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Abstract:Naturalventilationcanreducetheconcentrationofindoorpollutants,includingthatofbiological
aerosols.Itdoesthismainlybycrossventilation.However,incloselybuilt-upcities,theshieldingeffect
betweenbuildingswillsignificantlyreducetheventilationeffect.Previousstudiesrarelyconsideredthe
effectsofabuilding􀆳scharacteristicsonotherbuildings.Thispreliminarystudytakestwobuildingsand
investigatestheinfluenceofthepositionandsizeofninedifferentwindowsontheircrossventilation
potential.Itfocusesononlyonedirectionofincomingflowwherethedistancebetweenthetwobuildingsis
twotimesthewidthofthebuilding,first,analyzingthereliabilityofthecomputationalfluiddynamics
(CFD)simulationbasedonsteadyReynolds-AveragedNavier-Stokesequations.Theresultsrevealthatthe
reliabilityofthecomputationalfluiddynamicssimulationinsomecasesisinsufficientandthatwitha
simulationof20%porosityitisdifficulttoreproducethewindpressureonadownstreambuildingby
computationalfluiddynamicsincomparisonto10%or5%porosity.Thedifferentsimulationreliability
maybecausedbytheinstabilityoftheairflowbetweenthebuildings.However,usingdatafromthewind
tunnel,wefoundthatthecrossventilationpotentialofthedownstreambuildingdecreaseswiththeincrease
ofthewindowareaoftheupstreambuilding,whichiscontrarytogeneralbeliefs.
Keywords:naturalventilation;crossventilation;buildingshieldingeffects;CFDreliability;windtunnel

上游建筑孔洞特性对下游建筑自然通风潜力的
影响及其CFD模拟可靠性

付琳莉1,殷维1,2,王天文1,张国强2
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摘 要:自然通风能有效降低室内污染物浓度,包括稀释生物气溶胶浓度,穿堂风是其主要形式之

一。但在人口稠密的城市,建筑之间的遮挡作用会明显降低通风效果。以两栋建筑为研究对象,讨



论上游建筑的9种情形,包括不同的开窗面积与位置,对下游建筑穿堂风潜力的影响。讨论一个来

流方向、两栋建筑中心线在位于这个来流方向的直线上、间距为两倍建筑宽度的情形,分析基于稳

态RANS模型(Reynolds-AveragedNavier-Stokes)的CFD(ComputationalFluidDynamics)模拟风

压的可靠性,结果显示,部分情形CFD模拟的可靠性不高。相对于上游建筑5%与10%的孔隙率,
20%的孔隙率难以通过CFD模拟出下游建筑物的风压。风洞实验数据显示,下游建筑物的穿堂风

通风潜力随上游建筑物开窗面积的增加而降低,这与一般认识相反。
关键词:自然通风;穿堂风;建筑遮挡作用;CFD可靠性;风洞实验
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1 Introduction
Thearchitecturalwindenvironment mainly

explorestheairmovementbetweenbuildingsand
insideandoutside[1],andnormallyuseson-site
measurement, wind tunnel experiments,and
computationalfluid dynamics (CFD).On-site
measurementis generally adopted during the
preliminarystageofstudiesincompacturban
environments[2-3],indoorairquality[4],andcross
ventilation[5-6]. Compared with on-site
measurement,windtunnelexperimentscanprovide
relativelystableresults,andresearcherspreferthis
approachtoexploreinterferenceeffectsbetween
two buildings[7], on tall building[8-9], by
backpropagation neural networks[10],to wind-
induced coupled motion[11], for interference
excitation mechanisms[12],to airin wakesof
buildings[13],toinsideand outsideair[14],by
surrounding buildings[15], when considering
openingcharacteristicsonafaçade[16],byturbulent
incomingair[17],andtovelocityfieldandpollution
dispersion[18].
Inrecentyears,CFDhasrapidlydeveloped,

and is now widely used by researchers to
investigatetheairflowfactorsinsideandoutside
buildings,suchasintheevaluation ofgreen
buildings[19], roof geometry[20-23], naturally
ventilatedroofs[24-25],andinternalobstacles[26].
Further,theCFDsettinghasbeenconsideredin
various modelssuch aslargeeddysimulation
(LES)and Reynolds-Averaged Navier-Stokes
(RANS)equationsofthestandardk-εmodel,the

re-normalisationgroup (RNG)k-ε model,the
realizablek-ε model,theshearstresstransport
(SST)k-ω model,andtheturbulentReynolds
stressmodel(RSM).Thesestudiesshowedthat
theLESmodelsimulationresultsagreedreasonably
wellwiththeexperimentaldatabyvanHooffet
al.[27]andJiangandChen[28].TheSSTk-ωmodel
displayedthebestperformanceamong3Dsteady
RANSmodels[29-31].RamponiandBlocken[29]found
thatdiffusionisanimportanttransportmechanism
thatrequiresselectingthecorrectamountof
physicaldiffusiontoreducethenumericaldiffusion
inthecross-ventilationofbuildings,andsuggested
usinghigh-resolutiongridsandatleastsecond-
orderaccuratediscretizationschemes.Lakehaland
Rodi[32] found that most RANS models had
difficultiesingeneratingtheseparationregionon
theroof,and over-predicted therecalculation
regionbehindthebuilding.Smal[33]foundthatit
wasimpossibletoreproducetheairflowofcross-
ventilationbyCFDinabuildingshieldedby8
buildings in Tominaga􀆳s wind tunnel
experiment[13]. Hawendiand Gao[34] predicted
throughCFDthatalthoughtheexternalboundary
wallofabuildingreducedtheventilationairflow
ratebyapproximately50%,itimproved wind
comfort.

Todate,nostudieshaveconsideredtheeffect
ofthehollowcharacteristicsofupstreambuildings
ondownstreambuildings,suchasthroughcross
ventilation,butthissituationoftenoccursinreal
life.Thus,thisstudyfocusesonthehollow
characteristicsoftheupstreambuildingtofindout
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itsimpactonthecrossventilationpotentialofthe
downstream building, which can reduce the
concentrationofindoorpollutants,includingthat
ofbiologicalaerosols.Thestudyonlyinvestigates
the distribution of upstream and downstream
buildingsthatarenotonthesamestraightline.As
earlyresearch,itonlyconsiderstwobuildings,the
elementalform ofthebuildinggroup,andthe
hollowcharacteristicsintermsofelevationand
windowareaontheupstreambuilding.

Thelargeeddysimulationwasusedinthe
earlystageofthestudy,buttheLESsimulation
timewastoolong,andthecalculationresultsare
unstablefor3months.Afterconsideringthetime
costandhardwareconditions,itwasdecidedtouse
the steady-state Reynolds average model for
calculation.Our previousstudy discussedthe
reliability of 5 common RANS models:the
standardk-ε model,there-normalisationgroup
(RNG)k-εmodel,therealizablek-εmodel,the
shearstresstransport(SST)k-ω model,andthe
turbulentReynoldsstressmodel(RSM),forone
situation(10% windowinthemiddle)andfound
that the SST k-ω model has the highest
reliability[35].Weusedthismodeltoreproduce9

different window areas and positionsforthe
upstreambuildingthroughCFDandcomparethe
resultswithexperimentaldatainthewindtunnel
toevaluatethereliabilityoftheCFDsimulationfor
engineeringapplications.

2 Experimentalmethods
2.1 Experimentalmodels

The upstream and downstream building
modelsaresimilartoTominagaandBlocken[13]and
Karavaetal.[16]withalengthscaleof1∶100.The
buildingmodeldimensionsare0.2m×0.2m×
0.16 m (depth × width × height),andthe
distancebetweenthetwobuildingsisfixedat0.4
m,whichistwicethebuildingwidth.Thestudy
focusesononlyoneapproachingwinddirectionthat
isperpendiculartothe windwardsideofthe
upstream building.The upstream building is
hollowwithacoupleofsymmetricalopeningsat
thewindwardandleewardfacades.Atotalofnine
experimentalcases under different geometrical
settingsaresummarizedin Table1,andtheir
schematicdiagramisshowninFig.1.Pressuretaps
areinstalledonthe wallsofthedownstream
building,asshowninFig.2.

Table1 Detailedconfigurationofmodels

Configuration

Openinglocation
(elevationaboveground)

Inlet/mm Outlet/mm

A1/%
(Windward

window)

A2/%
(Leeward

window)

Abbreviation
(e.g.L5W=low5%window)

C1 21 21 5 5 L5W

C2 13 13 10 10 L10W

C3 0 0 20 20 L20W

C4 67 67 5 5 M5W

C5 62 62 10 10 M10W

C6 53 53 20 20 M20W

C7 113 113 5 5 H5W

C8 111 111 10 10 H10W

C9 106 106 20 20 H20W

2.2 Windtunnelsettings
Theexperiments werecarried outinthe

atmosphericboundarylayer(ABL)windtunnelat

Hunan UniversityofScienceand Technology,

whichhasacross-sectionof3m×4m(height×
width),andis21minlength.Acombinationof
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Fig.1 Schematicdiagramofconfiguration
 

Fig.2 Measurementpointsofdownstreambuildingin
 

spiresandsurfaceroughnesswasusedtocreatean
approach-flow windprofilerepresentativeofthe
lowerpartofanapproximateABLintheoutskirts.
Themeanstreamwisevelocityofthisincoming
flowobeysapowerlawwithanexponentof0.18,

asshowninEq.(1).
UZ

UH
= z

H  0.18 (1)

whereUzandUH(m/s)arethemeanstreamwise
velocityatheightz(m)andatthereferenceof
buildingheightH(m),respectively.

Theturbulentkineticenergyκisobtained
using three-component measurement of the
variances in the velocity fluctuations. This
distributioncanbeapproximatedbyusingthe
followingrelationinEq.(2).[13]

κ(z)
U2

H
=-0.058exp-0.19z

H    (2)

whereκ(z)(m2/s2)istheturbulentkineticenergy
atheightz(m).

Fig.3depictsthemeasuredvelocitycurveof
theincomingwindandtheenergycurveofthe
turbulentflowinthewindtunnel.Themeasured
UHatareferenceheightof0.16mfromtheground
is4.5m/s,toyieldabuildingReynoldsnumberof
approximately47000.ThisReynoldsnumberis
closeto45000intheexperimentofTangand
Kwok.[12], Tominaga and Blocken[13], which
meansthattheflowentersacompletelyturbulent
state.In this state,the flow field in the
atmosphereiscompletelysimilartotheflowfield
ofawindtunnel,so-calledRenaultindependence.

Fig.3 Approachingflowprofiles
 

Experimentaldataacquisitionincludedthe
approaching windspeed,windpressure,static
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pressure,turbulence,etc.The3-componentsof
velocityandlocalreferencepressureinreal-time
weremeasuredusingaCobraprobe,and301
pressuretapsweretestedwithafrequencyof332.5
Hzwithina30-secondtimeintervalforeach
experiment.

3 CFDsettings
3.1 Computationaldomainandgrid

TheCFD modelwasidenticaltothewind
tunnelexperimentmodel,andthethicknessofthe
walls and ceiling was set to 3 mm. The
computationaldomainwasconstructedbasedonthe
bestpracticeguidelinesintheliterature[27,29,

36],atadistanceof5Hfromthebuildingatthe
topandsidesofthecomputationaldomain,and
15Hbetweenthebuildingandtheoutletboundary
downstreamofthebuilding,and3timestheheight
ofthe building to limit the occurrence of
unintendedstreamwisegradientsintheapproach
flowprofiles[36].Theresultingdomaindimensions
were5.32m×1.8m×0.96m (L×W×H),

whichisconsistentwiththecomputationaldomain
illustratedbyVanHooffetal.[27].Thecalculation
domainsizeandbuildingmodelgridareshownin
Fig.4,consideringM10Wasanexample.

Fig.4 (a)Computationaldomain(m)
(b)Gridofground(c)Girdadjacenttoupstream

building(d)Topviewofgridneardownstreambuilding
 

3.2 Boundaryconditions
Theboundaryconditionsofthedomainin

Fluent wereasfollows:ground and building
surfacesweredefinedasthewall;thetopandboth
thesides ofthe calculation domain werein

symmetry;theoutletisventoutflow;theinletis
velocityinlet.Thevelocityandturbulentenergy
curves were reproduced to use user-defined
functions(UDF)compiledwiththeprofilesfrom
windtunnelexperimentaldata.Alogarithmicinlet
velocityprofilewasconstructedbasedonafitwith
thepower-lawprofileasdescribedinEq.(3)[27].

U(Z)=u*H
κln

z+z0
z0  (3)

whereu*H(m/s)isthefrictionvelocityinthewind
tunnelexperiment,κisthevonKarmanconstant
(0.42),andzistheheightcoordinate.The
logarithmiclawispreferredoverthepower-law
becauseityieldsthevalueofu*Hthatisrequiredfor
theprofileoftheturbulencedissipationrateε.The
aerodynamic roughness length,z0 (m),is
determinedbasedonafittingprocedureusethe
measuredvelocityprofileyieldingz0=0.0009mat
areducedscale.Eq.(4)describesthecalculationof
theturbulentdissipationrateusingEq.(2)[27].

ε(z)=
(u*H)3

κ(z+z0)
(4)

  ThespecificdissipationrateωfortheSSTk-ω
modeliscalculatedtouseEq.(5)[27].

ω(z)= ε(z)
Cμk(z)

(5)

whereCμisanempiricalconstantequalto0.09.
ThispartadoptsthesettingsinVanHooffetal.[27]

andGousseauetal.[36-37].
UsingtheFluentsoftwarelicensedbyANSYS

forcalculation,previousstudiesshowedthatthe
reliabilityandaccuracyoftheSSTk-ω model
simulationarethehighest[29,31,38].Andinourlast
simulationofporousbuildings[38],wealsofound
thattheSST modelismoreaccuratethanother
RANSmodels.Therefore,allthecasespresented
herearesimulatedusingthismodel.Allthecontrol
equationsarediscretizedbythesecond-orderfinite
volumemethod,andtheSemi-ImplicitMethodfor
PressureLinkedEquations(SIMPLE)algorithmis
used for the pressure-velocity coupling. The
computational grid was built as fully cubic
structuredmeshwhosequalitywasamong0.95and
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1,thetotalnumberofgridsisabout6million.The
residualofcontinuityandotherswassetas10-5.
WiththeIntelXeon32-coreprocessor,allthe
modelswerecalculatedwithintwomonths.
3.3 Dataprocessingmethod

Themeanwindpressurecoefficientsofeach
point were obtained using Eq.(6)for the
experimentalandsimulationresults[25].

CP =P-P0
1
2ρU

2
H

(6)

whereCpisthemeanwindpressurecoefficientof
eachpoint,P(Pa)isthewallpressure,P0(Pa)is
thereferencepressure,ρ(kg/m3)istheair
density,andUH(m/s)istheairflowvelocityatthe
building height. The normalized mean wind
pressurecoefficientsofeachsurfacearecalculated
touseEq.(7).

SCPi = CPi

CP

(7)

whereSCPiisthenormalizedmeanwindpressure
coefficientofthei-faceinthedownstreambuilding
whereirepresentsA,B,C,D,andE.CPiisthe
surfacemeanwindpressurecoefficientofthei-face
inthedownstream buildingand CP isthe
absolutemeanoftheaveragewindpressuresystem
atallthe measuringpointsinthedownstream
building.TheninecasesareL5W-0.12,L10W-
0.11, L20W-0.18, M5W-0.12, M10W-0.13,

M20W-0.15,H5W-0.13,H10W-0.16,H20W-
0.19.SCPeiisdefinedasthei-facenormalizedwind
pressurecoefficientofthewindtunnelexperiment.
Theerrorbetweensimulationandexperimentis
presentedinEq.(8)asfollows

E=
∑5

i
SCPi

SCPei
-1  2

5
(8)

whereEistheerrorbetweenthesimulationand
experimentalresults.

4 ErrorsanalysisofCFDsimulations
Theviscosity model,setting method and

experimental verification of CFD have been
completedinpaper[35](forthe10% aperture
ratio),sothispaperdiscussesdifferentaperture
ratiosandlocations.Thesimulationreliabilityof
ninedifferentporouscasesintheupstreamis
analysed.Thetopsurfaceofthedownstream
buildingisdefinedasA,thewindwardfacadeasB,

theleftsidealongtheincomingwinddirectionas
C,therightsidealongtheincomingwinddirection
asE,andtheleewardfacadeofthedownstream
buildingasD.Theexplodedviewisshownin
Fig.5.Toreducetheinfluenceofvariationinthe
incoming wind speed, the mean pressure
coefficientsoftheninemodelsarenormalized.In
other words,theratio ofthe wind pressure
coefficientofeach surfacetothe mean wind
pressurecoefficientsofthefivefaces(equaltothe
mean wind pressure coefficients of all the
measuringpointsinthedownstreambuilding)is
considered.Further,theCFD numericalerrors
comparedtotheexperimentarelistedinTable2,

whereExp1andExp2arethefirstandsecondtime
experimentalresultsinthewindtunnel.

Fig.5 Explodedviewofeachsurfaceofthedownstream
building:A-topsurface;B-windwardfacade;C-leftsurface;

D-leewardfacade;E-rightsurface
 

Table2 Standardizednumericalanalysisofninedifferentmodels
% 

Configuration L5W L10W L20W M5W M10W M20W H5W H10W H20W

ErrortoExp1 28 60 198 21 11 534 08 46 78

ErrortoExp2 36 24 36 27 10 61 23 23 34

Averageerror 32 42 117 24 11 298 16 35 56
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  EachrowinTable2showsthatthereliability
ofthesimulationresultsincasesusingthesame
RANSmodelofSSTk-ωisdifferent.Underall
conditions,the10%apertureratiointhemiddleof
theupstreambuilding (M10W)hasthehighest
accuracy,witherrorsof11% and10%,when
comparedtoExp1andExp2,respectively.
Inthethirdrow,theerrorsofthe20%

apertureratiosatlow,middle,andhighpositions
(L20W,M20W,andH20W),areanaverageof
117%,298%,and 56%,respectively.Itis
speculatedthatdifferentholecharacteristicshave
differenteffectsontheairflowbetweenbuildings,

resultingindifferentairflowstabilityaroundthe
downstreambuildings,sothesimulationresults
usingtheRANSmodelaredifferent.

WheneacherrorbetweenExp1andExp2is
compared,except M10W,all show obvious
diversity.Thisindicatesthatthewindpressureon
the modelis unstablein thetwo sequential
experiments.
Inshort,theM10Wsimulationreliabilityisthe

highest,withanaverageerrorof11%,andthe
M20Wsimulationreliabilityistheworst,withan
averageerrorof298%.Whenthebuildinghasa
largeopening,theairflowthroughtheupstream
building,thatis,thecrossventilation,disturbs
theairflow around the downstream building,

resultinginalargeerrorinthesimulationresults
ofthelargeopening.
Inthefollowingsection,theninedifferent

conditions are grouped into three elevations
includinglow,middle,andupperbasedonthe
heightoftheupstreambuildingwindowfordetailed
analysis.

5 Reliabilityanalysisofcrossventilation
potential

5.1 Openingatalowposition
Theinfluenceofdifferentopeningsizesonthe

simulationreliabilityoftheloweropeningofthe
upstreambuildingisconsidered.Toanalyzethe

pressurechangeattypicallocations,theaverage
wind pressure coefficient distribution on the
waistlineandbacklineofthedownstreambuilding
is used to determine the difference between
differentocclusionsituations.Fig.6isaschematic
diagram ofthemiddlebacklineandthemiddle
waistline based on the profile ofthe mean
coefficientofpressure(Cp)fromthewindtunnel
measurementonthedownstreambuildingsurface.
Fig.7showsCpalongthemiddlebacklinesand
middlewaistlinesonL5W,L10W,andL20W.The
reddotandtheblacksquareseparatelydenotethe
windpressurecoefficientsin Exp1and Exp2,

respectively.

Fig.6 Schematicdiagramof
(a)Middlebackine(b)Middlewaistline

 

Fig.7 Middlebacklineandmiddlewaistlineof
(a)L5W (b)L10W (C)L20W

 

Intheexperiment,thepressureontheleftand
rightsidesofthedownstreambuildingmaynotbe
symmetricalduetotheblockageoftheupstream
buildingandtheeffectofthewind.Inthesmoke
experiment,the airflow passing through the
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upstream building hit the surface of the
downstream building,andunlikeinthesingle
building experiment, the airflow relatively
continuously affected the building surface.
However,althoughthesurface wind pressure
distributionsofrepeatedexperimentsaredifferent,

they have obvious similarities. In many
experiments,includingexperimentsrepeatedafter
3months,theCfacadeandtheEfacadearenot
completelysymmetrical.Thisisdifferentfrom
common sense butis actually presented by
experimentalandsimulateddata.

Thesimulationresultsamongthreedifferent
porositiesatalowpositionshowthefollowing:

1)FromFig.7(a),itisclearthatwhenthe
upstreambuildinghasasmallopeningatalow
position (L5W),thediversityofthepressure
measurementinthetwoexperimentsislarge.In
Fig.7(b)and(c),whentheupstreambuildinghas
a medium-size orlarge-size opening (L10W,

L20W),thepressuredifferencebetweenthetwo
experimentsissmall.

2)Inthetest,comparedwiththeothertwo
cases,theaverageCpshowninFig.7(a)isthe
mostunstableonthesetwocurves.
3)Fig.7(a)depictsthesimulationresultsof

thesurfacepressuresofthedownstreambuildingin
L5W,whicharein goodagreement withthe
experimentalresults.

4)Fig.7(b)showsthatin L10W,the
underestimationofCpbyCFDispresentedonthe
waistlinefrom1to7pointsonthewindwardfacade
B.However,thefittingoftheothersurfacesis
muchbetter.
5)InFig.7(c),thesimulationresultsare

overestimatedinthebackline(1to9pointsonthe
windwardfacadeB),aswellasinthewaistline.
TheoverestimationofCpbyCFDonthebacklineis
moreobviousthanthewaistline.
Fig.8showsthephotosofasmokeeffect

takeninawindtunnel,withtheopeningposition
atalowlevel.Fig.9showstheschematicdiagram

oftheverticalmiddleplaneandhorizontalplaneat
aheightof0.08mfromthebottomoftheground.
Thediagramsofthevelocityvectoronthesetwo
planesareshowninFig.10.

Fig.8 Smokevisualization:windowsat
lowpositionwith5%,10%,20%porosity

 

Fig.9 Schematicdiagrambetweenthetwobuildings
 

FromFig.8andFig.10,thefollowingcanbe
determined:

1)AsshowninFig.8(a)and10(a),inthe
vertical velocity vector diagram, when the
upstreambuildinghasasmallopeningatalow
position(L5W),theairflowpassingthroughthe
upstreambuildingshowsanupwardtrendatthe
exit.

2)InFig.8(b)andtheverticalvelocityvector
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Fig.10 Velocityvectordiagramoftheverticalmiddle

planeandthehorizontalplaneataheightof0.08m
betweenthetwobuildings

 

diagraminFig.10(b),theoutflowofthecross-
ventilationintheL10Wcaseislongerthanthatin
theL5W,andthecross-ventilationisalsoshowing
anupwardtrend.

3)Fig.8(c)andFig.10(c)showthatin
L20W,theaircrossingfromtheupstreambuilding
destroystheoriginalairflowvortexbetweenthe
buildings,anddirectlycrashesthedownstream
buildinginamannerthatismorepowerfulthanthe
above-mentionedtwocases.Theconflictbetween
thecrossingairandreturnairresultsinthe
instabilityoftheairflow.Theairflowaroundthe
downstreambuildingisunstable,andthesteady-
stateReynoldsaverage modelcannotreproduce
suchunstablefluctuations.Thus,thiscouldbethe
reasonforalargerCFDerrorwhencomparedtothe
twoexperimentswhoseerrorsare198%and36%,

respectively,asshowninTable2.
Inshort,itisclearthatwhenthesizeofthe

openingatalowpositionoftheupstreambuilding
increases,thedamagecausedbycrossingairtothe
returnairflowbetweenthebuildingsisenhanced.
Further,thereliabilityofthesimulationresultsis
less accurate when the size ofthe opening
increases.
5.2 Openingatamiddleposition

Theeffectofdifferentapertureratiosonthe
simulationreliabilityofthemiddleopeningofthe
upstreambuildingisanalysed.TheCpalongthe
middlebacklinesandthe middle waistlineson

M5W,M10W,and M20W areconsidered,as
showninFig.11,wherethereddotandtheblack
square separately indicate the wind pressure
coefficientsin Exp1 and Exp2,respectively.
Fig.12showsthephotosofsmokevisualization
takeninawindtunnel,withthepositionofthe
openingatamiddlelevel.Thediagramsofthe
velocityvectorontheverticalmiddleplaneandthe
horizontalplaneareshowninFig.13.

Fig.11 Middlebacklineandmiddlewaistlineof
(a)M5W,(b)M10Wand(c)M20W

 

ThemainobservationsfromFig.11,12,and
13areasfollows:

1)Accordingto Fig.11(a),whenthe
upstreambuildinghasasmallopening(M5W),the
pressure measurement diversity in the two
experimentsislarge.Thisisthesameaswhenthe
openingislow.

2)InFig.11(a)and (b),thesimulation
resultsofCpinthewaistlineofthewindward
surface(1to7pointsonB)ofthedownstream
buildingintheM5WandM10Wconfigurationsare
lowerthanthewindtunnelexperiment.However,

theothersurfacesofM10W show goodfitting
results.Fig.11(c)showsthatthe simulation
resultsofCpareoverestimatedonallsurfacesofthe
downstreambuildingintheM20Wconfiguration,

thebacklineand waistlineofwindwardofthe
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Fig.12 Smokevisualization:windowsatmiddle

positionwith5%,10%,20%porosity
 

Fig.13 Velocityvectordiagramoftheverticalmiddle

planeandthehorizontalplaneataheightof0.08m
betweenthetwobuildings

 

downstreambuildingbeingthemostnoticeable.
3)FromsmokevisualizationinFig.12andthe

velocityvectordiagramdepictedinFig.13(a),
(b),and(c),itisseenthatastheopeningrateat
themiddlepositionincreases,theoutflowdistance
ofcross-airincreases,andthedamagetothe
originalairflowbetweenthebuildingsenhances.
ComparedtotheL20Wconfiguration,thevortexis
destroyed whentheopeningisatthe middle
position,buttheoriginalairflow betweenthe
buildingsisnotdestroyed.Thiscouldbewhythe
simulationsofM5WandM10Waremorereliable
when their errors are 24 % and 11 %,

respectively,asshowninTable2.
Inshort,whenthesizeoftheopeningatthe

middlepositionoftheupstreambuildingincreases,

thedamagecausedbycrossingairtothereturn
airflow between the buildings alsoincreases.
However,thereliabilityofthesimulationresults
doesnotdecreasewithanincreaseintheaperture
ratio,andtheaccuracyoftheM10Wsimulationis
thegreatest.Thisisdifferentfromthediscussion
insection5.1.
5.3 Openingatahighposition

Fig.14(a),(b),and(c)showtheschematic
diagramsofthemeanwindpressurecoefficientof
themiddlebacklineandthemiddlewaistlineon
H5W,H10W,andH20W,respectively.Fig.15
showsthephotosofsmokingeffect withthe
windowpositionatahighlevel.Fig.16showsthe
simulationresultsofvelocityvectorofthevertical
middleplaneandthehorizontalplaneataheightof
0.08mfromthegroundbetweenthebuildings.

Fig.14 Middlebacklineandmiddlewaistlineof
(a)H5W (b)H10W (c)H20W

 

Themostimportantobservationsfrom Fig.
14,15,and16areasfollows:

1)AsseeninFig.14(a),whentheupstream
buildinghasasmallsizedopeningatahighposition
(H5W),thepressuremeasurementdiversityinthe
twoexperimentsislarge.Fig.8,11,and14show
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Fig.15 Smokevisualization:windowsathigh

positionwith5%,10%,20%porosity
 

Fig.16 Velocityvectordiagramoftheverticalmiddle

planeandthehorizontalplaneataheightof0.08m
betweenthetwobuildings

 

thatwhentheratiooftheopeningoftheupstream
buildingisnotlessthan10%,thesurfacepressure
fluctuationofthedownstreambuildingissmall.

2)AsseeninFig.14(a),intheconfiguration
ofH5W,thesimulationresultsofCp onthe
windwardsurfaceofthewaistline(1to7pointson
facade B)on the downstream building are
underestimated compared to the experimental
results.However,thefittingresultsoftheH10W
configurationonallthesurfacesaremuchbetter,

asshowninFig.14(b).Fig.14(c)showsthatthe
simulationresultsofCpofM20Wareoverestimated
onthebackline(1to9pointsonfacadeB)onthe
windwardsurface,aswellasonthewaistline(1to

7pointsonfacadeB).
3)ThesmokingphotosinFig.15andvelocity

vectordiagramsinFig.16(a),(b),and(c)show
thatwhenawindowisatahighposition,the
changeinthesizeoftheopeningrarelyinfluences
the vortex between the two buildings.
Consequently,thesimulationresultsofopeningsat
ahighpositionoftheupstreambuildingarebetter
thanopeningsatalowposition.Theaverageerror
ofH10Wis35%comparedwith42%ofL10W,

andtheaverageerrorofH20Wis56%comparedto
117%ofL20W.
Inshort,whentheopeningisatahigh

position of the upstream building, different
openingratiosoftheupstreambuildinghaveless
effectontheairflowbetweenthebuildings,andthe
simulationreliability decreasesastheaperture
ratiosincrease.
5.4 Crossventilationpotential

AsthereliabilityofCFDsimulationinsuch
problemsisnothigh,thesubsequentanalysisis
basedonexperimentaldata.Thepotentialforcross
ventilationisdeterminedbythepressuredifference
betweenthewindwardandleewardfacadesofthe
building.Theexperimentalvaluesareshownin
Table3.

Table3 Coefficientofpressuredifference(�P)between
thewindwardandleewardinexperiment

Position Cp 5% 10% 20%

High

Cp-windward -0.14 -0.06 -0.05

Cp-leeward -0.17 -0.17 -0.17

�Pexp -0.31 -0.23 -0.22

Middle

Cp-windward -0.09 -0.08 -0.01

Cp-leeward -0.20 -0.18 -0.19

�Pexp -0.29 -0.26 -0.20

Low

Cp-windward -0.13 -0.05 -0.03

Cp-leeward -0.17 -0.19 -0.20

�Pexp -0.30 -0.24 -0.23

ThemostimportantobservationsfromTable3
areasfollows:

1)Alongwiththeincreaseintheopening
area,thepressuredifferencegraduallydecreases.
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Thepressuredifferenceof20% openingrateis
reducedby30%incomparisonto5%,whichisthe
exactoppositeofourfeelingthatthelargerthe
opening,thegreatertheamountofventilation.It
wasobservedintheexperimentthatthecrossing
airflowfilledthereturnareabetweenthetwo
buildings,andatthesametimecrowdedoutthe
bypassairflowthatwouldhitthewindwardfacade
ofthedownstreambuilding.

2)Inallcases,theaveragewindpressureon
theleewardsideisalmostconstant,whilethe
pressure on the windward side changes
significantly.Thisshowsthatthechangeinthe
pressuredifferencebeforeandafterthebuildingis
causedbythepressurechangeonthewindward
side.Thisisconsistentwiththeaboveanalysis.

3)Thechangeoftheopeningheight-high,
middleandlow-hasno obviouseffectonthe
pressuredifference.
Inshort,thepressuredifferencebetweenthe

front and rear of the downstream building
decreaseswiththeincreaseoftheopeningareaof
theupstreambuilding,andhaslittlerelationship
withtheopeningposition.

6 Conclusions
Basedonastrictcomparisonwiththewind

tunnel experiment,this paper analyses the
reliabilityand accuracy of CFD simulation of
surfacepressureofdownstream buildingunder
differentopeningconditionsofupstreambuildings.
Thefollowingconclusionshavebeenobtained:
1)Thedataofmultipleexperimentsshowthat

thewindpressuredistributiononthesurfaceofthe
blockedblockisnotstrictlysymmetrical,for
example,theCfacadeandtheEfacadearenot
completely the same. Moreover,in repeated
experiments,thepressuredistributioncannotbe
completelyreproduced.Thesearedifferentfrom
generalbeliefs,buttheywereindeedobservedin
ourexperiments.Smokeexperimentsshowedthat
theairflow behindtheupstream building was
flappingonthedownstreambuilding.However,in
general,the windpressuredistributiononthe
surfaceofthedownstream buildingwassimilar

duringthedecompressionexperiment.
2) The standardized values of nine

configurationsshowedthatthereliabilityvariedfor
thedifferentconfigurations.Thehighestreliability
wasobservedforM10W withanaverageerrorof
11%,andtheworstaccuracywasobservedfor
M20Wwithanaverageerrorof298%.
3)TheanalysisofCponthemiddlebackline

andmiddlewaistlineofthecubeshowedthatwhen
theupstreambuildinghadasmallopening,suchas
L5W,M5W,andH5W,therepeatedexperiments
ofpressuremeasurementvarieddrastically.When
theupstreambuildinghasanopeningratioof20%,
theairflowpassingthroughtheupstreambuilding,
thatis,thewindpassingthroughtheupstream
building,hasagreaterimpactontheoriginal
airflowvortexbetweenthetwobuildings,which
leadstounstableairflowaroundthedownstream
building.RANSmodelseemsdifficulttoreproduce
thisphenomenon.

4)Whentheopeningwasataloworhigh
position,thereliabilityoftheCFD simulation
decreasedwithanincreaseintheopeningrate.
5)Inthevelocityvectordiagram,conflictis

seenbetweenthecrossing airandreturn air
between buildingsthatchanged with different
apertureratioswhentherewasanopeninginthe
middleorlowerpartofthebuilding.However,
whenthewindowwasopenedattheupperpartof
thefacade,thechangeofthesizeoftheopening
showedarareinfluenceonthevortexbetweenthe
twobuildings.

6)Thecrossventilation potentialofthe
downstreambuildingdecreaseswiththeincreaseof
thesizeoftheopeningoftheupstreambuildingand
haslittlerelationshipwiththeopeningposition,
whichiscontrarytogeneralbeliefs.

Thelimitationsofthisstudyarealsoobvious.
Thisstudyhasfocusedonlyononewinddirection,
onespacing,andonesteady-stateRANSmodelof
SSTk-ω.TheLESmodelneedstobeconsidered
inthefuture.Andthepaperonlydiscussesthe
distributionofthecenterlinesoftheupstreamand
downstreambuildingsthatarenotonthesame
straightline.Thisstudyalsofoundthatwhenthe
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buildingopeningislocatedatthebottom,the
accuracyoftheCFDpredictiondecreasesandthe
causeofthedecreaseinpredictionaccuracywill
alsobeanalyzedinsubsequentstudies.Inaddition,
thearchitecturalmodeladoptedinthisarticlehas
certainspecificity,andthefollow-upresearchcan
befurtherstudiedforgeneralarchitecture.
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