volume (up to 106 m³), which is also the case for the ArenA. Indoor air quality problems 
can occur for the configuration with closed roof because of the large number of spectators 
and insufficient natural ventilation. During summer, overheating can be an additional 
problem. In absence of HVAC systems, natural ventilation is the only means to ensure 
indoor air quality.  

To analyze the indoor conditions and natural ventilation of the stadium (with closed roof) 
during summer, full-scale measurements were made of – among others – indoor and 
outdoor air temperature, irradiance of the sky and the air exchange rate of the large indoor 
volume. The measurements inside the stadium were made at four different positions (Fig. 
3c-e). The outdoor air temperature was measured at the ArenA deck. The irradiance of the 
sky was measured with a pyranometer on the roof. Figure 6 shows the measured irradiance 
E and the measured air temperature θa inside (position N2 in Fig. 3c-e) and outside the 
stadium on both a sunny day (July 18, 2007) and a cloudy day (July 20, 2007). The indoor air 
temperature on the sunny day was almost 6°C higher than the outdoor temperature, due to 
the combined effect of solar radiation and insufficient natural ventilation, whereas the 
indoor air temperature on the cloudy day was only about 2°C higher than the outdoor 
temperature.  
 

 
Fig. 6: The measured irradiance E and the measured air temperature a inside and outside the 
stadium on a sunny day (July 18, 2007) and a cloudy day (July 20, 2007).  
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In addition, measurements were also made of the air exchange rate (ACH – Air Changes 
per Hour) of the stadium with closed roof, based on CO2 concentration measurements at 
the four different positions in the stadium on three consecutive concert nights (June 1st until 
June 3rd). These indicated that the ACH on these three nights, averaged over the four 
measurement positions, was 0.68, 0.68 and 0.66, respectively. The ASHRAE Standard 62.1 
(2004) prescribes a minimum ventilation rate of 10.3 dm3/s per person for disco/dance 
floors. During the concerts in the ArenA on these three nights, approximately 50,000 
spectators were present, resulting in a required ACH of 1.5 h-1, which is more than twice as 
high as the measured ACH. The ventilation during concerts in the ArenA, with the roof 
closed, was therefore not sufficient on these evenings. Note that the intention of these 
measurements was to indicate the insufficient natural ventilation. They will not be used for 
CFD validation in this study. 

3.2. Alternative ventilation configurations 

The measurements indicated that overheating can occur in the stadium during the 
daytime, and that also during three consecutive concert evenings, the ACH was insufficient. 
Therefore, CFD simulations are performed in this study to further evaluate natural 
ventilation for the current stadium configuration and for four alternative ventilation 
configurations. The alternative configurations consist of one specific geometrical change 
made to the current stadium geometry with closed roof, except for the last configuration, 
which has an open roof. Combinations of these specific changes are not considered. 
Alternative configuration 1 has eight extra openings on the second tier with a surface area 
of 2 x 1.2 m2 (Fig. 7a-b). These openings are created by opening the large windows that are 
situated on the second tier for logistical purposes (Fig. 4a, number 1). Configuration 2 is the 
current geometry of the stadium, but with a larger opening at the intersection of the 
concrete stand and the roof. This is achieved by removing half of the steel sheets  
(Fig. 7c vs. d). For configuration 3, the steel sheets are removed entirely (Fig. 7e). Finally, 
configuration 4 has an opened roof.  

4. CFD simulation: geometry, computational grid and solution parameters 

4.1. Model geometry and computational domain 

The computational model of the stadium reproduces its geometrical complexity with high 
resolution, down to details of 0.02 m for the narrow ventilation openings. This is required to 
accurately model the flow through these openings (Fig. 5 and 7). Because data with such 
high resolution are not available from GIS and/or city databases, the construction drawings 
of the stadium were used. The buildings that are situated in a radius of 500 m from the 
stadium are modeled explicitly, by only by their main shape (Fig. 8a). Buildings that are 
located at a greater distance are modeled implicitly, by imposing an increased equivalent 
sand-grain roughness height kS and roughness constant CS at the bottom of the 
computational domain. These values are based on the aerodynamic roughness length y0 of 
the terrain in and beyond the computational domain and on the relationship between kS, CS 
and y0 for the specific CFD code (Blocken et al. 2007a).  
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Fig. 7: Cross-sections of the logistics ring on the second tier (Fig. 4a; nr. 1) with (a) current ventilation 
configuration; (b) alternative ventilation configuration 1 in which eight windows are opened 
connecting the outdoor and indoor environment. (c-e) Cross-sections of the ventilation opening 
between the steel roof construction, the gutter and the concrete stand; (c) for current configuration; 
(d) for configuration 2 (half of the steel sheets removed); (e) for configuration 3 (steel sheets 
removed entirely).   
 
 

The computational domain has dimensions L x W x H = 2,900 x 2,900 x 908.5 m³. The 
maximum blockage ratio is 1.6%, which is below the recommended maximum of 3%  
(Franke et al. 2007, Tominaga et al. 2008b). Franke et al. (2007) also state that the distance 
from the building to the side, to the inlet and to the top of the domain should be at least 
five times the height of the building and the distance from the building to the outlet should 
be fifteen times the height. These requirements are also fulfilled. 

4.2. Computational grid 

Due to the complex geometry of the stadium and the large difference between the smallest 
(0.02 m) and the largest (2,900 m) length scales in the domain, generating a computational 
grid with good quality is not straightforward. Because of the required detail, high resolution 
and high resolution gradients of the grid, a body-fitted (BF) grid is used. The quality of the 
grid in the immediate vicinity of the stadium is considered very important for the coupled 
simulation of urban wind flow and indoor natural ventilation. Standard automatic or semi-
automatic generation of an unstructured grid allows insufficient control of local grid 
resolution, grid stretching, control volume skewness and aspect ratio. To allow full control 
over the grid quality, size and resolution, a specific procedure to efficiently and 
simultaneously generate the geometry and the computational grid is used here. It consists 
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Fig. 8: (a) Computational model geometry, view from northeast; (b) Computational grid on the 
building surfaces and part of the ground surface. A high resolution is used in the proximity of the 
stadium, and a lower resolution at a larger distance from the stadium. 

 
 
 
of a series of extrusion operations, i.e. creating the geometry and the grid based on 
geometrical translation and rotation operations of pre-meshed 2D cross-sections. The 
procedure is schematically depicted in Figure 9a. It consists of the following steps: 
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1. Creating the geometry and the grid of the vertical stadium cross-section (indicated 
by “1” in Fig. 9a). Both the solid and fluid parts of this cross-section are meshed. 

2. Defining a line A in the ground plane which represents the inner stadium 
circumference, and applying a grid to this line. 

3. Sweeping cross-section “1” (geometry and grid) along line A. This way, both the 
geometry and the volume grid of the stadium circumference are generated. The 
volume grid is generated based on the cross-section grid and the grid on line A. Note 
that at this stage, both solid and fluid volumes are meshed. 

4. Applying a grid to the bounded plane “2”, which is that part of the ground plane of 
which line 1 represents the circumference; this plane represents the stadium 
interior. 

5. Sweeping plane “2” (geometry and grid) vertically along line B. This way, both the 
geometry and the volume grid of the stadium interior are generated, up to the end 
position of line B. 

6. Defining all lines in the ground plane outside the stadium that represent the 
circumference of the surrounding buildings, streets and squares. The outermost lines 
are the bounds of the bottom of the computational domain; 

7. Applying a surface grid to the collection of planes “3” that are bounded by these 
lines. 

8. Sweeping all planes “3” (geometry and grid) vertically along line C. 
9. Defining a line D which starts at the top of the stadium cross-section, defined in step 

1, and ends at the roof height of the lowest building that is higher than the end point 
of line B. Defining a line E which starts at the end point of line D, and ends at the roof 
height of the lowest building that is higher than the end point of line D, and so on for 
lines F, G, etc., up to the intended height of the computational domain. 

10. Sweeping all horizontal planes (geometry and grid) at the height of the starting point 
of line D vertically along line D, next along line E, and so on. The final sweep also 
generates the top surface of the domain. The result is a rectangular prism (the 
computational domain) that is completely meshed and that contains all buildings. 

11. Deleting the grid at the location of the intended solid domain parts (buildings and 
building parts). This way, solid volumes are introduced and only the fluid domain 
remains meshed. 

 
Figure 9b illustrates the application of this procedure for the actual stadium geometry by 
showing a few cross-sections and part of the generated volume grids. The advantages of this 
systematic procedure are: (1) simultaneous generation of geometry and grid for both the 
outdoor and indoor environment; (2) full control over grid generation yielding a BF grid 
without tetrahedral cells; (3) the possibility to a priori implement different geometrical 
variations in the model/grid (which will be explained below).  

The procedure was executed with the aid of the pre-processor Gambit 2.4.6, resulting in 
a hybrid grid with about 5.6 x 106 prismatic and hexahedral cells. An overall view of the grid 
from northeast is shown in Fig. 8b, and more detailed views are given in Fig. 10 and Fig. 11. 
Special attention was paid to providing a high grid resolution in and around the ventilation 
openings in the facade of the stadium, as well as in and around the new ventilation 
openings mentioned in Section 3.2. Because of the complex geometry of the stadium and 
the large domain that is used, some parts of the stadium that are less important for the flow 
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Fig. 9: (a) Schematic representation of the procedure for computational geometry and grid 
generation; (b) part of the grid illustrating some meshed cross-sections and resulting parts of the 
volume grid. 

 
 

through the ventilation openings have a slightly coarser grid, as well as the buildings that 
are not in the close proximity of the stadium. Fig. 10a shows the computational grid at the 
deck on the east side of the stadium, and Fig. 10b shows the corresponding picture of this 
part of the stadium. Comparing Fig. 10a and b shows that some of the exterior support 
structures are not included in the model. The reason is that these slender structures are 
located at a relatively large distance from the gates (40 m) and that they do not extend up 
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to the position of the roof ventilation openings (Fig. 4a, number 6, and Fig. 5a). Note that 
the triangular shapes in Fig. 10a are the footprints of prisms, and not of tetrahedral cells. 
These prisms are created by sweeping an unstructured triangle-meshed cross-section, as 
explained above. Fig. 11 provides a bird-eye view, showing the grid at the roof, the roof 
gutter (see also Fig. 5a) and the deck.  

A grid-sensitivity analysis is performed for the current configuration (roof closed, gates 
open) by making two new grids, a coarser grid with 3.0 million cells and a finer grid with 9.2 
million cells. The minimum volumes for the three grids are 4.3 x 10-5 m3, 3.5 x 10-5 m3 and 
2.0 x 10-5 m3. The grid-sensitivity analysis is best performed by comparing relevant 
parameters at relevant locations. In this paper, the different ventilation configurations will 
be evaluated and compared based on the overall ventilation rate/ACH of the entire indoor 
air volume. The ACH will be calculated based on the mass flow rates through the ventilation 
openings. Therefore, the most relevant locations are the ventilation openings, and the most 
relevant parameter is the mass flow rate through these openings. A more detailed  
grid-sensitivity analysis could also focus on point wind speed values in these openings or 
wind speed profiles through the openings. This would be important when the wind speed 
distributions across the openings and inside the stadium volume are of interest, such as for 
local human comfort studies. This is however outside the scope of the present paper. The 
three grids are therefore compared based on the normalized mass flow rates through the 
four gates: 
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where mi;coarse, mi;middle and mi;fine are the mass flow rates (kg/s) through gate i for the coarse, 
middle and fine grid, respectively. δ1 is 4.7% and δ2 is 2.0%. The results obtained with the 
middle grid show no large discrepancies with the results of the finer one. The results 
obtained with the coarse grid show somewhat larger deviations from the middle grid. 
Therefore, the middle grid was selected. Note that the specific grid generation procedure 
for the case of this stadium does not allow the use of a systematic identical refinement 
factor throughout the entire domain. As a result, the discretization errors themselves have 
not been determined. As mentioned above, an extra advantage of this grid generation 
technique is the possibility to a priori implement different geometrical variations in the 
model/grid. This allows to easily generate a range of different models and grids without 
having to rebuild them all from the start. By defining extra meshed volumes in the model, 
one can change the building geometry by just deleting the volumes that have to become 
solid, i.e. part of the building. An example of such a geometrical change is shown in Fig. 12, 
in which the ventilation opening between the fixed and movable part of the roof is shown. 
In order to close these openings, the meshed volumes that are indicated with numbers 1, 2 
and 3 are removed (Fig. 12a). It is also possible to add extra ventilation openings or increase 
existing openings by removing less meshed volumes (Fig. 12b). This strategy has been used 
for all ventilation configurations in this study.  
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Fig. 10: (a) Detail of the computational grid on the east side of the stadium; (b) Corresponding picture 
taken at the east side of the stadium. 
 
 

 
Fig. 11: Bird-eye view of the grid on the southeast side of the stadium, illustrating details such as the 
roof gutter which is modeled in detail for the air flow through the nearby ventilation opening  
(Fig. 5a).  

 

4.3. Boundary conditions 

At the inlet of the domain, a logarithmic mean wind speed profile representing a neutral 
atmospheric boundary layer is imposed with y0 = 0.5 m or 1.0 m, dependent on the wind 
direction (see Fig. 2), and a reference wind speed U10 (at 10 m height) of 5 m/s. For y0 = 0.5 
m, the inlet longitudinal turbulence intensity IU ranges from 30% at pedestrian height  
(y = 2 m) to 5% at gradient height. For y0 = 1 m, IU ranges from 40% (y = 2 m) to 8% at 
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gradient height. Turbulent kinetic energy k is calculated from Iu using k = 1.5(IUU)2, assuming 

isotropic turbulence. The turbulence dissipation rate  = (u*
ABL)³/ (y+y0), where y is the 

height coordinate, κ the von Karman constant (κ = 0.42) and u*
ABL

 the atmospheric boundary 
layer (ABL) friction velocity related to the logarithmic mean wind speed profile.  

The standard wall functions by Launder and Spalding (1974) are used with the sand-grain 
based roughness modification by Cebeci and Bradshaw (1977). The parameters kS and CS in 
the roughness modification, as implemented in Fluent (Fluent Inc. 2006), are determined 
from their appropriate relationship with y0. This relationship was derived by Blocken et al. 
(2007a) for Fluent and CFX. For Fluent 6, up to at least version 6.3, it is given by:  

 

9.793 0
S

S

y
k

C
    (3) 

 
Note that for fully rough walls, only the product kSCS occurs in the wall functions, and 

therefore only the value of the product and not of the individual parameters kS and CS is 
important. Note that Fluent 6 (up to at least version 6.3) does not allow kS to be larger than 
yP, which is the distance between the centre point of the wall-adjacent cell and the wall. If 
the user implements a larger value, the code will automatically set kS equal to yP without 
warning. Therefore, in this study, kS is taken smaller than or equal to yP and CS is chosen to 
satisfy Eq. (3). A user-defined function setting the value of the constant CS is required 
because the Fluent 6.3 code does not allow it to exceed the interval [0;1] otherwise. For the 
ground surface with implicitly modeled buildings, kS is taken 0.7 m and CS = 7 for y0 = 0.5 m. 
For y0 = 1.0 m, kS = 1.4 m and CS = 7. For the ground surface in the direct vicinity around the 
explicitly modeled buildings and the stadium, y0 = 0.03 m is taken, which is imposed by 
setting kS = 0.59 m and CS = 0.5. The building surfaces are set to have zero roughness height 
(kS = 0). Zero static pressure is imposed at the outlet. The top of the computational domain 
is modeled as a slip wall (zero normal velocity and zero normal gradients of all variables).  

Two sets of simulations are performed: (1) isothermal CFD simulations for the validation 
study based on wind velocity measurements (Section 5); and (2) thermal CFD simulations for 
the analysis of natural ventilation on a typical warm summer day (section 6). The isothermal 
simulations are justified due to the strong winds and cloudy conditions on the days of the 
wind velocity measurements. For the thermal simulations, an important remark has to be 
made. The intention of these simulations was to compare the performance of the different 
ventilation configurations under simplified boundary conditions for a warm summer day. 
The intention was not to reproduce the full complexity of the transient thermal behavior of 
the stadium under transient meteorological conditions and internal heat, vapor and CO2 
production by spectators and equipment. This would require either transient CFD 
simulations for a period of several days, which is out of reach given the need for short time 
steps in CFD, or the need to couple CFD simulations to Building Energy Simulation Software 
(e.g., Hensen 2004, Djunaedi et al. 2005). To compare the performance of the different 
ventilation configurations, the thermal boundary conditions are simplified and are taken 
constant in time. The temperature of the inlet air is set to 20°C. To take into account the 
increased air temperature inside the stadium as a result of solar radiation, estimated 
surface temperatures are imposed on the surfaces inside the stadium. These surface 
temperatures vary from 22°C for the semi-transparent roof to 50°C for the steel sheets 
covering the pitch during summer for conferences and other events. They yield a stationary 
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indoor air temperature of about 30°. Note that, because the intention of the simulations is 
not to reproduce the actual transient conditions during one specific period of time, the 
simulated ACH values cannot be compared to the measured ones that were mentioned in 
Section 3.1. 

 

 
Fig. 12: Ventilation opening between the fixed and movable part of the roof (see Fig. 5b). Three 
meshed volumes (indicated by the bold lines and with numbers 1-3) have been implemented to 
generate different grids with small geometric changes: (a) All meshed volumes deleted; no opening 
present; (b) only meshed volume 3 deleted; small openings 1 and 2 present. Another option would be 
deleting none of the meshed volumes, in which case a large opening would be created. 

 

4.4. Other computational parameters 

The 3D steady RANS equations are solved in combination with the realizable k-ε 
turbulence model (Shih et al. 1995) using the commercial CFD code Fluent 6.3.26 (Fluent Inc. 
2006). The realizable k-ε turbulence model is chosen because of its general good 
performance for wind flow around buildings (Franke et al. 2004) and the overall good 

performance of k-  models for indoor air flow (Linden 1999, Sørensen and Nielsen 2003). 
Pressure-velocity coupling is taken care of by the SIMPLE algorithm, pressure interpolation is 
standard and second order discretization schemes are used for both the convection terms 
and the viscous terms of the governing equations. The Boussinesq approximation is used for 
buoyancy, which is valid because β(T-T0) = 0.07 << 1, where β is the thermal expansion 
coefficient and T-T0 the maximum temperature difference. Radiation does not need to be 
taken into account because temperatures are imposed on all surfaces inside the stadium. 

The computations were performed using parallel processing on a Sun Fire X4150 server 
containing two Quad-Core Intel Xeon E5440 2.83 GHz processors and 16 GB Fully Buffered 
DDR2 memory. The simulations were terminated after 6000 iterations with a total duration 
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of 48 hours, when additional iterations showed no further convergence. The scaled residuals 
(Fluent Inc. 2006) reached the following minimum values: 10-7 for x, y and z velocity, 10-6 for 

k and , 10-8 for energy and 10-5 for continuity.  

5. CFD validation 

For CFD validation purposes, the 3D wind velocity in and around the stadium was 
measured in the period September-November 2007, on days with strong winds (reference 
wind speed Uref above 8 m/s). Measurements were made with ultrasonic anemometers, 
positioned on mobile posts, at a height of 2 m above the ArenA deck. Reference wind speed 
(Uref) was measured on top of a 10 m mast on the roof of the 95 m high ABN-AMRO office 
building, which is the highest building in the proximity of the stadium (Fig. 1). The data were 
sampled at 5 Hz, averaged into 10-minute values and analyzed. Only data with at least 12 
different 10-minute values per wind direction sector of 10° were retained. The measured 
wind speed U at the locations in the four gates (Fig. 13) was divided by the reference wind 
speed Uref measured on top of the ABN-AMRO office building. Note that the term “wind 
speed” refers to the magnitude of the 3D mean wind velocity vector. This wind speed ratio 
is also calculated with CFD and both ratios are compared. Also the measured and calculated 
local wind directions at the stadium measurement positions are compared.  

 
 

 
Fig. 13: Position of wind speed measurements with ultrasonic anemometers in the ventilation 
openings at the corners of the stadium (gates). 

 
 

Two wind directions and configurations are considered. The validation for  = 228° is 

performed for a closed roof, and that for  = 350° with open roof. Fig. 14a compares 

simulated and measured mean wind speed ratios for  = 228° and closed roof, indicating a 
rather good agreement. Significant wind speed gradients exist at the measurement position 
D. As a result, a small shift in measurement position or a small change in the flow field can 
significantly affect the simulation values at this position. To indicate this effect, the 
deviations in simulated wind speed by a 0.5 m shift in position are indicated by “error bars”. 
Note however that in many cases, the gradients are too small for the error bars to be visible. 
A good agreement between measurements and simulations is also found for the local wind 
direction in the gates (Fig. 14b), except for gate D, where a deviation of 30% is found.  

Figure 14c shows the results for  = 350° and open roof. The results for the wind speed 
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show a fair to good agreement (Fig. 14c), while those for local wind direction are good for 
gates A and B, but less good for gates C (50% deviation) and D (22% deviation) (Fig. 14d). 
This might be attributed to the fact that both positions are in the wake of the stadium for  

 = 350°. Note that while at first sight the discrepancy for gate B in Fig. 14d might seem to 
be large, the actual difference between measured value (8°) and simulated value (340°) and 
is only 28°. Overall, a fair to good agreement is obtained for the simulations, and the 
stadium model is used to evaluate different ventilation configurations.  

 

 
Fig. 14: (a-b) Comparison between numerical and experimental results in the four gates A, B, C and D, 
for closed roof and wind direction of 228°: (a) non-dimensional velocity magnitude U/Uref; (b) wind 
direction φ. (c-d) Same as (a-b), but for open roof and wind direction of 350°: (c) non-dimensional 
velocity magnitude U/Uref; (d) wind direction φ. The error bars are a measure of the local spatial 
gradients in the CFD simulation.  

6. CFD results for natural ventilation  

Thermal simulations were performed for two wind directions perpendicular to the north 
and south facade of the stadium (151° and 331°) and for two wind directions under an angle 

of 45° with the stadium facade (16° and 196°) (Fig. 15a). For  = 16° and 331°, no immediate 
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buildings are present upstream of the stadium, as opposed to  = 151° and 196°. The 
reference wind speed U10 (at 10 m height) is 5 m/s for all simulations, and the thermal 
boundary conditions are as described in Section 4.3. The effectiveness of the different 
ventilation configurations is assessed using the air exchange rate, as defined by ASHRAE 
(2005): 

 
Q

ACH
V

       (4) 

 
where Q is the volumetric air flow rate into the enclosure (m3/s) and V the volume of the 
enclosure (m3). For each ventilation configuration, the simulated mass flow rates through 
each opening are used to determine the ACH using Eq. (4). The results of the calculations 
are shown in Table 2 and indicate that opening the windows on the second tier only 
increases the ACH on average from 1.36 h-1 to 1.38 h-1. Configurations 2 and 3 seem more 
useful: removing half of the steel sheets increases the ACH on average by 17%, while 
removing the entire steel sheets increases it on average by 43%. Furthermore, opening the 
roof provides an average increase with 158% to 3.51 h-1. The results also show that the ACH 
strongly depends on the wind direction. The lowest air exchange rates are present for  

 = 196°, which is the wind direction with a group of buildings present upstream of the 

stadium, which provide some shelter from wind. The deviations in ACH between  = 16° 

(exposed) and  = 196° (sheltered) for the current configuration and for configurations 1, 2, 
3 and 4 are 26%, 28%, 32%, 26% and 42%, respectively. This demonstrates the importance 
of modeling the surrounding urban environment for natural ventilation analysis. Figs. 15b-d 
show the contours of the non-dimensional velocity magnitude U/U10 around the ArenA for  

 = 196° (SSW) in horizontal planes at heights of 10, 20, 40 and 60 m above the ArenA deck, 
at which the lowest openings (gates) are situated. The lower values around the ArenA 
indicate that the stadium is indeed situated in the wake of the office buildings, causing the 
lower ACH for this wind direction. Note that this (SW) is the prevailing wind direction in the 
Netherlands.  
 
 
Table 2: Calculated air change rate per hour (ACH) for the current situation and for four alternative 

ventilation configurations, for reference wind speed U10 = 5 m/s, for wind directions  = 16°, 151°, 
196° and 331° and for fixed indoor surface temperatures. 

Ventilation configuration ACH [h-1] 

  [°] 

 16° 151° 196° 331°  Average 

Current situation  1.51 1.33 1.11 1.49  1.36 

Configuration 1 1.56 1.52 1.12 1.33  1.38 

Configuration 2 1.91 1.61 1.29 1.54  1.59 

Configuration 3 2.19 2.28 1.61 1.72  1.95 

Configuration 4 4.57 3.40 2.66 3.41  3.51 
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Fig. 15: (a) Top view of stadium and surrounding buildings with indication of wind directions for the 
CFD simulations (φ = 16°, 151°, 196° and 331°). (b-e) Contours of non-dimensional velocity magnitude 
U/U10 in four horizontal planes, for φ = 196° (SSW) and U10 = 5 m/s; at (b) 10 m; (c) 20 m; (d) 40 m 
and (e) 60 m above the ArenA deck. The lower wind speed ratios around the stadium indicate that it 
is situated in the wake of the surrounding buildings, which causes the lower air exchange rates for 
this wind direction. 
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7. Discussion 

A coupled modeling approach for urban wind flow and indoor natural ventilation on a 
high-resolution grid has been presented. The approach has been applied to analyze natural 
ventilation in the geometrically complex Amsterdam ArenA stadium.  

A few important remarks have to be made. The thermal simulations have been 
performed in steady-state with fixed surface temperatures. The intention of these 
simulations was only to demonstrate the coupled approach and to provide a first 
comparative evaluation of different ventilation configurations. The intention was not to 
accurately model the transient thermal behavior of the indoor stadium volume. This would 
require either transient CFD simulations for a period of several days, which is out of reach 
given the need for short time steps in CFD, or coupling these CFD simulations to thermal 
Building Energy Simulation software, which is a topic for future research. The full-scale 
measurements of temperature and ACH in the stadium were only performed to indicate the 
occurrence of overheating and insufficient natural ventilation episodes in the stadium. 
Because these measurements are the result of, among others, transient thermal processes 
throughout the day and the previous days, they cannot be used for validation of the  
steady-state CFD simulations. This is the reason why an alternative validation study was 
conducted, based on full-scale wind speed measurements on cloudy and windy days, on 
which thermal effects (natural convection) were negligible compared to wind-induced 
effects (forced convection). In such cases, the wind speed spectrum of van der Hoven (1957) 
indicates stationarity in the spectral gap and 10-minute wind speed measurements are 
often used to validate steady-state CFD simulations.  

Further research is also needed on several other topics. The steady RANS simulations 
performed in this study have shown a fair to good agreement with on-site outdoor wind 
velocity measurements, but also some discrepancies. These can possibly be attributed to 
the inability of steady RANS to simulate inherently transient effects in urban aerodynamics 
such as the collapse of separation and recirculation regions and vortex shedding in the wake 
of bluff obstacles. Future work will focus on LES simulations to assess the impact of these 
features on the ventilation results.  

The comparison of the ventilation configurations was performed for only one reference 
wind speed U10 = 5 m/s. While this provides a first, limited indication of their relative 
performance, a more detailed evaluation needs to consider different reference wind speed 
values to generate results for a range of Archimedes numbers. The interaction between 
forced and natural convection in natural ventilation (Linden 1999) remains an important 
topic for future research. To provide some information on the relative importance of forced 
(wind) versus natural (buoyancy) convection, simulations for the basic stadium configuration 
(closed roof) were also made with the same reference wind speed of 5 m/s, but in 

isothermal conditions. For  = 151°, the ACH drops from 1.33 to 0.77h-1, and for  =196° it 
drops from 1.11 to 0.63h-1. For these wind directions, including thermal effects as 
implemented in this study almost doubles the ACH.   

In this study, only the overall ventilation rate/ACH of the entire indoor volume has been 
used as a parameter for the evaluation of the different alternative ventilation 
configurations. Future studies will also focus on the indoor air speed and temperature 
distribution, which is necessary for e.g. local human comfort assessment in the stadium. The 
grid-sensitivity analysis in that case will also need to focus on – among others – the 
distribution of wind speed in the indoor volume, rather than only on mass flow rates 
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through the openings, as done in this paper. Especially in this situation, it would also be 
important to gather wind speed measurements at more locations in the ventilation 
openings for CFD validation, as well as to gather more indoor climate measurements. 

8. Summary and conclusions 

A coupled CFD modeling approach for urban wind flow and indoor natural ventilation on 
a high-resolution grid has been presented. It is specifically intended for studies with large 
differences in geometrical length scales between the urban area (1 – 5 km) and the natural 
ventilation openings (down to 0.01 m). The approach has been applied to analyze natural 
ventilation for the geometrically complex Amsterdam ArenA stadium, with length scales 
ranging from 2,900 m to 0.02 m. CFD modeling is preferred for such studies, because 
accurate wind tunnel modeling with adherence to similarity criteria would likely be inhibited 
by Reynolds number effects near and in the narrow ventilation openings. 

The coupled approach implies that the outdoor and the indoor air flow are solved 
simultaneously and within the same computational domain. The advantage of this approach 
is that no assumptions have to be made at the interface between outdoor and indoor 
environment; the flow through the ventilation openings is solved explicitly and all flow 
variables are directly transferred between the outdoor and indoor parts of the domain.  

This paper has presented a specific procedure to efficiently and simultaneously generate 
the geometry and the high-resolution body-fitted (BF) grid based on translation and rotation 
of pre-meshed cross-sections. This procedure provides several advantages: (1) simultaneous 
generation of geometry and grid for both the outdoor and indoor environment for coupled 
outdoor-indoor studies; (2) full control by the user over grid quality and grid resolution;  
(3) the possibility to implement different geometric variations in the model/grid such as new 
ventilation openings, additional surrounding buildings, etc. and to use this to easily generate 
different grids for parametric studies. This can significantly reduce pre-processing times for 
parametric studies. 

The coupled approach and grid generation procedure have been applied for a parametric 
study of natural ventilation of the multifunctional Amsterdam ArenA stadium in the 
Netherlands. The stadium has a retractable roof, which is closed during concerts and 
festivities. In this case, natural ventilation can only occur through the limited number of 
openings in the stadium envelope. Full-scale measurements indicated that in this 
configuration, overheating can occur during summer because the natural ventilation is 
insufficient to remove warm air during the day. Furthermore, the CO2 measurements 
showed that the air exchange rate (ACH) on three concert evenings did not meet the 
ASHRAE ventilation requirements. 

To analyze the natural ventilation of the stadium, coupled 3D steady RANS CFD 
simulations were performed on a high-resolution BF grid with 5.6 million prismatic and 

hexahedral cells. Closure was obtained using the realizable k-  model. Specific attention was 
paid to CFD solution verification and validation. The grid was based on grid-sensitivity 
analysis and validation was performed based on on-site full-scale measurements of wind 
speed in the gates of the stadium.  

Natural ventilation was evaluated for the current situation and for four alternative 
ventilation configurations, using CFD simulations of non-isothermal mixing ventilation on a 
warm summer day. Five different geometries and grids were used, which were all generated 
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based on the same computational grid by simply deleting (or non deleting) meshed 
volumes. The simulations showed that, for the meteorological conditions under study, 
increasing the size of specific openings near the roof can increase the air exchange rate by 
up to 43%. Large differences in ACH were found depending on wind direction. The values for 
SSW wind, with a group of buildings upstream, are up to 42% lower than those for NNE 
wind, without buildings upstream. This demonstrates the importance of modeling the 
surrounding urban environment for natural ventilation analysis.  

Future research will focus on – among others – combining the CFD simulations with 
Building Energy Simulation software to analyze the actual transient thermal behavior of the 
large stadium air volume throughout several days/weeks. Further work will also include the 
evaluation of steady RANS, LES and various types of wall functions for natural mixing 
ventilation studies of large enclosures in urban environments, and the analysis of indoor air 
speed, temperature, relative humidity and CO2 distributions.  
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On the effect of wind direction and urban surroundings on natural 
ventilation of a large semi-enclosed stadium 

van Hooff T, Blocken B, 2010b. Computers & Fluids 39(7): 1146-1155.  
 
 

Abstract 

Natural ventilation of buildings refers to the replacement of indoor air with outdoor air 
due to pressure differences caused by wind and/or buoyancy. It is often expressed in terms 
of the air change rate per hour (ACH). The pressure differences created by the wind depend 
– among others – on the wind speed, the wind direction, the configuration of surrounding 
buildings and the surrounding topography. Computational Fluid Dynamics (CFD) has been 
used extensively in natural ventilation research. However, most CFD studies were 
performed for only a limited number of wind directions and/or without considering the 
urban surroundings. This paper presents isothermal CFD simulations of coupled urban wind 
flow and indoor natural ventilation to assess the influence of wind direction and urban 
surroundings on the ACH of a large semi-enclosed stadium. Simulations are performed for 
eight wind directions and for a computational model with and without the surrounding 
buildings. CFD solution verification is conducted by performing a grid-sensitivity analysis. 
CFD validation is performed with on-site wind velocity measurements. The simulated 
differences in ACH between wind directions can go up to 75% (without surrounding 
buildings) and 152% (with surrounding buildings). Furthermore, comparing the simulations 
with and without surrounding buildings showed that neglecting the surroundings can lead to 
overestimations of the ACH with up to 96%. 

 
Keywords: Natural ventilation; wind direction; Computational Fluid Dynamics (CFD); 
numerical simulation; model validation; cross-ventilation. 
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1. Introduction 

Environmental awareness and the decreasing availability of fossil fuels have led to an 
increased interest in more sustainable ways to ensure a healthy and comfortable indoor 
environment in buildings. Natural ventilation can be an important approach in this respect. 
It refers to ventilation induced by either wind flow or buoyancy (stack), or a combination of 
these two driving forces. Whereas natural ventilation is based on natural driving forces, 
mechanical ventilation uses energy consuming fans to supply air into the building. The 
feasibility of natural ventilation of buildings depends on several parameters such as the 
geometry of the building itself, the geometry of the surrounding buildings, the surrounding 
topography and the wind statistics including prevailing wind direction. Although natural 
ventilation of buildings has been applied since centuries, it is still an intensive area of 
research due to both its complexity and its potential for sustainable building design and 
operation.  

A large body of research exists on natural ventilation, based on theory (Etheridge and 
Sandberg 1996, Awbi 2003, 2007), analytical work (Linden 1999, Coffey and Hunt 2007,  
Ji et al. 2007), experiments (Straw et al. 2000, Ohba et al. 2001, Jiang et al. 2003, Karava et 
al. 2007) and numerical simulation with Computational Fluid Dynamics (CFD) (Straw et al. 
2000, Jiang and Chen 2002, Jiang et al. 2003, Cook et al. 2003, Wright and Hargreaves 2006, 
Ji et al. 2007, Yang et al. 2007, Hu et al. 2008, Horan and Finn 2008, Teitel et al. 2008, 
Norton et al. 2009, van Hooff and Blocken 2010). CFD has some clear advantages compared 
to other approaches. Theoretical and analytical approaches are very valuable to provide 
general insights but are less suitable when complex geometrical configurations are involved. 
With full-scale (on-site) measurements, many of the influencing parameters  
(e.g. meteorological conditions) cannot be controlled, and the measurements are usually 
only performed at a few sampling positions. Furthermore, on-site measurements are not an 
option in the design stage, when the buildings under study have not yet been constructed. 
Reduced-scale wind tunnel measurements allow controlling the influencing parameters, but 
the measurements are often only point measurements at a few selected positions. In 
addition, reduced-scale wind tunnel testing can be hampered by similarity requirements. 
This is particularly the case for large city models or for buildings with small ventilation 
openings (due to Reynolds number effects), as well as with non-isothermal wind tunnel 
experiments. The main advantages of CFD are that it allows full control over the influencing 
parameters and that it provides detailed information on all relevant parameters 
simultaneously in all points of the computational domain (whole flow-field data). Because 
the simulations can be performed at full scale, CFD simulations do not suffer from similarity 
requirements. However, CFD accuracy and reliability are main concerns, and therefore CFD 
verification and validation studies are imperative.  

In spite of the large amount of natural ventilation studies performed in the past, detailed 
studies on the effect of both wind direction and surrounding buildings on natural ventilation 
are lacking. This effect is especially important to assess the feasibility of natural ventilation 
in suburban and urban environments. In such environments, surrounding buildings can 
provide significant shelter from wind, but could also increase the wind exposure due to 
channeling effects (Blocken et al. 2007a, 2008a, 2008b). The influence of the surrounding 
buildings can be very different depending on the wind direction. Given the disadvantages of 
experimental approaches, CFD seems the most suitable tool for such investigations. Past 
computational research efforts in this area could be divided into two categories: (1) studies 
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for isolated buildings, in which the effect of wind direction is due to building geometry and 
the position of the ventilation openings; and (2) studies for non-isolated buildings, in which 
the effect of wind direction on natural ventilation is due to the combined effect of 
surrounding buildings, building geometry and the position of the ventilation openings. 
Several studies of the first category exist, which have confirmed the large influence of wind 
direction. Studies of the second category however are rather scarce. A brief overview of 
studies in each category is given below.  

Horan and Finn (2008) examined the ACH of a free-standing two-storey naturally 
ventilated building for four wind directions using CFD and found large variations in ACH 
between the wind directions, from an ACH value of 3.5 h-1 to 15 h-1. More recently, Teitel et 
al. (2008) and Norton et al. (2009) performed CFD simulations of natural ventilation in 
agricultural buildings situated in open terrain. Teitel et al. (2008) studied the air flow in one 
of four clustered greenhouses for four wind directions with an interval of 30° and found 
significant differences in air flow patterns and ACH (up to 56%). Norton et al. (2009) studied 
the ventilation effectiveness in livestock buildings for wind directions ranging from 0° to 90° 
with an interval of 10° and found differences in ACH up to 100% depending on the wind 
direction. Note that all of the aforementioned CFD studies did not consider urban 
surroundings. Differences in ACH were therefore the result of asymmetry of the building 
geometry and/or the position of the ventilation openings.  

Only a few studies concerning the influence of the building surroundings on natural 
ventilation and natural ventilation potential are reported in the literature, however most of 
them are not CFD studies. One example of a CFD study in which a part of the surroundings 
was included was conducted by Jiang and Chen (2002). They performed Large Eddy 
Simulations (LES) of fluctuating wind directions to assess the natural ventilation of an 
apartment in a five-storey high building. The computational domain included nine 
surrounding buildings in the vicinity of the studied building; other parts of the urban 
surroundings were not included. This study showed the important influence of short term 
fluctuations of wind direction within a range of 80° during a short time period of 15 minutes. 
As opposed to the present study however, it did not consider different steady wind 
directions. Wirén (1983) studied the influence of surrounding buildings on wind pressure 
distributions and ventilative heat losses in a wind tunnel and found that introducing 
surrounding buildings changed the measured pressure distributions considerably. The 
influence of surrounding buildings has also been studied by van Moeseke et al. (2005). 
However, this study was performed using a software package for the thermal analysis of 
buildings that includes a 2D CFD module. The package calculated the ACH of the building 
using pressure coefficients obtained from a parametrical model. It indicated the strong 
influence of both wind direction and building surroundings. Van Moeseke et al. (2005) 
stressed the unsuitability of parametrical models to accurately assess the wind flow in urban 
environments, but stated that the method used in their paper might be useful for architects 
to obtain some first view on the feasibility of natural ventilation. The review paper by 
Costola et al. (2009) on pressure coefficient databases for natural ventilation studies also 
indicates that very few data exist on the effect of urban surroundings and the related 
sheltering effects. To the knowledge of the authors, detailed CFD studies on the effect of 
wind direction and surrounding buildings on indoor natural ventilation in urban 
environments have not yet been performed.  

This paper presents a study on the effect of wind direction and urban surroundings on 
the natural ventilation of the semi-enclosed Amsterdam ArenA stadium in the Netherlands. 
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It is situated in an urban environment with medium to high-rise buildings. Since no HVAC 
systems are incorporated, natural ventilation is the only means to maintain a healthy and 
comfortable indoor environment. In a previous study for this stadium, van Hooff and 
Blocken (2010) indicated that the ACH can be insufficient when spectators are present and 
the stadium roof is closed during summer. Since this previous study focused on the fully 
coupled outdoor-indoor simulation approach and on the proposed body-fitted grid 
generation technique, only a few wind directions were studied at that time. In the present 
paper, the effects of wind direction and urban surroundings on natural ventilation are 
analyzed in detail. Simulations are performed for eight wind directions using the fully 
coupled simulation approach, in which outdoor wind flow and indoor air flow are computed 
simultaneously in the same computational domain. Furthermore, simulations are performed 
with and without the surrounding buildings to assess the influence of the surroundings on 
the ACH. The turbulent wind flow is obtained by solving the 3D steady Reynolds-Averaged 
Navier-Stokes (RANS) equations in combination with the realizable k-ε turbulence model by 
Shih et al. (1995) and the standard wall functions by Launder and Spalding (1974) with 
roughness modifications by Cebeci and Bradshaw (1977). A grid-sensitivity analysis is 
performed for CFD solution verification. The CFD model is validated using full-scale wind 
velocity measurements.  

In Section 2, the geometry of stadium and surroundings is briefly described. The 
computational model is outlined in Section 3. Section 4 contains the model validation. The 
simulation results are given in Section 5. Section 6 (discussion) and Section 7 (conclusions) 
conclude the paper.   

2. Description of stadium and surroundings 

The Amsterdam ArenA is a multifunctional dome-shaped stadium with a movable and semi-
transparent roof. Fig. 1a shows an aerial view of the stadium with the roof in closed position 
and Fig. 1b shows a view from street level. Figs. 2a-c provide a detailed plan view and the 

two cross-sections ’ and ’. The exterior stadium dimensions are 226 x 190 x 72 m3  
(L x W x H). The stadium has a capacity of 51,628 seated spectators and an interior volume 
of about 1.2 x 106 m3. The roof can be closed by moving two large panels with a projected 
horizontal area of 110 x 40 m2 (L x W). The stadium has four sets of ventilation openings 
(Fig. 3). The completely opened roof is the largest potential opening (4,400 m²) in the 
stadium envelope (Fig. 3a). During concerts and other festivities however, which are usually 
held in the summer period, the roof is closed most of the time to protect the spectators and 
the technical equipment from wind and rain. When it is closed, natural ventilation of the 
stadium can only occur through the remaining sets of smaller openings. The second set 
consists of four large gates in the corners of the stadium (4 x 41.5 m2), which are connected 
by an elevated deck (ArenA deck) outside the stadium (Fig. 2a and 3b). Each gate has a 
cross-section Lg x Hg = 6.2 x 6.7 m2 and can be individually opened and closed. They are open 
most of the time. The third and fourth sets are two relatively narrow openings in the upper 
part of the stadium. The first opening is situated between the stand and the steel roof 
construction, and runs along the entire perimeter of the roof (Fig. 2c (nr.1) and 3c). The 
total surface area of this opening is 130 m2. The other opening is situated between the fixed 
and movable part of the roof (Fig. 2c (nr.2) and 3d). This opening is only present along the 
two longest edges of the stadium and has a total surface area of about 85 m2. In the stadium 
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configuration used in this study, the roof is closed, and all other openings are open. Note 
that the need for higher ventilation rates only occurred in situations with the roof closed 
(van Hooff and Blocken 2010). More detailed information on the stadium geometry can be 
found in van Hooff and Blocken (2010). 

The stadium is located in Amsterdam in the northwest part of the Netherlands. The city 
and its surroundings are located on very flat terrain; height differences are limited to less 
than 6 m. The immediate surroundings consist of medium and high rise office buildings  
(Fig. 4). The height of the surrounding buildings varies from 12 m to a maximum of 95 m for 
the “ABN-AMRO” office building. The aerodynamic roughness length y0 of the surroundings, 
which is needed for the CFD simulations, is determined based on the updated Davenport 
roughness classification (Wieringa 1992) for an upstream fetch of about 10 km. The area on 
the north side of the ArenA can be classified as “closed terrain” due to the urban character 
that is present up to a distance of about 10 km upwind. The estimated y0 for this area is  
1.0 m. The terrain south of the ArenA is less rough due to the presence of agricultural and 
natural areas and can be characterized with an y0 of 0.5 m. The aerodynamic roughness 
lengths for the wind directions in this study are summarized in Table 1. 
 

 
Fig. 1: Amsterdam ArenA stadium. (a) Aerial view from northwest of the stadium with the roof 
closed; (b) street view of the stadium from northwest.  
 

 
Fig. 2: (a) Horizontal cross-section at a height of 2 m above the deck, which is situated at 8.5 m above 
ground level. The four arrows indicate the location of the openings in the corners of the stadium 
(gates); (b) vertical cross-section αα’; (c) vertical cross-section ββ’. The dashed circles show the 
positions of the ventilation openings in the upper part of the stadium. Dimensions in m.  



Chapter 8 – Influence of wind direction and urban surroundings 
 

176 

 
Fig. 3: The ventilation openings of the stadium; (a) The opened roof with a surface area of 4,400 m2; 
(b) one of the four openings in the corner of the stadium (gates) (166 m2); (c) ventilation opening 
between the steel roof construction, the gutter and the concrete stand (Fig. 2c; nr. 1) (130 m2);  
(d) ventilation opening between the fixed and movable part of the roof (85 m2) (Fig. 2c; nr. 2). 

 
 
Table 1. Aerodynamic roughness lengths y0 and imposed equivalent sand-grain roughness height kS 
and roughness constant CS at the bottom of the computational domain for the wind directions in this 
study. 

 [°] y0 [m] kS [m] CS [-] 

16 1.0 1.4 7 

61 1.0 1.4 7 

106 0.5 0.7 7 

151 0.5 0.7 7 

196 0.5 0.7 7 

241 0.5 0.7 7 

286 1.0 1.4 7 

331 1.0 1.4 7 

 



Chapter 8 – Influence of wind direction and urban surroundings 
 

177 

 
Fig. 4: Aerial view from southwest of the Amsterdam ArenA football stadium and surroundings. The 
95 m high ABN-AMRO tower is indicated. 
 

3. Computational model    

3.1. Computational geometry and grid  

The geometry of the stadium is reproduced in detail using the construction drawings. The 
very small ventilation openings in the upper part of the stadium (Fig. 3c-d) require details as 
small as 0.02 m to be modeled. Simulations are made in two computational domains, one 
for Case 1 without surrounding buildings and one for Case 2, in which the surrounding 
buildings in a radius of 500 m from the stadium are modeled explicitly, but only by their 
main shape. In both cases, buildings that are located at a greater distance are modeled 
implicitly, by imposing an increased equivalent sand-grain roughness height kS and 
roughness constant CS at the bottom of the computational domain. These values are based 
on the aerodynamic roughness length y0 of the terrain in and beyond the computational 
domain and on the relationship between kS, CS and y0 (Eq. 7) for the specific CFD code used 
in this study, Fluent 6.3.26, which was derived in Blocken et al. (2007b). The computational 
domains have dimensions L x W x H = 2,900 x 2,900 x 908.5 m³. The maximum blockage 
ratio is 1.6%, which is below the recommended maximum of 3% (Franke et al. 2007, 
Tominaga et al. 2008). The distance from the building to the sides, to the inlet and to the 
top of the domain is at least five times the height of the building and the distance from the 
building to the outlet is fifteen times the height, as recommended by Franke et al. (2004) 
and Tominaga et al. (2008).  

The quality of the grid in the immediate vicinity of the ventilation openings is considered 
to be very important for the coupled simulation. Standard automatic or semi-automatic 
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Fig. 5: Southwest view of the computational grid on the building surfaces and part of the ground 
surface. (a) Case 1: without surrounding buildings; (b) Case 2: with surrounding buildings. Note that 
the grid refinement at the locations of the absent buildings around the stadium in Fig. 5a is the result 
of the specific grid generation procedure that is used, enabling the generation of the two different 
grids from only one basic model (van Hooff and Blocken 2010).  

 
 

generation of an unstructured grid allows insufficient control of local grid resolution, grid 
stretching, control volume skewness and aspect ratio. To allow full control over the grid 
quality and resolution, the grid is constructed using the grid generation procedure 
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presented by van Hooff and Blocken (2010). This procedure allows to efficiently and 
simultaneously generate the geometry and the computational grid. It consists of a series of 
extrusion operations, i.e. creating the geometry and the grid based on geometrical 
translation operations of pre-meshed 2D cross-sections. For more details, the reader is 
referred to (van Hooff and Blocken 2010). This procedure allows modeling complex 
geometries with full control over grid quality and grid resolution. It is executed using the 
pre-processor Gambit 2.4.6 and results in hybrid grids of hexahedral and prismatic cells. The 
total number of cells is 5,582,999 for Case 1 and 5,555,949 for Case 2. An overall view of 
both grids from southwest is shown in Fig. 5, and a more detailed view is given in Fig. 6. 
Note that the grid refinement at the locations of the absent buildings around the stadium in 
Fig. 5a is the result of the specific grid generation procedure that is used, enabling the 
generation of the two different grids from only one basic model by deleting or preserving 
the meshed volumes at the building locations (van Hooff and Blocken 2010). 

A grid-sensitivity analysis is performed by conducting simulations on a coarser grid with 
3.0 million cells and a finer grid with 9.2 million cells. The three grids are compared based on 
the mass flow rates through the four gates, which are the main ventilation openings for the 
situation with closed roof. The difference in normalized mass flow rates between the coarse 
grid and the middle grid is 4.7%, whereas the difference between the middle grid and the 
fine grid is only 2.0%. Therefore, the middle grid was selected for further analysis. 

 

 
Fig. 6: Southwest view of the grid for the case without surrounding buildings, illustrating details such 
as one of the four openings (gates) in the corner of the stadium.  
 

3.2. Boundary conditions and solver settings 

At the inlet of the domain, a logarithmic mean wind speed profile representing a neutral 
atmospheric boundary layer is imposed with y0 = 0.5 m or 1.0 m, depending on the wind 
direction (see Table 1), and a reference wind speed U10 (at 10 m height) of 5 m/s. For  
y0 = 0.5 m, the inlet longitudinal turbulence intensity IU ranges from 30% at pedestrian 
height (y = 2 m) to 5% at gradient height. For y0 = 1 m, IU ranges from 40% (y = 2 m) to 8% at 
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gradient height. Turbulent kinetic energy k is calculated from Iu and U assuming isotropic 
turbulence: 

 
21.5( )Uk I U      (1) 

 

The turbulence dissipation rate  is calculated as: 
 

* 3

0

( )
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u

y y
      (2) 

 
where y is the height coordinate, κ the von Karman constant (κ = 0.42) and u*

ABL
 the 

atmospheric boundary layer (ABL) friction velocity related to the logarithmic mean wind 
speed profile. Figure 7 shows the resulting vertical profiles of mean wind speed, turbulent 
kinetic energy and turbulence dissipation rate. 
 

 
Fig. 7: Inlet profiles of mean wind speed U, turbulent kinetic energy k and turbulence dissipation rate 
ε for (a) y0 = 0.5 m; (b) y0 = 1 m.  
 
 

The standard wall functions by Launder and Spalding (1974) are used with the sand-grain 
based roughness modification by Cebeci and Bradshaw (1977). The velocity wall function in 
the CFD code is implemented as (Fluent 2006): 

 
* *

1
lnP PU u u y

E B
u

    (3) 

 
where yP is the distance between the centre point P of the wall-adjacent cell and the wall, 
UP is the tangential wind speed in point P, E is the empirical constant for a smooth wall  
(≈ 9.793), ν is the kinematic viscosity of the fluid, ΔB is the roughness function and u* and uτ 
are the wall-function friction velocities defined as: 
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wu      (5) 

 
where Cμ is a model constant (0.09), kP is the turbulent kinetic energy in point P, τw is the 
wall shear stress and ρ is the density of the fluid. In the fully rough regime ΔB is given by: 

 

(1 )
1

ln S SC kB     (6) 

 

where kS
+ is the non-dimensional roughness height: kS

+ = kSu
*/ . The parameters kS and CS in 

the roughness modification are determined from their appropriate relationship with y0. This 
relationship was derived by Blocken et al. (2007b) for Fluent and CFX. For Fluent 6, up to at 
least version 6.3, it is given by:  

 

09.793
S

S

y
k

C
     (7) 

 
Note that Fluent 6 (up to at least version 6.3) does not allow kS to be larger than yP. If the 

user implements a larger value, the code will automatically set kS equal to yP without 
warning. Therefore, in this study, kS is taken smaller than or equal to yP and CS is chosen to 
satisfy Eq. (7). A user-defined function setting the value of the constant CS is required 
because the Fluent 6.3 code does not allow it to exceed the interval [0;1] otherwise. For the 
ground surface with implicitly modeled buildings, kS is taken 0.7 m and CS = 7 for y0 = 0.5 m. 
For y0 = 1.0 m, kS = 1.4 m and CS = 7. For the ground surface in the direct vicinity around the 
explicitly modeled buildings and the stadium, y0 = 0.03 m is taken, which is imposed by 
setting kS = 0.59 m and CS = 0.5. The building surfaces are set to have zero roughness height 
(kS = 0). This choice is based on parametric CFD studies with kS values of 0, 0.01 m and  
0.05 m, which showed no notable differences for the ventilation flow rates, and which can 
be explained by the pressure drag being much larger than the friction drag over the 
stadium. The top of the computational domain is modeled as a slip wall (zero normal 
velocity and zero normal gradients of all variables) and zero static pressure is imposed at the 
outlet. Only isothermal simulations are performed in this study, in line with the neutral 
atmospheric stratification during the wind velocity measurements, which were performed 
on days with strong winds and cloudy conditions.  

The CFD code Fluent 6.3.26 (Fluent 2006) is used to solve the 3D steady RANS equations. 
Closure of the RANS equations is obtained with the realizable k-ε turbulence model (Shih et 
al. 1995). The SIMPLE algorithm is used for pressure-velocity coupling, pressure 
interpolation is standard and second order discretization schemes are used for both the 
convection terms and the viscous terms of the governing equations. A Sun Fire X4150 server 
containing two Quad-Core Intel Xeon E5440 2.83 GHz processors and 16 GB Fully Buffered 
DDR2 memory was used to perform the simulations. Every simulation reached convergence 
after about 20 hours of wall clock time in which 6000 iterations were performed. The scaled 
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residuals (Fluent 2006) reached the following minimum values: 10-7 for x, y and z velocity, 

10-6 for k and , and 10-5 for continuity.  

4. Validation with full-scale wind velocity measurements 

4.1. Measurements 

For CFD validation purposes, the 3D wind velocity in and around the stadium was 
measured on days with neutral atmospheric stratification (strong winds (reference wind 
speed Uref above 8 m/s) and cloudy conditions) in the period September-November 2007. 
The measurements were performed with ultrasonic anemometers, positioned on mobile 
posts, at 2 m height above the ArenA deck (Fig. 6) in the four gates which are the main 
ventilation openings when the roof is closed. The reference wind speed (Uref) was measured 
on top of a 10 m mast on the roof of the 95 m high ABN-AMRO office building, which is the 
highest building in the proximity of the stadium (Fig. 3). The measurement data were 
sampled at 5 Hz, averaged into 10-minute values and analyzed. Only data with at least 12 
different 10-minute values per wind direction sector of 10° were retained in order to obtain 
adequate averaged wind velocities and standard deviations. The measured wind speed U in 
the four gates was divided by the reference wind speed Uref measured on top of the  
ABN-AMRO office building. Note that the term “wind speed” here refers to the magnitude 
of the 3D mean wind velocity vector.  

4.2. Comparison of measurements and CFD 

The computational model is validated using the 3D velocity measurements. The wind 
speed ratio U/Uref is also calculated with CFD and both ratios are compared. The same 
comparison is made for the measured and calculated local wind directions at the stadium 
measurement positions. Fig. 8a compares simulated and measured mean wind speed ratios 

for  = 228˚ and a closed roof, indicating a rather good agreement. The simulations show 
that significant wind speed gradients exist at measurement position D. As a result, a small 
shift in measurement position or a small change in the flow field can significantly affect the 
simulation values at this position. To indicate this effect, the deviations in simulated wind 
speed by a 0.5 m shift in position are indicated by “error bars”. Note however that in most 
cases, the gradients are too small for the error bars to be visible. A good agreement 
between measurements and simulations is also found for the local wind direction in the 
gates (Fig. 8b), except for gate D, where a deviation of 30% is found. Overall, a fair to good 
agreement is obtained in this validation study, and the stadium model is used to assess the 
influence of wind direction and urban surroundings on natural ventilation.  

5. Results  

The validated CFD model is used to perform simulations for eight wind directions, for the 
situation without (Case 1) and with surrounding buildings (Case 2). Both sets of simulations 
are conducted for a reference wind speed U10 at 10 m height of 5 m/s. The eight wind 

directions are  = 16°, 61°, 106°, 151°, 196°, 241°, 286° and 331°, all perpendicular or with 
an angle of 45° to the symmetry axis of the stadium as indicated in Figure 9a. Natural 
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ventilation is evaluated based on the ACH, which is the amount of air that enters a room 
during a certain time period, divided by the interior volume of the same room (ASHRAE 
2005), and can be calculated by: 

 
3600Q

ACH
V

    (8) 

 
where the unit of ACH is h-1, Q is the volumetric air flow rate into the enclosure (m3/s) and V 
the volume of the enclosure (m3). For each simulation, the mass flow rates through each 
opening are used to calculate Q. The parameter ACH/U10 (s/mh) is used in this study 
because the results are independent of U10. This was demonstrated by performing test 
simulations at a few other reference wind speeds. Note that both hours and seconds are 
present in the unit of the ACH/U10. It was chosen to maintain these two units for time since 
the definition of ACH is air changes per hour and the standard notation for wind speed is 
m/s. 

5.1. Case 1 

The surrounding buildings within a radius of 500 m are not included in this case (Fig. 5a), 
while the buildings that are situated at a larger distance are modeled implicitly by imposing 
the appropriate equivalent sand-grain roughness height kS and roughness constant CS at the 
bottom of the domain. The results of these simulations are shown in Figure 9b. The 
calculated ACH/U10 lies around 0.25 s/mh with small deviations for most wind directions, 

but a significantly larger deviation is present for  = 16° (ACH/U10 = 0.35 s/mh). These 
deviations can be attributed to two reasons. The first is the asymmetry of the stadium as 
shown in Figure 9a. The geometrical differences are mainly present at the ArenA deck, i.e. at 
the same height as the location of the gates (Fig. 3b). As mentioned in Section 2, the gates 
are the largest ventilation openings present when the roof is closed. Deviations in air flow in  

 
 

 
Fig. 8: Comparison between numerical and experimental results in the four gates A, B, C and D, for 
closed roof and wind direction of 228°: (a) non-dimensional velocity magnitude U/Uref; (b) wind 
direction φ. The error bars are a measure of the local spatial gradients in the CFD simulation. The 
percentages indicate the deviation between the measurements and the CFD simulations.   
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the proximity of these gates can therefore result in a relatively large variation in ACH. The 
second, but less important, reason is the variation of the aerodynamic roughness length y0 
from 0.5 m to 1.0 m depending on the wind direction (see Table 1). 

5.2. Case 2 

The simulations described in Section 5.1 are repeated, but this time with explicit 
modeling of the surrounding buildings (Fig. 10a). The aerodynamic roughness lengths y0 are 
that the same as in Case 1. The results of the calculations are shown in Figure 10b and 
demonstrate the strong dependence of ACH/U10 on wind direction when surrounding 

buildings are present. For example, the value of ACH/U10 for  = 16° (0.35 s/mh) is 2.5 times 

as high as for  = 196° (0.14 s/mh). The results between other wind directions also show 

larger deviations than for Case 1. The lower ACH for  = 196° can be explained by the 
presence of a group of large buildings upstream of the stadium. These buildings provide 
some shelter from wind. Figure 11 shows the contours of the ratio U/U10 around the 

stadium for four wind directions (  = 16°, 106°, 196° and 286°) in a horizontal plane at a 

height of 8 m above the ArenA deck. For  = 196° the stadium is in the wake of the high-rise 
buildings that are present upstream, resulting in lower velocities and pressures near the 
windward ventilation openings. For the other three wind directions the influence of the 
surrounding buildings on the velocity near the stadium is less pronounced. Figure 12 shows 
that the prevailing wind direction at the site is southwest, which is also the wind direction 
for which shelter by the urban surroundings is most pronounced. This stresses the 
importance, especially for this case, of performing CFD simulations for a range of wind 
directions for an accurate assessment of the ACH. 

 
 

 
Fig. 9: (a) Top view of stadium without surrounding buildings, with indication of wind directions for 
the CFD simulations. The figure in the left bottom corner shows a horizontal cross-section taken at  
2 m above the ArenA deck, indicating the asymmetry of the stadium. (b) Ratio of air change rate ACH 
to reference wind speed U10 (s/mh) for the wind directions in Fig. 9a.  
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Fig. 10: (a) Top view of stadium and surrounding buildings with indication of wind directions for the 
CFD simulations. (b) Ratio of ACH to U10 (s/mh) for the wind directions in Fig. 10a.  
 
 

 

 
Fig. 11: Contours of non-dimensional velocity magnitude U/U10 in a horizontal plane at 8 m height 
above the ArenA deck for U10 = 5 m/s and for (a) φ = 16°; (b) φ = 106°; (c) φ = 196°; (d) φ = 286°. For 
φ = 196°, the stadium is situated in the wake of the high-rise surrounding buildings, yielding lower 
U/U10 and a lower ACH for this wind direction. 
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Fig. 12: Wind direction statistics (60 m height) at the building site, indicating that the prevailing wind 
direction is southwest (based on NEN 2006). 
 

5.3. Case 1 versus Case 2 

Figure 13 provides an overview of the ACH/U10 values obtained from CFD simulations 
with and without the stadium surroundings. The largest differences occur for wind direction 

 = 196°. The ACH for this wind direction is overestimated by 96% when the natural 
ventilation of the stadium would be assessed without the surrounding buildings in the CFD 
model. For wind directions of 16° and 286°, without any large buildings present upstream, 
the differences in ACH/U10 are negligible. It appears that, at least in this case, the channeling 
effects between the stadium and the surrounding buildings are not strong enough to 
influence the ACH.  

 

 
Fig. 13: ACH/U10 (s/mh) for eight wind directions (Fig. 10a) for Case 1 (with surrounding buildings) 
and for Case 2 (without surrounding buildings). The overestimation of ACH/U10 can be as high as 96% 
when the surrounding buildings are not included in the CFD model. 
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6. Discussion 

In this study the influence of wind direction and urban surroundings on the air exchange 
rate of a large multifunctional stadium has been assessed using CFD simulations. Some 
limitations of this study and needs for further research are mentioned below.  

Firstly, only steady-state CFD simulations were performed in this study. In a next stage, 
transient CFD simulations will be performed to study the influence of pulsating flow and 
large eddies on the air exchange between the building interior and the external wind flow. 
Although the validation study showed a good agreement between the measurements and 
the RANS simulations, future research will compare the air exchange rates obtained with 
steady RANS simulations with those from transient simulations with Large Eddy Simulation 
(LES) and/or Detached Eddy Simulation (DES). Secondly, only isothermal simulations were 
performed in this study, although a previous study (van Hooff and Blocken 2010) indicated 
the strong influence that local buoyancy, as a result of higher temperatures inside the 
stadium compared to the ambient air temperature, can have on the ACH. Note that both in 
the previous and in the current study, a neutral atmospheric boundary layer was assumed. 
The decision to focus on only isothermal simulations in the present study was made to limit 
the number of influencing parameters in order to provide some first insights in the influence 
of wind direction and urban surroundings on the ACH. Thermal simulations would increase 
the complexity of the flow field considerably. Furthermore, thermal simulations would 
require conducting simulations at different reference wind speeds U10, because the ACH 
cannot be scaled linearly with U10 anymore. Future studies will focus on the influence of 
wind direction and urban surroundings in thermal simulations. In general, the interaction 
between wind and buoyancy as driving forces for natural ventilation is an important topic of 
future research.   

7. Conclusions 

A study on the influence of wind direction and urban surroundings on natural ventilation 
of a large semi-enclosed stadium has been presented in this paper. The 3D steady RANS CFD 
simulations are performed isothermally (no buoyancy) and in a coupled way, i.e. the 
outdoor and the indoor air flow are solved simultaneously and within the same 
computational domain. The high-resolution body-fitted grid was based on a grid-sensitivity 
analysis, indicating the 5.6 million cell hybrid grid to be adequate for this study. The CFD 
model was validated using on-site full-scale 3D wind velocity measurements in the four 
gates of the stadium. An overall to good agreement was obtained between CFD simulations 
and measurements.  

The natural ventilation (air change rate per hour – ACH) was assessed for eight wind 
directions and for two cases: with and without surrounding buildings. The results of both 
cases have demonstrated the importance of performing simulations with a range of wind 
directions. For the isolated stadium (without surrounding buildings), the differences 
between two wind directions can be as large as 75%. For the stadium in its urban 
environment, the differences between two wind directions can go up to 152%. 
Furthermore, this study has shown the need to model the surrounding urban environment 
for natural ventilation analysis. Excluding the urban environment in the computational 
domain can lead to an overestimation of the ACH with 96%. While disregarding surrounding 
buildings and focusing on only a limited number of wind directions can be sufficient for 
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isolated buildings and/or buildings in a rural environment, this can give very large errors for 
buildings in suburban and urban areas. 
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CFD simulation of natural ventilation of indoor 
environments by the concentration decay method: CO2 gas 
dispersion from a large semi-enclosed stadium  

van Hooff T, Blocken B, 2012. Submitted. 
 
 

Abstract 

Computational Fluid Dynamics (CFD) simulations can be used to assess indoor natural 
ventilation by solving the interaction between the urban wind flow and the indoor airflow. 
The air exchange rate (ACH) can be obtained from the simulated volume flow rates through 
the ventilation openings or by the concentration decay method that is often used in 
experimental studies. This paper presents 3D unsteady Reynolds-averaged Navier-Stokes 
(RANS) CFD simulations to reproduce the decay of CO2 concentration in a large  
semi-enclosed stadium. The study focuses on the hours after a concert, when the indoor 
CO2 concentration generated by the attendants has reached a maximum. The wind flow, 
indoor airflow and dispersion of heat, water vapor and CO2 are modeled on a high-
resolution grid based on grid-sensitivity analysis. The simulations are validated with on-site 
measurements of wind velocity and CO2 concentration decay. The validated CFD model is 
used to analyse the significant horizontal and vertical CO2 concentration gradients in the 
stadium, showing local differences at t = 300 s up to 700 ppm (i.e. 37% of the maximum of 
1900 ppm). A specific piecewise linear technique is applied for the concentration decay 
method to determine the ACH values for smaller time intervals. This is needed because the 
plotted semi-logarithmic decay curve itself is not linear because the ventilation rate changes 
over time, due to the changing buoyancy forces. It shows that the ACH values decrease from 
about 2 h-1 at the beginning of the concentration decay simulations to about 0.3 h-1 at the 
end.   
 
Keywords: Computational Fluid Dynamics (CFD); pollutant gas dispersion; full-scale 
validation; natural ventilation; semi-enclosed multifunctional stadium; unsteady RANS. 
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1. Introduction 

Natural ventilation of indoor environments occurs either by wind-induced pressure 
differences or by buoyancy-induced pressure differences, or – most often – by a 
combination of both (e.g. Linden 1999, Hunt and Linden 1999, Li and Delsante 2001, Cook et 
al. 2003, Karava et al. 2007, 2011a, Larsen and Heiselberg 2008, Chen 2009, van Hooff and 
Blocken 2010a). Removing pollutants, excess heat and moisture, and in extreme cases 
smoke, biochemical species and other hazardous materials, is of primary importance in 
buildings, but also in cars, ships and airplanes. The amount and effectiveness of natural 
ventilation depends on both the outdoor wind flow and the indoor airflow, and especially 
on the interaction between both flows at the ventilation openings.  

Different methods can be used to assess natural ventilation, including full-scale 
measurements, reduced-scale measurements and Computational Fluid Dynamics (CFD). An 
extensive overview of ventilation assessment methods was provided by Chen (2009).  
Full-scale measurements offer the advantage that the real situation is studied and the full 
complexity of the problem is taken into account. However, full-scale measurements are 
usually only performed in a limited number of points in space. In addition, there is no or 
only limited control over the boundary conditions (e.g. Reinhold 1982). Reduced-scale  
wind-tunnel measurements allow a strong degree of control over the boundary conditions, 
however at the expense of – sometimes incompatible – similarity requirements. 
Furthermore, wind-tunnel measurements are usually also only performed in a limited 
number of points in space. CFD on the other hand provides whole-flow field data, i.e. data 
on the relevant parameters in all points of the computational domain (e.g. Chen 2009, 
Blocken et al. 2012, Blocken and Gualtieri 2012). Unlike wind-tunnel testing, CFD does not 
suffer from potentially incompatible similarity requirements because simulations can be 
conducted at full scale. In addition, CFD simulations easily allow parametric studies to 
evaluate alternative design configurations, especially when the different configurations are 
all a priori embedded within the same computational domain and grid (see e.g., van Hooff 
and Blocken (2010a)). However, the accuracy and reliability of CFD are of concern, and 
solution verification and validation studies are imperative (Schatzmann et al. 1997, Casey 
and Wintergerste 2000, Jakeman et al. 2006, Franke et al. 2007, Tominaga et al. 2008, 
Schatzmann and Leitl 2011, Blocken and Gualtieri 2012, Blocken et al. 2012). Validation 
studies in turn require experimental data that have to satisfy important quality criteria 
(Schatzmann et al. 1997, Schatzmann and Leitl 2011).  

CFD is increasingly used to study a wide range of atmospheric and environmental 
processes (Blocken et al. 2011, Moonen et al. 2012), such as pedestrian wind comfort and 
wind safety around buildings (e.g. Stathopoulos and Baskaran 1996, Richards et al. 2002, 
Franke et al. 2007, Yoshie et al. 2007, Tominaga et al. 2008, Blocken et al. 2012), air 
pollutant dispersion (e.g. Garcia Sagrado et al. 2002, Hanna et al. 2006, Blocken et al. 2008, 
Nakiboglu et al. 2009, Gousseau et al. 2011a, 2011b, 2012, Tominaga and Stathopoulos 
2010, 2011, 2012), wind-driven rain (e.g. Choi 1993, Etyemezian et al. 2000, van Mook 2002, 
Blocken and Carmeliet 2004, 2007, 2010, Tang and Davidson 2004, Briggen et al. 2009, 
Huang and Li 2010, van Hooff et al. 2011a) convective heat transfer (e.g. Blocken et al. 2009, 
Karava et al. 2011b) and natural ventilation of buildings and streets (e.g. Kato et al. 1992, 
Jiang and Chen 2002, Heiselberg et al. 2004, Hu et al. 2008, Chen 2009, van Hooff and 
Blocken 2010a, 2010b, Moonen et al. 2011, van Hooff et al. 2011b, Ramponi and Blocken 
2012a).  
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In general, two main approaches can be used to model natural ventilation of indoor 
environments with CFD. The first is a “coupled” CFD simulation, in which both the 
Atmospheric Boundary Layer (ABL) wind flow and the indoor airflow are modeled 
simultaneously and within the same computational domain. This method allows the proper 
calculation of airflow in the proximity of and through the ventilation openings. The main 
disadvantage of this method in urban applications is the large difference in geometrical 
length scales between the outdoor (urban) environment (1-5 km) and the ventilation 
openings (e.g., 0.01 – 1 m), resulting in a large and high-resolution grid, and thus in a 
relatively high computational cost. This is probably the reason why in the past, this method 
has only been used for relatively simple outdoor and indoor environments and for relatively 
large ventilation openings (e.g., Kato et al. 1992, Jiang et al. 2003, Allocca et al. 2003, Evola 
and Popov 2006, Hu et al. 2008, Horan and Finn 2008, Ramponi and Blocken 2012a, 2012b). 
The very large grids that would be required for complex outdoor and indoor environments 
and/or for small ventilation openings can be avoided by resorting to “decoupled” 
simulations. In this case, two separate simulations are conducted, one for the ABL wind flow 
and one for the indoor flow, each in their own computational domain (Jiang and Chen 2002, 
Cook et al. 2003, Chen 2009). In the outdoor flow simulations, the ventilation openings are 
closed. The information obtained from the simulation of the outdoor flow (generally 
pressure coefficients at the positions of the openings) can be used as boundary condition 
for the simulation of the indoor flow. Although this is the standard approach for indoor 
ventilation studies, its accuracy can be compromised because of the simplifications involved 
(Choiniere et al. 1992, Kato et al. 1992, Seifert et al. 2006, Karava et al. 2007, 2011a). Often, 
only pressure is passed from the outdoor to the indoor environment by means of pressure 
coefficients at the boundary and assumptions are made in terms of discharge coefficients 
and expansion coefficients (Cook et al. 2003). A coupled approach is preferred for CFD 
simulations in which the interaction between ABL wind flow and indoor natural ventilation 
is important.  

As mentioned before, different methods can be used to investigate natural ventilation 
due to the complex interaction of the ABL wind flow with the indoor airflow, including 
reduced-scale wind tunnel testing and full-scale measurements. However, due to the large 
differences in geometrical length scales between the urban area (1 – 5 km) and the 
ventilation openings (which can go down to 0.1 m), the use of wind tunnel measurements 
for natural ventilation is restricted, or even impossible depending on the specific study. The 
similarity requirements for both inertial and buoyancy forces need to be fulfilled, which is 
far from straightforward. The similarity criteria would likely be inhibited by Reynolds 
number effects near and in the narrow ventilation openings, and these ventilation openings 
could even become impractically small in the scaled model. On the other hand, full-scale 
measurements suffer from uncontrollable boundary conditions and a lack of repeatability by 
the inherently transient meteorological conditions (Schatzmann et al. 1997, Schatzmann and 
Leitl 2011). Among others, van Hooff and Blocken (2012) elaborated on these issues for 
natural ventilation studies. As a result, coupled CFD simulations are preferred for a detailed 
study of natural ventilation, however with the imperative requirement of CFD solution 
verification and validation with high-quality experimental data. 

In ventilation studies, the air exchange rate (ACH = air changes per hour) or ventilation 
rate can be calculated using the volume flow rate that enters an enclosure, or by performing 
tracer gas measurements. The former are convenient for relatively simple geometries in 
which the number of supply openings and exhausts is limited, but it can also be applied for 
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more complex building configurations (van Hooff and Blocken 2010a, 2010b). The latter 
enables the calculation of the ACH based on the mass balance of a tracer gas in the studied 
enclosure and can be used in both simple and complex enclosures. Tracer gas 
measurements are often conducted using CO2 or SF6. Three different tracer gas methods 
can be used to determine the ACH: (1) concentration decay or growth method, (2) constant 
concentration method, or (3) constant injection method (ASHRAE 2009). The most often 
used and most simple method is the concentration decay method, in which the decay of a 
tracer gas is measured. To obtain reliable results of the ACH of an enclosure using single-
point tracer gas measurements, strictly, three conditions should be satisfied (ASHRAE 2009): 
(1) the tracer gas should be uniformly mixed in the enclosure; (2) there are no unknown 
tracer gas sources; (3) ventilation flow is the dominant means of removing the tracer gas 
from the space, i.e. the tracer gas does not chemically react and/or is not adsorbed by 
interior surfaces. The condition that the tracer gas should be uniformly mixed in the entire 
enclosure is very difficult to achieve in real buildings and the problem of non-perfect mixing 
is difficult to completely resolve in practice (Charlesworth 1988). Charlesworth (1988) 
indicated that one could overcome this problem by measuring the tracer gas concentration 
at several locations and by assuming that the mean of these concentrations is 
representative for the average concentration in the entire enclosure. In addition to reduced-
scale and full-scale experiments to obtain tracer gas decay curves (e.g. Chung and  
Dunn-Rankin 1998, Chung and Hsu 2001, Bartzanas et al. 2004, van Hooff and Blocken 
2010a, 2012), one can perform numerical simulations. The use of numerical modeling (CFD) 
for this purpose has been reported by, among others, Chung and Dunn-Rankin (1998), 
Bartzanas et al. (2004, 2007), Rouaud and Havet (2005) and Norton et al. (2009). Application 
of the concentration decay method in CFD allows evaluation of the decay of pollutant 
concentration in every point of the indoor environment and therefore provides more 
detailed spatial information than tracer gas measurements in cases of non-perfect mixing 
conditions. It can be used to identify areas of locally higher pollutant concentrations caused 
by recirculation zones, short-circuiting flow, stagnant regions, etc. Note that, to the best of 
our knowledge, only Bartzanas et al. (2004, 2007) and Norton et al. (2009) published 
coupled CFD simulations of tracer gas concentration decay. However, these studies were 
limited to relatively simple building configurations and did not include any surrounding 
buildings. In addition to indoor environmental studies on pollutant dispersion, a lot of work 
has been published on outdoor pollutant dispersion in urban environments (e.g. Garcia 
Sagrado et al. 2002, Meroney 2004, Hanna et al. 2006, Berkowicz et al. 2008, Blocken et al. 
2008, Mensink and Cosemans 2008, Yang and Shao 2008, Nakiboglu et al. 2009, Tominaga 
and Stathopoulos 2010, 2011, 2012, Gousseau et al. 2011a, 2011b, 2012). However, these 
studies did not include coupling of the ABL wind flow with the indoor airflow. 

This paper presents detailed CFD simulations of natural ventilation of a large semi-
enclosed stadium in an urban area using the CO2 concentration decay method. Note that 
this study is an extension of two earlier numerical studies on the natural ventilation of a 
large semi-enclosed stadium by means of CFD (van Hooff and Blocken 2010a, 2010b). The 
CFD model is validated in two steps: First, full-scale wind velocity measurements are used to 
validate isothermal steady RANS CFD simulations of the interaction of the outdoor wind 
flow with the indoor airflow. Second, full-scale CO2 concentration decay measurements are 
used to validate non-isothermal unsteady RANS CFD simulations of temperature, vapor and 
CO2 dispersion.  
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The stadium geometry and the urban surroundings are described in Section 2. The full-
scale measurements that are used for model validation are presented in Section 3. Section 4 
presents the CFD model and the computational grid. In Section 5, the isothermal validation 
study is outlined, followed by the validation of the non-isothermal unsteady RANS 
simulations in Section 6. In Section 7, the numerically obtained CO2 concentration decay 
curves are used to calculate local and overall ACH values. In addition, the CO2 concentration 
distribution is analysed to assess the ventilation efficiency. Finally, sections 8 (discussion) 
and 9 (conclusions) conclude the paper. 

2. Description of stadium and surroundings  

2.1. Stadium 

The Amsterdam ArenA is an oval-shaped multifunctional stadium (Fig. 1a). The roof is 
dome shaped and can be closed by moving two large panels with a projected horizontal 
surface area of 110 x 40 m2 (L x W). The roof consists of a steel frame, largely covered with 
semi-transparent polycarbonate sheets, while steel sheets are applied at the edge of the 
roof until a distance of 18 m from the gutter. Fig. 1b provides an inside view of the stadium. 
The stand consists of two separate tiers and runs along the entire perimeter. A detailed plan 
view and two vertical cross-sections (αα’ and ββ’) are shown in Figure 2. The exterior 
stadium dimensions are 226 x 190 x 72 m3 (L x W x H). The stadium has a capacity of around 
51,000 seated spectators and its interior volume is about 1.2 x 106 m3. Figure 3a shows a 
detailed cross-section of the stadium, indicating different parts of the stadium with 
numbers. Numbers 1 and 2 are the logistic rings in which facilities and the entrances to the 
interior stadium volume are situated. Number 3 is an elevated circulation deck that runs 
around the stadium. It serves as parking and logistics area and is known as the “ArenA 
deck”. Four large gates in the corners of the stadium (Fig. 2a, 3b) connect the ArenA deck 
(Fig. 3a) with the stadium interior. The four gates have a cross-section Lg x Hg of 6.2 x 6.7 m2 
and can be individually opened and closed. Number 4 indicates a safety and facility ring that 
separates the stands from the pitch. This ring runs along the entire perimeter of the field 
and connects the four gates.  

 
 

 
 

Fig. 1: (a) Amsterdam ArenA stadium with opened roof. (b) Inside view of the stadium.  
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Fig. 2: (a) Horizontal cross-section at a height of 2 m above the deck, which is situated at 8.5 m above 
ground level. The four arrows indicate the location of the openings in the corners of the stadium 
(gates). (b) Vertical cross-section αα’. (c) Vertical cross-section ββ’. Dimensions in m. 
 
 

The multi-functional character of the ArenA is reflected by the possibility to open and 
close the retractable roof depending on the weather conditions and the type of event. In 
addition to the hosting of sports events, this feature facilitates hosting also other events 
such as concerts, conferences and festivities. In the majority of commercial buildings and 
event halls, indoor thermal conditions and air quality are controlled by dedicated Heating, 
Ventilation and Air Conditioning (HVAC) systems. However, due to the very large indoor air 
volume (about 1.2 x 106 m3) of the ArenA stadium, HVAC systems are neither feasible nor 
efficient in this particular case. Therefore, natural ventilation is the only means to control 
the indoor air quality of the stadium. Natural ventilation can occur through the openings 
that are present in the envelope of the stadium. The ArenA has several of such openings. 
The semi-transparent roof is the largest potential opening. However, during concerts and 
other festivities, which are usually held in the summer period, the roof is closed most of the 
time to provide shelter for the spectators and the technical equipment. An opened roof 
results in the largest ventilation opening (4,400 m2) in the stadium envelope. However, 
when it is closed, natural ventilation of the stadium can only occur through a few other 
relatively small ventilation openings. The four openings (gates) in the corners of the stadium 
(Fig. 3b) together form the second largest (potential) opening (4 x 41.5 m2). They are open 
most of the time. Additionally, two relatively narrow openings are present in the upper part 
of the stadium (Fig. 3a; numbers 6, 7). The first opening is situated between the stand and 
the steel roof construction, and runs along the entire perimeter (Fig. 3c). The total surface 
area of this opening is 130 m2. The other opening is situated between the fixed and movable 
part of the roof (Fig. 3d). This opening is only present along the two longest edges of the 
stadium. The total surface area of this opening is about 85 m2. Of the openings addressed 
above, only the roof and gates can be opened/closed. In the configuration studied in this 
paper, the roof is closed, and all other openings are open. Van Hooff and Blocken (2010a, 
2012) indicated that indoor air quality problems can occur for the configuration with a 
closed roof due to the large number of spectators and insufficient natural ventilation. 
During the summer, overheating can become an additional problem. This indicates the 
importance of achieving a sufficiently large amount of natural ventilation of the stadium 
indoor volume. 
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Fig. 3: (a) Vertical cross-section of the eastern part of the ArenA stadium. Dimensions in m.  
(1) Logistics ring with entrances to the stands on the second tier; (2) logistics ring with entrances to 
the stands on the first tier; (3) ArenA deck that contains the gates; (4) safety and logistics ring 
between the stands and the pitch; (5) car park underneath the pitch; (6) ventilation opening between 
stand and steel roof construction; (7) ventilation opening between the fixed and movable part of the 
roof. (b) One of the four openings in the corner of the stadium (gates). (c) Ventilation opening 
between the steel roof construction, the gutter and the concrete stand (see nr. 6 in Fig. 3a).  
(d) Ventilation opening between the fixed and movable part of the roof (only present at the two 
longest edges of the stadium (see nr. 7 in Fig. 3a)).  

 

2.2. Urban area 

The stadium is situated in the city of Amsterdam, which is located in the north-west of 
the Netherlands. The city and its surroundings are located on very flat terrain with height 
differences that are less than 6 m. The study focuses on the south-east part of Amsterdam, 
known as “Zuidoost” (Fig. 4a), which contains four residential areas and a business park. In 
addition to medium and high rise office buildings, the business park also contains a 
recreational area centered around the “ArenA Boulevard” (indicated with dashed lines in 
Fig. 4a). This area consists of buildings with an entertainment function, such as shopping 
centers, a cinema, a concert hall, restaurants, and the ArenA stadium itself. The height of 
the buildings surrounding the ArenA varies from 12 m to a maximum of 95 m for the  
“ABN-AMRO” office building (see Fig. 4a) located on the southwest side of the ArenA. This 
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area of Amsterdam Zuidoost is still under development; several new large and high-rise 
buildings are planned and/or currently under development in the vicinity of the ArenA. The 
urban area that is studied in this paper is the one as present in 2007-2008.  

The aerodynamic roughness length y0 of the surroundings is determined based on the 
updated Davenport roughness classification (Wieringa 1992). The area on the north side of 
the ArenA can be classified as “closed terrain” due to the urban character that is present in 
a radius of 10 km upwind. The estimated y0 for this area is 1.0 m (Fig. 4b). The area on the 
south side of the ArenA is not as rough as the north side due to the presence of agricultural 
and natural areas and can be characterized with an y0 value of 0.5 m (Fig. 4b). The 
aerodynamic roughness lengths are needed for the CFD simulations, since they determine 
the inlet profiles of mean wind speed and turbulence quantities and the ground roughness 
of the bottom surface around the area with explicitly modeled buildings.  

 
 

 
Fig. 4: (a) Aerial view from southwest of the Amsterdam ArenA and its surroundings. The ABN-AMRO 
tower (height = 95 m) is indicated. (b) Terrain surrounding the stadium with a radius of 10 km and 
estimated aerodynamic roughness length y0 based on an upstream distance of 10 km. The white 
square represents the computational domain.  
 

3. Full-scale measurements  

3.1. Wind velocity 

For validation of the isothermal steady RANS CFD simulations of the interaction of the 
outdoor wind flow with the indoor airflow, 3D wind velocities in and around the stadium 
were measured in the period September-November 2007. The reference wind speed (Uref) 

and reference wind direction ( ref) were measured on top of a 10 m mast on the roof of the 
95 m high ABN-AMRO office building, which is the highest building in the proximity of the 
stadium (Fig. 4a). The measurements were performed on days with strong winds (reference 
wind speed Uref above 8 m/s), during which mechanical turbulence production in the ABL 
was dominant over thermal effects. Apart from the reference measurement Uref, wind 
velocity was also measured around the stadium and in the gates, using ultrasonic 
anemometers, positioned on mobile posts, at a height of 2 m above the ArenA deck. The 
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data were sampled at 5 Hz, averaged into 10-minute values and analyzed. Only data with at 
least 12 different 10-minute values per wind direction sector of 10° were retained. The 
measured wind speed U at the measurement locations at the ArenA deck was divided by the 
reference wind speed Uref measured on top of the ABN-AMRO office building. Note that the 
term “wind speed” refers to the magnitude of the 3D mean wind velocity vector. Also note 
that these measurements were conducted from September-November 2007, and thus not 
simultaneously with the measurements of the indoor environmental conditions and CO2 
concentration. 

3.2. Outdoor and indoor air temperature, relative humidity and indoor CO2 concentration 

To assess the indoor environmental conditions, full-scale measurements were made 
including outdoor air temperature and relative humidity as well as indoor air temperature, 
relative humidity and CO2 concentration at four positions inside the stadium. An extensive 
description of the measurements and the measurement results can be found in van Hooff 
and Blocken (2012).  

The measurements of indoor air temperature (θa) were conducted at the four positions 
(N1, N2, SE1, SE2) shown in Figure 5. The air temperature was measured using sensors by 
Escort, type Junior EJ-HS, with an accuracy of ±0.3˚C. The reference outdoor air temperature 
was measured simultaneously at the position at the ArenA deck (Fig. 5b). Figure 6a shows 
the measured temperatures on the concert evening of June 3 to June 4. The outdoor air 
temperature at the end of the concert, at 24:00, and thus at the beginning of the CO2 
concentration decay measurements, was about 19°C, and remained fairly constant until at 
least 06:00 am. Note that the constant outdoor temperatures during this night are the 
primary reason to choose this night for this study. The indoor air temperatures were 
significantly higher than the outdoor air temperature and showed a considerable variation 
between the different positions, indicating strong temperature gradients inside the stadium. 
The indoor air temperature averaged over the four measurement positions was 26°C at the 
beginning of the CO2 concentration decay measurements (see Fig. 6a). Due to the presence 
of the spectators, the indoor air temperature was up to about 10° higher (at N2) than the 
outdoor air temperature at 0:00 hours. Furthermore, one can see the influence of the 
approximately 50,000 spectators on the air temperature during the concert; the air 
temperature clearly rose from the beginning of the concerts at 20:00 hours with about  
2-4°C, and decreased after 0:00 hours, when the spectators had left the stadium.    

The relative humidity was also measured at the four indoor positions and the reference 
outdoor position with the Escort type Junior EJ-HS sensors, with an accuracy of ±3%. The 
water vapor concentration (xv) can be obtained from the relative humidity (RH) and air 
temperature (θa) using Eq. (1) (WMO 2008) and (2) (Awbi 2007): 
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with pv;sat the saturated water vapor pressure and pv the water vapor pressure. Figure 6b 
shows the outdoor and indoor xv on the concert evening on June 3 until the morning of June 
4. Except during and after the concert evenings, the outdoor and indoor values of xv were 
about 10 g/kg and the values did not show large temporal fluctuations. However, during the 
concerts the indoor xv increased to 12-16 g/kg due to the moisture production by the 
spectators. Note that the four measurement positions again show considerable differences, 
illustrating significant spatial concentration gradients inside the stadium.  

The indoor CO2 concentrations were measured using CO2 concentration sensors of 
Vaisala and SenseAir, both with a range of 0-2000 ppm, and with a measuring accuracy of 
±2% and ± 3%, respectively. Van Hooff and Blocken (2012) provided an extensive analysis of 
the measured CO2 concentrations on three consecutive concert evenings (afternoon of June 
1 until the early morning of June 4) and concluded that there is a large degree of 
repeatability of the CO2 concentration decay curves during these three evenings. The 
measured CO2 concentration decay curves at the four indoor measurement positions on the 
evening and night of June 3-4 will be used for model validation. The period of interest is 
between 0:00 and about 2:15 am, which is the time between the end of the 
concert/removal of the CO2 sources (= spectators), and the time at which the indoor CO2 
concentration had reached the level of the outdoor concentration. The results of these 
measurements will be shown together with the simulation results in Section 6. 

4. CFD simulations: geometry, domain and computational grid 

4.1. Model geometry and computational domain 

The stadium and its urban surroundings have been replicated in detail in the 
computational model for the CFD simulations, based on the construction drawings of the 
stadium. The details of this computational model have been reported in van Hooff and 
Blocken (2010a). A lot of attention was paid to a high-resolution reproduction of the 
geometrical complexity of the stadium. The computational model contains details down to a 
size of 0.02 m for the narrow ventilation openings in the upper part of the stadium (Fig. 3a). 
This high level of detail was required to accurately model the airflow through these 
openings. The buildings that are situated in a radius of 500 m from the stadium were 
modeled explicitly, but only by their main shape (Fig. 7). The buildings that are located at a 
greater distance from the stadium were modeled implicitly, i.e. not by their actual shape, 
but by means of increased wall function roughness parameters (equivalent sand-grain 
roughness height kS and roughness constant CS) at the bottom of the computational domain. 
The values for kS and CS are based on the aerodynamic roughness length y0 of the terrain in 
and beyond the computational domain and on the relationship between kS, CS and y0 for the 
specific CFD code that was derived by Blocken et al. (2007a, 2007b) for several CFD codes.   

The dimensions of the rectangular computational domain are L x W x H = 2,900 x 2,900 x 
908.5 m3 and the maximum blockage ratio is 1.6%, which is well below the recommended 
maximum of 3% (Franke et al. 2007, Tominaga et al. 2008). The distances from the buildings 
to the side, to the inlet and to the top of the domain are at least 5H, with H the height of the 
stadium, and the distance from the building to the outlet is 15H. Therefore, the 
requirements by Franke et al. (2007) and Tominaga et al. (2008) are satisfied.  
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Fig. 5: Indication of the four indoor measurement positions and the reference measurement position 
(⊗) for air temperature, water vapor pressure and CO2 concentration. Dimensions in m. (a) 
Horizontal cross-section; (b) vertical cross-section. 
 
 

 
Fig. 6: (a) Measured indoor and outdoor air temperature θa from the evening of June 3 until the 
morning of June 4. (b) Measured indoor and outdoor water vapor concentration xv from the evening 
of June 3 until the morning of June 4. The duration of the concert is also indicated. 

 

4.2. Computational grid 

A high grid quality in the immediate vicinity of the stadium is very important for the 
accurate simulation of the interaction of the ABL wind flow with the indoor natural 
ventilation. However, the generation of such a high-quality grid for the complex stadium 
geometry is not straightforward, due to both the complexity of the stadium and the large 
differences between the smallest (0.02 m) and the largest (2,900 m) length scales in the 
computational domain. Standard automatic or semi-automatic generation of an 
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unstructured grid does not provide sufficient control of local grid resolution, grid stretching, 
control volume skewness and aspect ratio. Van Hooff and Blocken (2010a) described the 
grid-generation procedure used to simultaneously generate the geometry and the 
computational grid of the stadium. It consists of a series of grid extrusion operations that 
allows full control over the grid quality, size and resolution. The resulting hybrid grid 
contains 5.6 x 106 prismatic and hexahedral cells. An overall view of the grid from northwest 
is shown in Fig. 7. Figure 8 shows the computational grid from inside the stadium; Figure 8b 
shows the grid in the vicinity of one of the large ventilation openings (gates) in the corner of 
the stadium. A grid-sensitivity analysis was performed using three grids with different grid 
resolutions; a coarse grid with 3.0 million cells (Fig. 7b), a middle grid with 5.6 million cells 
(Fig. 7c) and a fine grid with 9.2 million cells (Fig. 7d). 
 

 
Fig. 7: (a) Computational model geometry, view from northwest. (b-d) Computational grid on the 
building surfaces and part of the ground surface: (b) coarse grid, 3.0 million cells; (c) middle grid, 5.6 
million cells; (d) fine grid, 9.2 million cells.  
 
 

The minimum volumes for the three grids are 4.3 x 10-5 m3, 3.5 x 10-5 m3 and 2.0 x 10-5 m3. A 
grid-sensitivity analysis is best performed by comparing relevant parameters at relevant 
locations. In this paper, the interaction of the ABL wind flow with the interior airflow 
important. Therefore, the most relevant locations are the ventilation openings, and a 
relevant parameter is the volume flow rate through these openings. Since the openings in 
the corners of the stadium are the most important ventilation openings when the roof is 
closed, the three grids are therefore compared based on the normalized volume flow rates 
through these four gates: 
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where Qi;coarse, Qi;middle and Qi;fine are the volume flow rates (m3/s) through gate i for the 
coarse, middle and fine grid, respectively. The calculated value of δ1 is 4.7% and of δ2 is 
2.0%. The results obtained with the middle grid show no large discrepancies with the results 
of the finer one. The results obtained with the coarse grid show somewhat larger deviations 
from the middle grid. Therefore, the middle grid was selected. Note that the specific grid 
generation procedure for the case of this stadium does not allow the use of a systematic 
identical refinement factor throughout the entire domain. As a result, the discretization 
errors themselves have not been determined.  
 

 
Fig. 8: (a,b) Inside view of the computational grid (middle grid) inside the stadium.  
 

5. CFD simulations: validation of isothermal wind flow and indoor airflow  

5.1. Boundary conditions and solver settings 

A logarithmic mean wind speed profile representing a neutral atmospheric boundary 
layer is imposed with y0 = 0.5 m and a reference wind speed U10 (at 10 m height) of 5 m/s. 

The reference wind direction ref = 228° from north, which corresponds to the 
meteorological conditions during the wind velocity measurements. Turbulent kinetic energy 
k is calculated from IU using k = 1.5(IUU)2, assuming isotropic turbulence (σu = σv = σw). The 
inlet longitudinal turbulence intensity IU ranges from 30% at pedestrian height (y = 2 m) to 
5% at gradient height. The turbulence dissipation rate is calculated with  
ε = (u*

ABL)
3/(κ(y+y0)), where y is the height coordinate, κ the von Karman constant (κ = 0.42) 

and u*
ABL the atmospheric boundary layer (ABL) friction velocity related to the logarithmic 
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mean wind speed profile. The standard wall functions by Launder and Spalding (1974) are 
used with the sand-grain based roughness modification by Cebeci and Bradshaw (1977). The 
parameters kS and CS are determined from their appropriate relationship with y0, which was 
derived by Blocken et al. (2007a) for Fluent and CFX. For Fluent 6, up to at least version 6.3, 
this relationship is given by:  

 

      09.793
S

S

y
k

C
    (5) 

 
The value of kS is restricted in Fluent 6.3.26 (and other versions); it should be smaller than 
yP, which is the distance between the centre point of the wall-adjacent cell and the wall. 
Therefore, for the ground surface surrounding the area with explicitly modeled buildings, kS 
is taken to be equal to 0.7 m and consequently CS should be 7 to satisfy Eq. (5) for  
y0 = 0.5 m. A user-defined function is used to set the value of the constant CS outside the 
standard allowable interval of [0;1] in Fluent 6.3.26. For the ground surface in the direct 
vicinity around the explicitly modeled buildings and the stadium, y0 = 0.03 m is taken, which 
is imposed in Fluent by setting kS = 0.59 m and CS = 0.5. The building surfaces are set to have 
zero roughness height (kS = 0). Zero static pressure is imposed at the outlet. Note that the 
studied wind direction is not perpendicular to the boundaries of the rectangular domain. As 
a result, an inlet is imposed on two sides of the domain, whereas the remaining two sides 
are modeled as outlets. The top of the computational domain is modeled as a slip wall (zero 
normal velocity and zero normal gradients of all variables).  

5.2. Other computational parameters 

The 3D steady isothermal RANS equations are solved in combination with the realizable 
k-ε turbulence model (Shih et al. 1995) using the commercial CFD code Fluent 6.3.26 (Fluent 
Inc. 2006). The realizable k-ε turbulence model is chosen because of its general good 
performance for wind flow around buildings (Franke et al. 2004) and the overall good 
performance of k-ε models for indoor airflow (Linden 1999, Sørensen and Nielsen 2003). 
Pressure-velocity coupling is taken care of by the SIMPLEC algorithm, pressure interpolation 
is standard and second order discretization schemes are used for both the convection terms 
and the viscous terms of the governing equations.  

The computations were performed using parallel processing on a Sun Fire X4150 server 
containing two Quad-Core Intel Xeon E5440 2.83 GHz processors and 16 GB Fully Buffered 
DDR2 memory. The simulations were terminated after 6000 iterations with a total duration 
of 48 hours, when additional iterations showed no further convergence. The scaled residuals 
(Fluent Inc. 2006) reached the following minimum values: 10-7 for x, y and z velocity, 10-6 for 
k and ε, 10-8 for energy and 10-5 for continuity.  

5.3. Results 

Although the results in this subsection have already been presented to a large extent in 
two previous studies by the authors (van Hooff and Blocken 2010a, 2010b), they are 
repeated here for completeness. The location of the ultrasonic anemometers in the gates is 
indicated in Figure 9a, whereas Figure 9b depicts one of the anemometers as present during 
the measurements. Figure 9c shows the comparison of the simulated and measured mean 
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wind speed ratios U/Uref for reference wind direction ref = 228˚, indicating a rather good 
agreement. Significant wind speed gradients existed at the measurement position D. As a 
result, a small shift in measurement position or a small change in the flow field can 
significantly affect the simulation values at this position. To indicate this effect, the 
deviations in simulated wind speed by a 0.5 m shift in position are indicated by “error bars”. 
However, note that in many cases, the gradients were too small for the error bars to be 
visible, except at position D. Figure 9d shows a comparison of the measured and simulated 
local wind directions. A good agreement between the measurements and simulations was 
found for these local wind directions in the gates, except for gate D, where a deviation of 
90˚ was found. This deviation was attributed to the presence of this measurement position 
in the wake behind one of the slender columns surrounding the stadium (Fig. 1a). These 
slender columns were not included in the computational model. Overall, a fair to good 
agreement was obtained for the simulations, and the stadium model is used to perform the 
CO2 concentration decay simulations.  

 
 

 
Fig. 9: (a) Position of wind speed measurements with ultrasonic anemometers in the ventilation 
openings at the corners of the stadium (gates). (b) Picture of measurement setup in one of the gates. 
(c,d) Comparison between numerical and experimental results in the four gates A, B, C and D, for a 
closed roof and reference wind direction φref = 228° from north: (c) local non-dimensional velocity 
magnitude U/Uref; (d) local wind direction φ. 
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6. CFD simulations: validation of CO2 concentration decay   

6.1. Boundary conditions and solver settings 

At the inlet of the domain a logarithmic mean wind speed profile, representing a neutral 
atmospheric boundary layer, is imposed with y0 = 1 m (Wieringa 1992). The reference wind 

speed U10 = 3.5 m/s and the reference wind direction ref = 40° from north to match the 
wind conditions during the CO2 concentration decay measurements. For y0 = 1 m, IU ranges 
from 40% (y = 2 m) to 8% at gradient height. Turbulent kinetic energy k is calculated from IU 
using k = 1.5(IUU)2. Note that it was chosen not to use unsteady wind conditions (velocity 
and wind direction) for these unsteady RANS simulations, since only hourly values are 
available for these two parameters, which are relatively constant during the CO2 

concentration decay process (U10 ≈ 3.5 m/s, ref ≈ 40°). The use of steady wind conditions is 
a simplification of the reality and might result in some small discrepancies between the 
experiments and the CFD simulations.  Zero static pressure is imposed at the outlet. The 
studied wind direction is not perpendicular to the boundaries of the rectangular domain. As 
a result, an inlet is imposed on two sides of the domain, whereas the remaining two sides 
are modeled as outlets. The roughness parameters for y0 = 1.0 m are kS = 1.4 m and CS = 7. 
The roughness parameters of the other surfaces are taken equal to the values for y0, kS and 
CS as described in Section 5.1. The outdoor (ambient) air temperature throughout the entire 
simulation is set equal to 19°C to match the measured outdoor thermal conditions during 
the concentration decay measurements (see Fig. 6a). The surface temperatures are 
assumed equal to the ambient temperature, which is a simplification of the real surface 
temperatures that will have been slightly higher due to the thermal storage of the stadium. 
The influence of the thermal capacity of the stadium on the indoor air temperature can be 
seen in Figure 6a, in which it is shown that the air temperatures at N1 and SE1 do not reach 
the ambient values. The air temperatures at N2 and SE2 however do reach the ambient 
value of 19°C due to their location close to the ventilation openings between the stand and 
the steel roof construction. The outdoor water vapor concentration and the CO2 
concentration are also set equal to the measured values throughout the entire simulation 
period, which are 10 g/kg and 400 ppm for water vapor concentration and CO2 
concentration, respectively. Note that the measured water vapor concentration is shown in 
Figure 6b.  

The simulations are started at the end of the concert, i.e. 0:00 hours. The initial indoor air 
temperature at the beginning of the CO2 concentration decay simulations is set to 26°C 
which corresponds to the average measured indoor temperature at 0:00 hours in the night 
from June 3 to June 48. The CO2 concentration inside the stadium at 0:00 hours is set to 
2000 ppm (uniformly distributed) and the indoor water vapor pressure to 15 g/kg (also 
uniformly distributed). Note that the uniform distribution is a simplifying assumption, due to 
lack of more detailed spatial information. The measurements in Figure 6a and Figure 6b 
indeed showed significant spatial gradients in temperature and water vapor concentration, 
respectively.  

                                                       
8 Note that the heat production of the approximately 50,000 spectators is implicitly taken into 

account by setting the initial air temperature inside the stadium to 26°C. 
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6.2. Other computational parameters 

The wind-flow pattern around and in the stadium is obtained by solving the 3D unsteady 
RANS equations in combination with the realizable k-ε turbulence model (Shih et al. 1995) 
and standard wall functions, using the commercial CFD code Fluent 6.3.26 (2006). To 
incorporate the effect of changing air temperatures, water vapor and CO2 concentrations on 
the flow field, the momentum equations are solved simultaneously with the species 
transport and energy equations. Pressure-velocity coupling is taken care of by the SIMPLEC 
algorithm, pressure interpolation is standard and second order discretization schemes are 
used for both the convection terms and the viscous terms of the governing equations. 
Second-order implicit time integration is used as temporal discretisation scheme. The 
Boussinesq approximation is used for buoyancy, which is valid because β(T-T0) = 0.07 << 1, 
where β is the thermal expansion coefficient and T-T0 the maximum temperature 
difference. Radiation does not need to be taken into account because temperatures are 
imposed on all surfaces inside the stadium. The turbulent Schmidt number Sct is set to 0.7, 
which is the default value and most often used in dispersion simulations (Tominaga and 
Stathopoulos 2007). 

A sensitivity analysis concerning the temporal discretization has been conducted by 
comparing the CO2 concentration decay curves obtained from the CFD simulations with 

different time-steps, i.e. t = 5 s, 10 s, 30 s. The number of iterations per time step was 
based on the monitored convergence of the CO2 concentration within a time step at several 
positions inside the stadium, and differed for each time-step size: the number of iterations 
needed to obtain a converged solution (constant CO2 concentration) within a time step 
increased with an increasing time step size. For example, the number of iterations needed 

to obtain a converged solution for t = 5 s was 30, whereas the number of iterations for  

t = 30 s was 180. This increase in the number of iterations within a time step resulted in a 
computation time that was nearly independent of the time-step size. The convergence 
within a time step should always be monitored very carefully; a non-converged solution 
within a time step can lead to completely different and unrealistic final results. The scaled 
residuals at the end of each time step decreased slightly during the simulation and reached 

the following minimum values: 10-6 to 10-7 for x, y and z velocity, 10-5 for k and , 10-8 for 
energy and 10-4 to 10-6 for continuity. There was no noticeable effect of the time step size 
on the final values of the scaled residuals. The results of the time-step size analysis are 
depicted in Figure 10. Figure 10a,b show the CO2 concentration decay curves at positions N2 
and SE2, respectively. From this figure no clear conclusion can be drawn since the 
concentration decay curves for the three different time step sizes appear to be exactly the 
same. A closer look at the beginning of the CO2 concentration decay curves is depicted in 

Figure 10c,d. It is shown that the results obtained with t = 30 s show some differences with 

the curve obtained with t = 10 s. The results of the simulations with t = 10 s and t = 5 s 

however show quite a good agreement. Therefore, the simulations with t = 10 seconds 
were retained for further analysis. In this respect, it should be noted that the primary focus 
of this study was the overall decay of air temperature, water vapor concentration and CO2 
concentration, rather than the short-term fluctuations. The simulations were terminated 
when the CO2 concentrations had reached their ambient value (400 ppm) after 800 time 

steps with t = 10 s, which required 60 iterations per time step. The unsteady simulations 
took approximately 21 days on the computing server described in Section 5.2.  

 



Chapter 9 – CO2 concentration decay modeling 
 

208 

 
Fig. 10: Comparison of simulated CO2 concentration decay curves obtained with different time-step 

sizes ( t = 5 s, 10 s and 30 s). (a) N2; (b) SE2; (c) N2 (zoom); (d) SE2 (zoom). 

 

6.3. Results 

Figure 11 shows the comparison of the measured CO2 concentration decay curves with 
the curves obtained from the unsteady CFD simulation at the four measurement positions. 
The largest deviations between CFD simulations and measurements are found for position 
N1, which is caused by the fact that the CO2 concentration at t = 0 is around 1500 ppm, 
while for the simulations an initial value of 2000 ppm was imposed for the entire stadium 
indoor air volume. Note that the measured CO2 concentration does not reach values higher 
than 1500 ppm at this specific location and during this specific evening. Therefore, the lower 
measured concentration is probably due to the fact that there are additional small windows 
present in the stadium facade in the vicinity of the measurement location, which might have 
been open on this specific evening, but were considered to be closed in the CFD simulations. 
By opening this small window fresh air can enter the stadium at a location which is relatively 
close to the measurement location resulting in a lower CO2 concentration. At position N2, 
there is also a clear discrepancy between the measured and the numerically obtained decay 
curve. It appears that there is a delay in the decay curve obtained from the measurements. 
However, the slope of the decay curve and the overall time it takes to reach the ambient 
value show a fair agreement. The measured and simulated CO2 concentration decay curves 
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at the other two positions show quite a good agreement, both concerning the slopes and 
the time at which nearly ambient values are reached.  

Figure 11 shows that at the end of the simulation period (6000-8000 s), the simulations 
reach the outdoor CO2 concentration of 400 ppm faster than the measurements, which only 
reach this outdoor value at t > 10000 s.  

 

 
Fig. 11: Comparison between measured CO2 concentration decay curves (EXP) and CO2 concentration 
decay curves obtained with CFD. (a) N1; (b) N2; (c) SE1; (d) SE2. 
 

7. Ventilation analysis 

7.1. CO2 concentration distribution 

The CFD simulations allow a detailed assessment of the ventilation effectiveness. 
Investigation of spatial concentration gradients allows identifying regions in which the 
ventilation is below average (= high CO2 concentrations), such as recirculation regions and 
stagnant regions. Figure 12 shows the CO2 concentration distribution in a horizontal cross-
section at a height of 4.65 m above the ArenA deck, which is 2.5 m above the stadium pitch, 
at four different moments in time from the start of the simulation at 0:00 hours: t = 0 s,  
t = 300 s, t = 900 s and t = 1800 s. Figure 12a shows the uniform distribution of 2000 ppm 
that is imposed at t = 0 s, as well as the outdoor value of 400 ppm. In Figure 12b-d it is 
shown that fresh air is supplied through the two northern ventilation openings in the 
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corners of the stadium. The figures show that there are two “jets” of fresh air that penetrate 
the large indoor air volume. Polluted air is exhausted from the two other openings at the 
south side of the stadium. It can be seen that the CO2 distribution is non-uniform due to the 
ventilation from one side of the stadium. Figure 12b shows the concentration distribution at 
t = 300 s. The volume-averaged concentration inside the stadium is 1856 ppm. However, the 
local concentration is about 1200 ppm at the location where the two jets meet near the 
ventilation openings on the north side of the stadium (Fig. 12b; I) and about 1900 ppm in 
the south part (Fig. 12b; II). In addition, high CO2 concentrations (up to 1900 ppm) are 
present in the wake of the stadium (south side) where the polluted air is exhausted. Figure 
12c shows the concentration distribution at t = 900 s. The indoor volume-averaged 
concentration is 1455 ppm. At this time, there are still considerable spatial concentration 
gradients present inside the stadium. In the northern part of the stadium the concentration 
is about 1000 ppm (Fig. 12c; I), versus 1300-1400 in the southern part (Fig. 12c; II). The CO2 
concentration outside of the downstream ventilation openings has decreased significantly 
to about 1000 ppm. Finally, at t = 1800 s (Fig. 12d) the volume-averaged concentration is 
942 ppm and the spatial concentration gradients are less pronounced as in the beginning. 
The concentration near the northern ventilation openings is about 800 ppm (Fig. 12d; I), 
versus 900 ppm in the southern part (Fig. 12d; II).     

 

 
Fig. 12: Distribution of CO2 concentration (ppm) in a horizontal cross-section at a height of 4.65 m 
above the ArenA deck at four different moments in time: (a) t = 0 s; (b) t = 300 s; (c) t = 900 s;  
(d) t = 1800 s. The dashed circles with I and II indicate the regions near the ventilation openings on 
the north side and south side of the stadium, respectively.  
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Figure 13 shows the CO2 concentration contours in two vertical cross-sections, one 
through the long edge of the stadium (Fig. 13a,c,e,g) and one through the short edge of the 
stadium (Fig. 13b,d,f,h). Again, the CO2 distribution is shown at four moments in time: t = 0 
s, t = 300 s, t = 900 s and t = 1800 s. Similar observations as from Figure 12 can be made: in 
general the lowest CO2 concentrations are present near the ventilation openings at ground 
level at the north side of the stadium (indicated with dashed circles and with I in Fig. 
13a,c,e,g). Figure 13c shows that fresh air has entered the stadium at ground level through 
the large ventilation openings (gates) in the north-oriented corners of the stadium, which 
results in locally lower CO2 concentrations just above the pitch (around 1100-1200 ppm). In 
the upper part of the stadium higher concentrations (around 1900 ppm) are present due to 
a lack of ventilation and due to internal recirculation zones. These spatial differences can 
also be seen from Figure 13d-f and were, to a certain extent, also observed during the CO2 
concentration decay measurements. Furthermore, it can be seen that there are regions of 
stagnant flow; regions which are not ventilated as efficiently as the rest of the stadium. 
These locations are present in the area between the first and the second tier (Fig. 13e,f; II). 
The second tier forms an overhang under which the mixing of the indoor air is less efficient. 
This effect is most pronounced in Figure 13f, in which it is shown that the CO2 concentration 
at t = 900 s retains values of 1900 ppm in this area, which is about 450 ppm higher than the 
averaged CO2 concentration in the stadium volume at this time (=1455 ppm). Figure 13d,f 
shows that as a result of the wind flow, which is almost parallel to this vertical cross-section, 
fresh air enters the stadium through the small ventilation openings between the fixed and 
the movable part of the roof (Fig. 13d,f; III), and also through the opening between the 
concrete stand and the steel roof construction (Fig. 13d,f; IV).  

7.2. Local and overall air exchange rates 

As stated in Section 1, the ACH can be calculated using the concentration decay curve of 
a tracer gas. To assess the overall ACH of an entire enclosure based on local single-point 
measurements, strictly, the CO2 concentration should be uniform throughout the enclosure 
(AHSRAE 2009). As shown in Figs. 12 and 13, this is certainly not the case in the present 
study. Therefore, the CFD simulations in this study provide additional advantages compared 
to the measurements, because they allow: (1) assessing the spatial and temporal 
concentration gradients inside the stadium (see Section 7.1); (2) determining the overall 
ACH value of the entire stadium; (3) analyzing the differences between the overall ACH and 
the local ACH values at the four measurement positions. Note that we define the local ACH 
in a given point as the ACH value of a small representative volume around this point. 
Representatively small means small enough for the CO2 concentration to be uniform in this 
volume. Note that strictly, the concentration decay curves in the four measurement 
positions can only provide “local” ACH values. 

As stated in the introduction, Charlesworth (1988) indicated that the perfect-mixing 
assumption is hardly ever present in real buildings, which is illustrated once more in  
Figure 14a by showing the decay curves at all four positions in a single graph. Charlesworth 
(1988) also described that in the case of non-perfect mixing the mean of the measured 
concentrations at several locations can be used to calculate the average CO2 concentration 
in the enclosure. To verify this proposed method for the present situation, the volume-
averaged CO2 concentration decay curve (entire stadium volume), and the point-averaged 
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Fig. 13: Distribution of CO2 concentration (ppm) in two vertical cross-sections through the middle of 
the short and long edge of the stadium, respectively. (a,b) t = 0 s; (c,d) t = 300 s; (e,f) t = 900 s;  
(g,h) t = 1800 s. The dashed circles indicate: (I) region above the pitch where fresh air is present;  
(II) stagnant regions with high CO2 concentrations; (III) fresh air entering the stadium through the 
small ventilation openings between the fixed and movable part of the roof; (IV) fresh air entering 
through the small ventilation opening between the concrete stand and the steel roof construction.  

 
 

concentration decay curve (average of decay curves at N1, N2, SE1, SE2) are depicted in 
Figure 14b. This figure indicates that the average concentration based on the concentrations 
at the four individual locations is almost equal to the volume-averaged concentration. This 
seems to support the methodology suggested by Charlesworth (1988), even for the present 
situation with very large spatial gradients. Indeed, although the analysis only focuses on four 
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points in a very large indoor air volume, it can be concluded that the average concentration 
decay curve based on the four individual concentration decay curves provides a very good 
approximation of the decay in the entire air volume. 

 

 
Fig. 14: CO2 concentration decay curves obtained with CFD. (a) Comparison of decay curves at 
positions N1, N2, SE1 and SE2. (b) Comparison between the volume-averaged decay curve and the 
decay curve obtained by averaging the four decay curves at N1, N2, SE1 and SE2. 

 

 
In Section 1 it was mentioned that all tracer gas measuring techniques are based on the 

mass balance of the tracer gas in the building during the tracer gas measurements, which 
uses the assumption that the air change rate is constant (Awbi 2003). This would lead to a 
linear relation between the natural logarithm of the CO2 concentration and time. In Figure 
15, the natural logarithm of the numerically obtained CO2 concentration decay curves are 
plotted as a function of time, for the four indoor measurement positions (N1, N2, SE1, SE2), 
as well as for the volume-averaged CO2 concentration decay (Fig. 15e) and the CO2 
concentration decay averaged over the four positions (Fig. 15f). It can be seen that the 
natural logarithms do not show a linear function of time. This observation can be explained 
by the fact that due to ventilation of the stadium and the removal of (part of) the heat, 
water vapor and CO2 concentration sources at t = 0 s, the differences between the outdoor 
and indoor air temperature, between the outdoor and indoor water vapor concentration 
and between the outdoor and indoor CO2 concentration gradually decrease, which in turn 
decreases the buoyancy forces that partly drive the natural ventilation. Due to these non-
linear curves (in a semi-logarithmic graph), it is not possible to determine one single value of 
ACH for each position. Instead, it was decided to apply a different approach and to split up 
the decay curve into piecewise-linear segments corresponding to smaller time-intervals of 
20 minutes (dashed vertical lines in Fig. 15), and to calculate the ACH values for each of 
these segments. This method was also suggested by Charlesworth (1988) for cases in which 
unsteady air exchange rates are present. Although the curve segments are also not 
completely linear due to the unsteady boundary conditions, they show a very good 
agreement with the linear approximations in each time interval. The calculated ACH values 
are depicted in the upper part of each graph. From Figure 15 it can be concluded that the 
ACH values strongly decrease in time due to the decreasing buoyancy forces. For example, 
at N1, the ACH is 2.1 h-1 in the beginning of the decay curve, whereas it is only 0.3 h-1 at the 
time the CO2 concentration has almost reached the outdoor value. In addition, it can be 
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concluded that the ACH values at the individual locations show a fair to good agreement 
with the ACH values obtained from the volume-averaged CO2 concentration decay curve. 
Finally, comparison of Figure 15e and Figure 15f shows that the point-averaged CO2 
concentration decay curve results in ACH values that are almost identical to the volume-
averaged ACH values. This agreement further illustrates the possibility to use the average of 
CO2 concentration decay curves at certain locations to determine the overall ACH value of a 
large indoor air volume in which the perfect mixing assumption is not valid.  

 

 
Fig. 15: Calculation of ACH values based on 20-minute piecewise linear intervals of the CO2 
concentration decay curves obtained with CFD. (a) N1; (b) N2; (c) SE1; (d) SE2; (e) volume-averaged 
decay curve; (f) point-averaged decay curve (average of N1, N2, SE1, SE2). 
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8. Discussion 

This study has shown the capabilities of unsteady RANS CFD simulations to predict 
pollutant concentration decay in a naturally ventilated semi-enclosed stadium. Although 
considerable effort was invested in this modeling study, some important limitations need to 
be mentioned.  

The main limitation is the assumption that the initial CO2 concentration in the stadium 
was uniformly distributed (2000 ppm). This is a simplification of reality and will have caused 
some discrepancies between the experiments and the CFD simulations. Note that it was not 
possible to specify non-uniform initial CO2 concentrations at 0:00 h from the measurements 
due to the small number of measuring positions. However, the simulations could be 
improved by using a two-stage simulation process. The first stage would comprise the 
period from e.g. 23:00 h to 0:00 h, during which approximately steady conditions were 
present. These simulations would need to include the production of heat, water vapor and 
CO2 by the more than 50,000 spectators. The second stage would consist of the period from 
0:00 h to 2:30 h, using the end result of the first stage as initial conditions. Note that this 
would indeed provide non-uniform initial conditions of temperature, water vapor and CO2. 
The discrepancy between the decay curves obtained from the measurements and from the 
CFD simulations at location N1 is only partly related to the non-uniform initial conditions. 
Although the suggested two-stage simulation process will result in non-uniform initial 
conditions of temperature, water vapor and CO2, it will not successfully nullify the 
discrepancy between the results at position N1. The discrepancy at this location is most 
probably caused by additional small windows that were opened in the direct vicinity of the 
measuring location. This assumption is supported by the fact that the CO2 concentrations 
did not reach values higher than 1500 ppm at this specific location on this specific evening. 
These windows are normally not open during concerts and were therefore not taken into 
account in the computational model. In general, it should be noted that the presented 
simulations are very complex, and small simplifications and uncertainties in the 
computational model, initial conditions and boundary conditions can have a large influence 
on the results.   

The study was performed with constant temperatures imposed at the indoor stadium 
surfaces throughout the unsteady simulation period. Further improvement can therefore 
consist of a more detailed simulation of the thermal behaviour of the stadium, in which its 
heat capacity is taken into account. This can be done by extending the current CFD model 
with heat transfer by conduction in the solid stadium parts and with radiative heat transfer 
or by coupling the CFD simulation with Building Energy Simulation tools. Another 
simplification was the use of unsteady RANS. The CFD simulations could also be conducted 
using the more sophisticated Large Eddy Simulation (LES) approach in order to obtain a 
more detailed and realistic simulation of the wind flow pattern, including unsteady flow 
effects like vortex shedding behind buildings, etc. Using LES one could more accurately 
model the transient flow interaction at the ventilation openings, which might depend on the 
effect of pulsating eddies and other transient flow features, especially when the flow is 
parallel to the ventilation openings (Jiang et al. 2003, Wright and Hargreaves 2006). 
However, this possible increase in accuracy would also entail a large increase in 
computational cost. Note that in spite of these limitations and in spite of the complex 
stadium geometry and the complex interaction of wind-induced and buoyancy-induced 
ventilation, a satisfactory agreement between the CFD simulations and the full-scale 
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measurements has been obtained with the unsteady RANS approach. Finally, future work 
can also focus on a more extensive parametric study to assess the influence of the boundary 
conditions and the initial conditions on the obtained CO2 concentration decay curves and 
ventilation rates.  

9. Conclusions 

This paper has presented a computational study of CO2 concentration decay in a large 
naturally ventilated semi-enclosed stadium. In order to model the interaction of the 
atmospheric boundary layer wind flow with the indoor airflow, coupled CFD simulations 
have been conducted, in which both the outdoor wind flow and the indoor airflow have 
been solved simultaneously, within the same computational domain and on the same 
computational grid. The CFD simulations have been performed using the 3D unsteady 
Reynolds-averaged Navier-Stokes equations and the realizable k-ε turbulence model. The 
following conclusions have been made: 

 

 A grid-sensitivity analysis has been conducted to indicate grid-independency. A hybrid 
grid consisting of 5.6 million cells has been used for the remainder of the study, since 
it provided nearly grid-independent results. 

 The isothermal wind flow predicted by the CFD model has been compared with  
full-scale on-site measurements of wind velocity, showing a fair to good agreement. 

 An analysis of the time-step size used for the unsteady CO2 concentration decay 
simulations has been performed, indicating that a time-step size of 10 s provided 
sufficiently time-step size independent results.  

 An unsteady RANS simulation of CO2 concentration decay has been conducted. The 
boundary conditions and initial conditions for this simulation have been taken equal to 
the measured values. The results of the CFD simulation have been compared with  
full-scale measurements of CO2 concentration decay after a concert evening in June 
2007, indicating a fair to good agreement.  

 The simulation results have been used to qualitatively analyse the ventilation 
efficiency of the stadium. The analysis showed that relatively large differences (up to 
700 ppm = 37%) in CO2 concentration are present between the northern and southern 
part of the stadium, especially in the first 900 seconds of the decay process.  
Furthermore, it showed that stagnant regions are present between the first and 
second tier. These regions can be identified by the locally higher CO2 concentrations, 
which are most pronounced after the start of the CO2 concentration decay. 

 To assess the overall ACH of an entire enclosure based on local single-point 
measurements, strictly, the CO2 concentration should be uniform throughout the 
enclosure. However, this perfect-mixing assumption is hardly ever present in real 
buildings. In the case of non-perfect mixing the mean of the measured concentrations 
at several locations can be used to calculate the average CO2 concentration in the 
enclosure. Based on the CFD simulations of the overall and local CO2 concentration 
decay, this approach was indeed shown to be valid for the present study. In spite of 
the large spatial concentration gradients, the point-average concentration decay 
based on the concentration decay curves at the four individual locations was almost 
equal to the volume-averaged concentration decay.  
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 Strictly, the concentration decay method should be applied for constant boundary 
conditions and driving forces. In that case, the natural logarithm of the concentration 
would show a linear decrease over time. However, in the present study, due to the 
ventilation itself, the differences between outdoor and indoor air temperature and 
between outdoor and indoor concentration values decreased over time. This in turn 
decreased the buoyancy forces that partly drive the natural ventilation. Therefore, the 
plotted semi-logarithmic concentration decay curves are non-linear curves, and it is 
not possible to determine one single value of ACH for each position. This is logical, 
given the fact that the ACH decreases over time due to the decreasing buoyancy 
forces. Therefore, it was decided to apply a different approach and to split up the 
decay curve into piecewise-linear segments corresponding to smaller time-intervals of 
20 minutes. This allowed calculating the ACH values for each of these segments and 
determining its decrease over time.  
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Discussion 

In this dissertation, experimental and numerical analyses of mixing ventilation have been 
presented. The analyses were performed in both a generic reduced-scale model (isothermal 
flow) and in a highly complex semi-enclosed stadium in an urban area, with ventilation 
driven by the combined effects of wind and buoyancy. In every chapter a discussion has 
been presented which addresses the limitations of the study in that chapter as well as 
directions for future research. For brevity, the majority of this information will not be 
repeated here. Instead, a short overview will be given of the main limitations and the main 
directions for further research for both parts of the dissertation.  

1. Part I: Transitional mixing ventilation: generic study  

Part I of this dissertation (Chapters 2-5), an experimental and a numerical study on 
transitional room airflow has been presented. A reduced-scale water-filled model was used 
to perform flow visualizations and Particle Image Velocimetry (PIV) measurements of forced 
mixing ventilation at transitional slot Reynolds numbers. The measurements have been used 
to validate steady 3D Reynolds-Averaged Navier-Stokes (RANS) Computational Fluid 
Dynamics (CFD) simulations and to test the standard gradient-diffusion hypothesis 
commonly used in steady RANS CFD simulations of indoor ventilation flow. The discussion 
below focuses on the studied flow configuration, on the experiments and on the CFD 
simulations, respectively. 

1.1. Studied flow configuration 

In spite of the simple room geometry, the studied flow pattern is very complex, with 
three specific features: (1) the flow was shown to be transitional for the range of Reynolds 
numbers studied. (2) An adverse pressure gradient is present due to the confinement of the 
flow, which contributes to jet detachment. (3) The turbulence in a wall jet is intrinsically 
anisotropic. Due to the combined presence of these three flow features, it is difficult to 
identify the exact reason for the deficiencies observed with certain turbulence models. With 
this knowledge in mind, future experiments could be conducted in an experimental setup in 
which different flow features can be studied in isolation. An example is a setup without an 
adverse pressure gradient due to an opposite wall, which allows studying the separation of 
transitional wall jets from the surface solely due to the vortex dynamics of the wall jet  
(i.e. vortex development, vortex shedding) and the related pressure distribution in and 
outside the wall jet. Such experiments will enable the assessment of the capability of steady 
RANS to predict flow detachment driven solely by the aforementioned vortex dynamics. 
Similarly, it will be beneficial to perform measurements of turbulent wall jets that separate 
due to an adverse pressure gradient. This will eliminate transitional flow effects and will 
therefore facilitate the individual assessment of detachment due to an adverse pressure 
gradient. This type of measurement sets can allow more detailed information on the 
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performance of the turbulence models for specific flow features. On the other hand one 
must note that the turbulence level in the inner region of the wall jet and the separation of 
the wall jet due to an adverse pressure gradient are strongly interconnected. Turbulent 
boundary layers are better in withstanding adverse pressure gradients and the balance 
between the momentum and turbulence in the boundary layer and the adverse pressure 
gradient downstream of the inlet determine the separation point of the wall jet. Therefore, 
in spite of their limitations, the measurements reported in this dissertation are considered 
to be a valuable contribution to the state of the art, and to the existing validation data sets 
in ventilation research.  

1.2. Experiments 

Literature research shows that there is a lack of detailed and complete experimental data 
sets for CFD validation of room airflow. The availability of well-documented, high-quality 
experimental data enables the testing of turbulence models for a wide range of applications 
in room airflow modeling, which is still a necessity in building physics, but also in other 
research areas. This indicates the importance of the present study, and the necessity of 
future experimental studies, which can focus on extending the present data set with 
measurements of turbulent room airflow and with measurements including buoyancy 
effects. The buoyancy source can consist of a heating device (e.g. radiator, floor heating), 
occupants, room equipment with a certain heat load, etc. These measurements can be 
performed for both transitional and turbulent flow. The inclusion of heat sources will 
facilitate the study of displacement ventilation as well, which is driven by buoyancy sources 
inside the room.  

Future work will also focus on employing Laser Doppler Anemometry (LDA) to further 
study the flow in either the reduced-scale setup or the full-scale setup. The use of LDA 
allows the collection of time-dependent flow properties with a very high temporal 
resolution (up to 1-2 kHz), which will be a very valuable and complementary addition to the 
PIV measurements. The time-dependent flow properties are especially interesting for the 
validation of unsteady CFD simulations, such as Detached Eddy Simulation (DES) and Large 
Eddy Simulation (LES). Based on the LDA measurements one can judge whether the power 
spectra, Strouhal numbers, etc., are accurately predicted with DES and/or LES.  

1.3. CFD simulations 

In Chapters 4 and 5 the focus has been on 3D steady RANS CFD simulations. Future work 
can consist of an analysis of other two-equation models, non-linear two-equation models 
and additional second-order closure models. In Chapter 5, LES was used to assess the 
gradient-diffusion hypothesis. It was shown that the gradient-diffusion hypothesis for this 
particular case is not always valid, although it is widely used in ventilation engineering and 
other research areas. The work on this topic as presented in Chapter 5 can be extended in 
order to analyze and quantify the problems that are associated with the use of the  
gradient-diffusion hypothesis for this and other flow configurations. For this purpose  
high-quality experimental data sets of pollutant dispersion in ventilated enclosures are 
imperative. Ideally, such a measurement campaign will not only focus on the indoor flow 
field, i.e. velocities and turbulence levels, but also on pollutant concentrations. 
Furthermore, future numerical work can extend the work performed with LES, and can also 
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focus on DES. DES should improve the accuracy of the simulations compared to steady RANS 
and is computationally less expensive than LES. DES switches between RANS for the regions 
near solid boundaries (small length scales) and LES in the other regions (larger length scales) 
and therefore requires a less demanding grid resolution compared to LES. In addition, other 
numerical techniques can be used, such as the non-grid-based vortex method for modeling 
indoor airflow. The vortex method uses freely convecting vortices as computational 
elements, which significantly reduces numerical diffusion. Therefore, the accuracy of the 
predicted motion of the vortical structures should be increased compared to the grid-based 
methods mentioned above (Bernard 2009).  

Finally, the validated computational model can be used to assess the boundary 
conditions that lead to the most efficient ventilation of the room. Among others the 
influence of the position of the ventilation inlet, the inlet velocity (Re) and the turbulence 
intensity on the air exchange efficiency can be studied. 

2. Part II: Natural mixing ventilation: case study 

In Part II of this dissertation (Chapters 6-9) a full-scale experimental and numerical 
natural ventilation study has been presented for a complex stadium in an urban 
environment. Reduced-scale experiments of the natural ventilation of the stadium were not 
possible due to similarity constraints. As a result, full-scale measurements have been 
presented, which show a certain level of repeatability despite the intrinsically unsteady 
meteorological conditions and the uncontrollable boundary conditions. Full-scale wind 
velocity measurements in and around the stadium have been used to validate isothermal 
and coupled CFD simulations of urban wind flow and its interaction with the indoor air 
volume. After this first validation study, full-scale measurements of CO2 concentration decay 
have been used to validate CO2 concentration decay simulations using CFD.  

 2.1. Experiments 

The number of measurement locations, both for the wind velocity measurements, and 
the environmental conditions and natural ventilation measurements was limited to four 
because of financial and practical constraints. A higher number of measurement locations 
would have increased the spatial resolution of the validation study. Nevertheless, the data 
sets at the four measurement positions have been successfully used to validate the CFD 
simulations.  

2.2. CFD simulations 

The coupled CFD simulations reported in Chapters 7 to 9 have been performed to enable 
a thorough analysis of the natural ventilation of the current stadium configuration, and of 
possible future configurations. The computational grid was constructed with a specific  
grid-generation technique enabling the full control over grid cell size and distribution. Two 
main limitations of this study are given below and indicate directions for future research.  

Firstly, the simulations were performed using the 3D steady RANS approach. Although 
the steady RANS simulations performed in this study have shown a fair to good agreement 
with on-site wind velocity measurements, there were also some discrepancies. A possible 
reason is the fact that this approach cannot take into account velocity fluctuations and 
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other unsteady effects in urban aerodynamics, such as the collapse of separation and 
recirculation regions and vortex shedding in the wake of bluff obstacles. Future work can 
focus on LES or DES to assess the impact of these unsteady flow features on the  
time-averaged flow pattern around and inside the stadium, as well as on the ventilation 
rate. The latter might be influenced by the effect of pulsating eddies and other transient 
flow features, especially when the flow is parallel to the ventilation openings (Jiang and 
Chen 2001, Wright and Hargreaves 2006). 

Secondly, no full thermal simulation of the stadium and its surroundings was conducted. 
Although surface temperatures and temperature differences were taken into account, the 
thermal storage was neglected to simplify the computational model. Adding the capability 
to include thermal storage directly into the CFD model or coupling the CFD simulations with 
Building Energy Simulation (BES) software can improve the simulation accuracy. In addition, 
further improvements for the calculation of convective heat transfer from the stadium 
surfaces to the air can be implemented. The present simulations were conducted using 
standard wall functions, which can be deficient in convective heat transfer studies  
(Casey and Wintergerste 2000, Blocken et al. 2009, Defraeye et al. 2010). The largest 
resistance to heat transfer is present in the thin laminar sublayer. However, by using wall 
functions the thin boundary layers at the building surfaces are not resolved explicitly but are 
bridged using semi-empirical functions, which can result in significant errors in surface 
convective heat transfer. To increase the numerical accuracy one should apply low-Reynolds 
number modeling, however, this requires the use of extremely small computational cells 
near the walls (order of 1 mm) (Blocken et al. 2009), which was computationally not feasible 
at the time due to the large computational domain, the complexity of the computational 
model, and the large range of length scales (0.02 m to 2,900 m) in the domain. The wall 
function modifications by Defraeye et al. (2011, 2012), will be tested in future research. It 
was proven that these modified wall functions provide more accurate predictions of 
convective heat transfer (Defraeye et al. 2011, 2012). 
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Summary and conclusions 

The dissertation consists of two parts: (I) experimental and numerical work on isothermal 
transitional mixing ventilation in an idealized simplified reduced-scale model;  
(II) experimental and numerical work on mixing ventilation in a full-scale complex enclosure 
in an urban environment, driven by both wind and buoyancy.  

1. Part I: Transitional mixing ventilation: generic study  

In Part I the focus was on the analysis of transitional mixing ventilation flow. In order to 
judge the capability of steady Reynolds-averaged Navier-Stokes (RANS) Computational Fluid 
Dynamics (CFD) simulations a detailed and well-documented experimental data set is 
imperative. In Chapter 2, a reduced-scale experimental setup was presented  
(van Hooff et al. 2012a), which facilitated the collection of an experimental data set for low 
Reynolds numbers ventilation flow (transitional flow). The reduced-scale model was used to 
perform flow visualizations and Particle Image Velocimetry (PIV) measurements for a 
configuration with a free plane jet (Chapter 2) and a wall jet (Chapter 3). The flow 
visualizations showed that the room airflow was transitional for Reynolds numbers in the 
range of 800 < Re < 2,500. The time-averaged velocity profiles presented in Chapter 2 
showed a clear Re-dependency; this dependency increased with increasing distance from 
the inlet. The Coanda effect caused the free plane jet to transform in a wall jet just 
downstream of the inlet. Finally, the location of maximum jet velocity (yC/L) depended on 
Re; yC/L increased with increasing Re. The presented data set can be used to validate 
turbulence models for low Re-number ventilation flow.  

The experimental results for the configuration with a wall jet issued from a smooth 
contraction were presented in Chapter 3 (van Hooff et al. 2012b). The PIV measurements 
focused on both the instantaneous and the time-averaged velocity and vorticity fields, as 
well as on the turbulence intensity. The vorticity profiles indicated a solid-body rotation in 
the large recirculation cell. The instantaneous vector fields showed Kelvin-Helmholtz-type 
instabilities as a result of the large velocity gradient in the shear layer of the wall jet. The 
Strouhal number based on the vortex formation frequency was shown to increase with 
increasing Reynolds number. Application of the Okubo-Weiss function indicated the 
presence of vortical structures in the wall jet region and the presence of a vortex train in the 
outer region of the wall jet.  

Chapter 4 presented steady RANS CFD simulations of forced mixing ventilation at 
transitional slot Reynolds numbers (van Hooff et al. 2012c). The experimental data set 
presented in Chapter 3 (wall jet configuration) was used to assess the capability of four 
commonly used RANS turbulence models to predict transitional room airflow. Three popular 
linear two-equation models were tested (RNG k-ε, low-Re number k-ε, SST k-ω), as well as 
one second-order closure model (Reynolds Stress Model (RSM)). Both the dimensionless 
velocities and the turbulent kinetic energies were compared on three vertical lines in the 
enclosure. It was shown that three out of the four turbulence models provided results that 
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were in close agreement with the measurement results. The results obtained with the RNG 
k-ε model showed the largest deviations with the measurements, which can be attributed to 
an overprediction of turbulent kinetic energy in the wall jet region. The RNG k-ε model is 
one of the most extensively used turbulence models in ventilation studies, however, the 
majority of the previous studies has been conducted for a turbulent flow regime. In these 
studies is has been shown that the RNG k-ε model in general provides accurate results for 
turbulent flow; however, to the knowledge of the author, the RNG k-ε model has not been 
extensively tested for transitional ventilation flow. To illustrate the importance of an 
accurate prediction of the flow field inside an enclosure, the air exchange efficiency was 
calculated based on the four predicted flow field. It was shown that the different turbulence 
models provided different predictions for the air exchange efficiency, with differences 
between two models being as high as 44%.   

Finally, Chapter 5 presented an assessment of the validity of the commonly applied 
standard gradient-diffusion hypothesis in steady RANS CFD modeling of pollutant dispersion 
(van Hooff et al. 2012d). The standard gradient-diffusion hypothesis relates the turbulent 
mass fluxes to the mean mass gradient using the turbulent (or eddy) mass diffusivity. The 
relative influence of convective and turbulent mass fluxes in the transport process was 
analyzed and the role of these fluxes in the prediction accuracy of RANS simulations and 
Large Eddy Simulations (LES) was clarified. It was shown that the standard gradient-diffusion 
hypothesis is not always valid; the LES simulations showed counter-gradient turbulent mass 
transport at several locations inside the enclosure. However, in this particular case the 
turbulent mass fluxes are about one order of magnitude smaller than the convective fluxes. 
Therefore, the invalidity of the standard gradient-diffusion hypothesis will not lead to 
significant deviations in the predicted pollutant concentration field. Furthermore, it was 
shown that the predicted pollutant concentrations with LES do not significantly deviate from 
the pollutant concentrations obtained with a low-Reynolds number k-ε model (Chang et al. 
1995) in combination with the standard gradient-diffusion hypothesis.  

From the research presented in Part I of this dissertation it can be concluded that the 
appropriate choice of a turbulence model to provide closure to the steady RANS equations 
is very important when modeling transitional ventilation flow. Furthermore, it can be 
concluded that steady RANS in combination with e.g. the low-Reynolds number k-ε model 
by Chang et al. (1995) and using the standard gradient-diffusion hypothesis predicts 
pollutant concentrations that are in close agreement to the predictions obtained with LES. 
In this particular case, the use of LES does not improve the predictions; however, its use 
does come with an enormous increase of the computational demand.      

2. Part II: Natural mixing ventilation: case study 

Part II consisted of full-scale measurements and a range of CFD simulations to assess the 
indoor conditions and natural ventilation of a large semi-enclosed stadium situated in an 
urban area. Chapter 6 presented an analysis of full-scale measurements of thermal 
conditions and natural ventilation in in the Amsterdam Arena in the Netherlands  
(van Hooff and Blocken 2012a). Due to similarity requirements (Re, Gr, Ri) that could not be 
fulfilled in the wind tunnel, full-scale measurements were the only means to obtain a 
reliable data set for a realistic summer situation. The full-scale measurements indicated a 
certain degree of repeatability on three consecutive evenings; both the wind conditions and 
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the indoor and outdoor thermal conditions showed only small differences between the 
three evenings. As a result, the measured CO2 concentration decay curves, and the 
calculated ACH values showed only small deviations. Although there might be problems with 
repeatability and uncontrollable boundary conditions when performing full-scale 
measurements, in some particular cases, as the one presented here, full-scale measurement 
data can provide useful data to validate CFD models of natural ventilation.  

Chapters 7-9 presented a coupled CFD modeling approach for urban wind flow and 
indoor natural ventilation of a large semi-enclosed stadium on a high-resolution grid. The 
computational grid was constructed using a specific procedure to efficiently and 
simultaneously generate the complex geometry and the high-resolution body-fitted grid for 
both the outdoor and indoor environment, based on translation and rotation of pre-meshed 
cross-sections. A grid-sensitivity study indicated that a 5.5 million cell grid provided nearly 
grid-independent results. Chapter 7 presented a validation study of the coupled CFD 
simulations using full-scale (on-site) wind velocity measurements. Using the validated CFD 
model, the natural ventilation of the current configuration, as well as alternative ventilation 
configurations was analyzed in this chapter (van Hooff and Blocken 2010a). From the CFD 
simulations it was concluded that small geometrical modifications, i.e. enlarging the current 
ventilation openings in the upper part of the stadium, can increase the ventilation rate 
(ACH) by up to 43%.  

The same computational model was used to assess the influence of wind direction and 
urban surroundings on the computed air exchange rate. This part of the research was 
presented in Chapter 8 (van Hooff and Blocken 2010b). To assess the influence of the wind 
direction and urban surroundings, CFD simulations were performed for eight wind 
directions and for a computational model with and without the surrounding buildings. The 
simulated differences in ACH between the wind directions can be as high as 152% (with 
surrounding buildings). Furthermore, comparing the simulations with and without taking 
into account the urban surroundings showed that neglecting the surrounding buildings can 
lead to overestimations of the ACH with up to 96%.  

Finally, Chapter 9 presented non-isothermal unsteady RANS CFD simulations of CO2 
concentration decay from the abovementioned semi-enclosed stadium (van Hooff and 
Blocken 2012b). The boundary conditions for the CFD simulations were based on the 
measured conditions. The CO2 concentration decay curves obtained with the unsteady CFD 
simulations were compared with measured CO2 concentration decay curves and showed a 
fair to good agreement. The validated model was used to detect regions with lower 
ventilation efficiencies, i.e. stagnant regions and recirculation zones inside the stadium, 
resulting in higher CO2 concentrations. The largest spatial gradients were present in the 
beginning of the CO2 concentration decay process, and can be as high as 700 ppm (= 37%) 
between the northern and southern part of the stadium. In addition, a specific piecewise 
linear technique was applied for the concentration decay method to determine the ACH 
values based for smaller time intervals. This was important because the semi-logarithmic 
decay curve itself was not linear because the value of ACH changed over time as a result of 
decreasing buoyancy forces. Using this technique, it was shown that the ACH values strongly 
decreased as a function of time, from about 2 h-1 at the beginning of the concentration 
decay simulations to about 0.3 h-1 at the end (t > 4000 s). 

Part II of this dissertation showed that full-scale measurements can be used to validate 
CFD models of natural ventilation, despite the known issues concerning the lack of 
repeatability and uncontrollable boundary conditions. In addition, a high-resolution grid was 
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constructed to perform steady and unsteady RANS CFD simulations of urban wind flow and 
indoor airflow, driven by wind and buoyancy. The CFD model was successfully validated 
using full-scale measurements of wind velocity and CO2 concentration decay and was 
subsequently used to assess the natural ventilation of the stadium. 
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