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Abstract

Assessment of pedestrian wind comfort around bugjslirequires the combination of wind statisticsrra
meteorological station, aerodynamic information arcbmfort criterion. A wide range of different cfort
criteria exist. In the past, several comparisowlist of comfort criteria have been made. In thes@né paper,
a different approach is pursued. The goal of thisep is threefold: (1) to provide an illustrativeese study
based on CFD as a framework for the comparisoriftgrdnt criteria; (2) to compare and evaluate régults
by the different criteria as part of a complete dvaomfort assessment study; and (3) to stresatperiance
of standardization of the wind comfort assessmentgdure. The case study area is the campus oh&ueah
University of Technology. The 3D steady Reynoldseraged Navier-Stokes (RANS) equations and the
realizable ke model are used to provide part of the aerodynamficdmation. The CFD simulations are
performed on a high-resolution grid based on gedsgtivity analysis. Validation is conducted with-site
measurements. Part of the wind comfort assessmeoégure is performed with the Dutch wind nuisance
standard NEN 8100. The criteria compared in thiglgtare the four complete criteria by Isyumov and
Davenport (1975), Lawson (1978), Melbourne (1978) AIEN 8100 (2006). It is shown that the different
criteria can lead to very different conclusions abthe wind comfort. Because the outcome of winohfzt
studies is often decisive in granting building pasnthis illustrates the importance of wind contfor
standardization, in particular concerning the camdoiterion.

Keywords: Wind nuisance and danger; Airflow; Urban area; Wrbarodynamics; Computational Fluid
Dynamics (CFD); Built environment

1. Introduction

Wind comfort assessment studies consist of compisiatistical meteorological data with aerodynamic
information and a comfort criterion. The aerodynaimformation is needed to transform the statistica
meteorological data from the weather station tdabation of interest at the building site, aftemigh it is
combined with a comfort criterion to judge locahdicomfort. The aerodynamic information usually sists of
two parts: the terrain related contribution anddksign related contribution. The terrain relatedtdbution
represents the change in wind statistics from thteorological site to a reference location neaibithiing site.
The design related contribution represents thegdamwind statistics due to the local urban designthe
configurations of buildings. It can be obtaineddityher wind tunnel modelling or numerical simulatiwith
Computational Fluid Dynamics (CFD). CFD has somecHjr advantages compared to wind tunnel modelling
which will be briefly addressed in section 2, arfuich are the reasons for its use in the presergrpap

A wide range of different wind comfort criteria eki Most of these criteria consist of a threshaiddispeed
and a maximum allowed exceedance probability af ttmieshold. Many criteria also distinguish betwearous
activities, such as sitting, strolling, walking fastc. In that case, either different values foeshold wind
speed, or different maximum exceedance probalsilite both, are imposed for these different aatisitin the
past, several comparisons of wind comfort critbase been performed. Melbourne [1] suggested hieatain
difference in the early developed criteria wastrthgly of presentation. Later studies [2,3] howeugggested
that Melbourne’s criteria were much more restrietiian others. An extensive comparison study oflwin
comfort criteria was performed by Bottema [4]. lratdso Koss [5] provided a detailed overview ofsérg
criteria. Bottema [4] compared most of the existiniteria based on a theoretical method, in whiathe
criterion was converted to a maximum allowed wintpéfication factor U/, where U is the local hourly
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mean wind speed and,dJis the so-called potential wind speed. The pasémtind speed is the hourly mean
wind speed at an ideal meteorological stationQatnlheight over uniformly rough terrain with an@gynamic
roughness lengthyz= 0.03 m. Based on this comparison, he concludaddonsiderable differences exist
between different criteria. In particular, he stetieat the criteria of Gandemer [6], Isyumov and/&wgort [7],
Lawson [8] and Visser [9] are generally suitabledse in the Netherlands, while those of Williams &oligo
[10] were judged too lenient, and those of Melbeuit] were too restrictive for most activities. Whi
Bottema’s approach provides a very valuable antksyatic way of comparing different criteria, it@alsas
some limitations. The wind amplification factor wessumed to be wind-direction independent, angthetical
consequences of differences between criteria vegher difficult to interpret, visualise and comnuate. In this
respect, analysis of differences between criteyimbans of illustrative case studies would be Heiabf

The goal of this paper is threefold: (1) to provateillustrative case study based on CFD as a fnarie
for the comparison of different wind comfort criger(2) to compare and evaluate the results bydifierent
criteria as part of a complete wind comfort assesgmstudy; and (3) to stress the importance of
standardization of the wind comfort assessmentquiore.

This comparison study is different from previousngarison studies, because of several reasong:igl) i
based on a complex case study; (2) it is perforbreesdtd on whole-flow field data obtained by CFD;i{3)
includes the recently established criteria in thedb wind nuisance standard; (4) it is based oataikkd
categorization of the four different comfort crieebased on the original articles and on the lefelctivities
in these criteria.

The case study area is the campus of Eindhovenelsity of Technology in the Netherlands. The 3D
steady Reynolds-averaged Navier-Stokes (RANS) @qnsmtnd the realizableé&model [11] are used to
provide part of the aerodynamic information. Pdirthe wind comfort assessment procedure is perfdrme
based on the Dutch wind nuisance standard NEN 1203]. Note that this paper is at least a pagrewer
to the call by Willemsen and Wisse [14], co-develapof the Dutch wind nuisance standard, for reseand
demonstration projects related to this standard.

In section 2, some comments are given on the u€d-bffor wind comfort assessment studies. Section 3
briefly describes some main features of Dutch winisance standard. Section 4 describes the foud @domfort
criteria used in this study, as well as some méferénces between these criteria. In section &, th
computational settings and parameters of the CRiDIsitions are outlined. Section 6 briefly presehésgrid-
sensitivity analysis, the results of the CFD sirtiotss and the validation study. The results ofwlied comfort
assessment with the Dutch wind nuisance standardieen in section 7, while section 8 comparegdiselts
obtained with the four different comfort criterinally, sections 9 (discussion) and 10 (conclusjaonclude
the paper.

2. Some comments on the use of CFD for wind comfoassessment studies

In the past, several CFD studies of pedestriantgirel conditions around buildings and/or in complgban
environments have been performed [15-32], gendraigd on the steady RANS. Most studies included a
comparison of the CFD results with wind tunnel meesents for the same building or urban configorafil6-
18,21-24,28,30]. Others applied so-called sub-gométion validation [26,31]. This refers to perfang
validation for simpler generic building configuratis that represent sub-configurations of the moneplex
urban configuration. For these generic configuragjavind tunnel measurements are generally availatthe
literature. Pedestrian-level wind studies in compleban environments in which CFD results are caegbavith
field measurements — as opposed to wind tunnel uneeents — are very scarce. One such study wasrpexé
by Yoshie et al. [30], who compared CFD simulatiarith field measurements performed with 3-cup
anemometers in 1977 in the Shinjuku Sub-centrahAmel okyo [33,34]. Two other studies of this typere
performed by Blocken and Persoon [32] and by Blaadeal. [29].

CFD has been employed on a few occasions in theapasart of complete wind comfort assessment e, di
i.e. including the wind statistics and evaluatignebcomfort criterion (e.g. [22,25,26,29,31,32].0Cé&ffers
some specific advantages compared to wind tunaghte It does not suffer from scaling problems and
similarity constraints, because simulations capdxormed at full scale. This can become important
extensive urban areas/models, such as in the tiabein this paper. The availability of whole-fldield data
from CFD is particularly important for the companisof different wind comfort criteria, as will be@wvn later
in this paper. However, CFD also has some impodesatdvantages. Especially the reliability and aacy of
CFD are important concerns. In this respect, tleeaisCFD in wind comfort studies has received sirenpport
from several international initiatives that focusedthe establishment of best practice guidelimbich are
either general guidelines (e.g. [35-38]) or guidedi specifically intended for pedestrian wind ctinds around
buildings [29,30,39-44]. Note that these best jicagjuidelines mainly focused on RANS simulatiddsong
support has also been provided by specific guidslsuch as those for the simulation of equilibrium
atmospheric boundary layers (e.g. [27,42,45-49]) the generation of high-resolution and high-qyalit



computational grids (e.g. [50,51]). It is very inm@mt that the CFD simulations are accompaniedrluly g
sensitivity analysis and by validation by companisgth high-quality wind tunnel data and/or on-site
measurements [29,30,35-38,41-44,52,53]. Imporeguirements for validation data have been proviged
Schatzmann et al. [54] and Schatzmann and Lei}l [55

Studies to assess the accuracy of steady RANS GFprédicting pedestrian-level wind speed have been
reviewed by Blocken et al. [52]. Based on detadethparison studies between CFD and wind tunnel
experiments by Yoshie et al. [30] and Blocken amadn@liet [31], the following common observation was
found: steady RANS simulations with the standaednkedel [56], the Kato-Launderd&model [57], the
Renormalization Group (RNG) &model [58] and the realizabledanodel [11] all systematically showed that
the amplification factor U/gJ(which is the ratio of the local pedestrian-lewéhd speed U to the wind speed U
that would occur at the same position without biogg) is generally predicted with a high accurat$® 15%
in the regions where UgJ> 1, while the predicted wind speed is generalipi§icantly underestimated by CFD
where U/ < 1, at some locations by a factor 5 and moreaBse the areas with high amplification factor are
those that are most important in wind comfort stedsteady RANS could be considered a suitableaddtr
such studies. The reason is that in case of wintfao criteria with relatively high wind speed tkteld value
(e.g. Upr = 5 m/s), regions with low U/gwill often not contribute substantially to theabexceedance
discomfort probability, exactly because of theivlamplification factor. In addition, it should beted that
RANS has some considerable advantages comparedtge Eddy Simulation (LES). On the one hand, LES ha
been shown — when applied correctly — to be mocerate, especially in regions with low WUecause it can
capture the inherently unsteady features of the fleld, such as separation regions on buildingéss and
roofs and vortex shedding in the wake of buildifgg. [15,59,60]). On the other hand, LES is mam@glex
and much more time-consuming than steady RANS. ¥éasthal. [30] mentioned that LES is still conseliout
of reach for practical pedestrian-level wind stsdieactual urban environments. This is mainlilatted to the
much larger calculation time. For pedestrian-levield studies, simulations need to be performedfany (e.g.
12 or 16) wind directions, and this needs to beaggd for configurations with remedial measuredémented
[30]. For all these reasons, the 3D steady RANSaggh is considered to be a suitable approach ifwt w
comfort assessment studies, and it will be useldrpresent paper. In particular, CFD is prefemesr wind
tunnel testing for the comparison of different corhtriteria, because it provides whole-flow fieldta and
because of the extent of the case study area, wioald require too large scaling factors and theoeisited
similarity problems in the wind tunnel.

3. Some comments on the Dutch wind nuisance standhr

In 2006, a standard for wind comfort (NEN 8100 )18hd a new practice guideline (NPR 6097 [13]) were
published in the Netherlands based on extensiveares work by Verkaik [61,62], Willemsen and Wisse
[14,63], Wisse and Willemsen [64], Wisse et al.][@nd others. One of the main intentions of tlkendard was
to provide a uniform approach for wind comfort @sseent in the Netherlands, concerning the useatistital
meteorological data, the acquisition and applicatid the aerodynamic information and the comfoitecion.
This was meant to avoid different consultancy aelio the form of different wind comfort assessniemtthe
same building or urban configuration/situation)nfralifferent consultancy companies or institutesjciwhs
clearly unwanted. The standard contains an impraret verified transformation model for the terredtated
contribution that can provide the wind statistitgeery location in the Netherlands, however withiogluding
the local building aerodynamic effects, which aaet pf the so-called design related contributiorvey special
feature of the standard is that it allows the userhoose between wind tunnel modelling or CFD litaim the
design related contribution. This fact can be abersEid as a milestone towards the acceptance ofi€Rind
comfort studies. Note however that the standardectly points out the importance of quality assamrboth
for CFD and for wind tunnel studies.

The Dutch wind nuisance standard also containswond comfort criterion and one wind danger critetio
albeit split up into different categories for diféat activities. The comfort criterion in the standiis based on a
threshold value for the hourly mean wind speed gfsd= 5 m/s for all types of activities. This valuergdevant
for mechanical pedestrian wind comfort and is dissed on interviews with shop owners as discusged b
Lawson and Penwarden [66]. Note that, althoughs ikmown that thermal comfort is also important (e.g
[67,68]), wind comfort and wind safety generallylyonefer to the mechanical effects of wind on peof#.g.
[14,66]).

The exceedance probability P of this threshold ealatermines the grade or “quality class” (A tooEjhe
local wind climate (Table 1). The judgement of kbeal wind climate (“good, moderate, poor”) of ateé class
depends on the activity (traversing, strolling ittireg). The safety criterion has a thresholgik)= 15 m/s and a
maximum allowed exceedance probability of 0.3% (&ab). To determine the exceedance probability in a
practical case study, three steps have to be fakesach of the 12 wind directions:



(1) Obtain wind speed ratios € U/U60m as design related contribution from wind tunngdeximents or
CFD simulations. The reference wind speed valyg {84) is the value of the inlet wind speed profile at a
height of 60 m;

(2) Convert threshold wind speed at pedestrian levalttoeshold wind speed at a height of 60 mufdom=
Uthr! );

(3) Determine the percentage of time that the threshalige for the hourly mean wind speed at 60 m is
exceeded according to the wind statistics of tleation of interest. The wind statistics for thewlid
directions are provided by the Dutch Practice GlindeNPR 6097.

For more information on the standard, the readeefesrred to the original documents [12,13] and rédevant

publications [61-65]. For previous case study agpions based on the Dutch wind nuisance stantfeedeader

is referred to [29,32].

4. Four complete wind comfort criteria

Four different wind comfort criteria are comparedthis study, i.e. those by (1) Isyumov and Davenfd, (2)
Lawson [8], (3) Melbourne [1] and (4) the Dutch @inuisance standard NEN 8100 [12]. While more géte
exist, these four criteria were selected in thiglgtbecause they are considered as “completerieritas they
address a wide range of activities, including fisgitstanding long”, “sitting short” and “strollingThe criteria
all consist of a threshold value of the wind spekegdr and a maximum allowed exceedance probability, Bf
this threshold value. For comparison purposes, s ftlustered these criteria according to the idetsvfor
which they define a “moderate/tolerable” situatiand we have provided this information in an ovenwitable
(Table 3). Table 3 includes the original referencge comfort threshold lr, the maximum allowed
exceedance probability,B and the description of the relevant activitiessdzh on quotes from the original
references.

Table 3 distinguishes between four main categarfesctivities in terms of wind comfort: (A) Sittinigng;
(B) Sitting short; (C) Strolling; (D) Walking fastwo additional categories are “Danger” and “Ungxtable —
Poor wind climate”, where the latter is considef@da situation that is unacceptable for all atigd@ but not yet
dangerous. Therefore this category is situated dstveategory “D” and “Danger”. The categorizationTable
3 was based on the categorization and descripfiaifferent pedestrian activities by Koss [5]. Howee, the
clustering operation which resulted in Table 3 was straightforward and unambiguous, for severakoes.
The reasons and the main decisions/choices madiisnpaper to establish this categorization ardiread
below.

The comfort and danger criterion by Melbourne [$&$ exceedance probabilities based on daylightshour

Because tables of wind statistics as provided byearmelogical institutes generally do not differemg

between day and night time, it was necessary tweroithe criterion by Melbourne to combined dayeim

and night time. This has been done by doubling gbecentages of the exceedance probabilities in the
criterion by Melbourne [1]. This means one dayligbur is made equal to 2 hours a year, both nigtitday

time (= (2h/8760h)x100% = 0.022%; see Table 3).

The descriptions of activities in the different domh and danger criteria are not always consisterd

sometimes partially overlapping. Three examplesraeationed: (1) The Dutch standard [12] applies the

term “sitting long” for sitting in the park but nétr sitting on a restaurant or cafe terrace. Rerlatter type

of activity, it mentions that extra measures likeegns are needed for a “good” wind climate butcimal

comfort criteria are provided. Therefore, we hawategorized the Dutch quality class A (“good” wind

comfort for sitting in parks) as “moderate” fortsig long on e.g. terraces. (2) While the Dutchecion can
be rather lenient for “sitting long”, the criteridry Lawson might be rather restrictive since thadaglimate
described is tolerable for covered areas, excludimgpvered terraces. (3) Melbourne calls the widate

at which people begin to get blown over “completehacceptable” while others use the term “dangérous

These descriptions have been combined in the aatédanger” in Table 3.

The comfort criterion by Isyumov and Davenport §pplies a maximum exceedance probability of “1/\eek

for tolerability of wind climate for certain acthiés. The associated exceedance probability istedie 1.5%

but it is unclear how this value was obtained. @rreweek would be 0.6% (1/168x100%), a value afsl

by Lawson [8] when comparing his comfort criteridhwcriteria by Davenport. However, in the present

paper, we use the exceedance probability of 1.5%nestioned in the original article (Isyumov and

Davenport [7], page 414). This choice is indicated@able 3.

The comfort criteria by Isyumov and Davenport [fidaLawson [8] use the Beaufort scale as wind speed

threshold. However, the Beaufort scale containgterval of values for wind speed. As a result, éxact

value of the wind speed threshold is not clearthi present paper, we use the same threshold vatues

Isyumov and Davenport [7] that are converted froitlesnper hour to meter per second as shown in Téable

Isyumov and Davenport ([7], page 408) already meglithe translation from Beaufort scale at 33 @t 1f1)



to pedestrian level (6 ft — 1.8 m) using a conwersfactor of 0.8. This means that the wind speed at
pedestrian level is about 80% of the wind speggdat/ithe reference height of 33 ft (10 m).

Based on the clustering operation which resulte@ahle 3, a first comparison of the criteria canntede,
focused on the type and value of the threshold weipeled and the value of the exceedance probabiliti
results in the following observations:

- The criteria by Isyumov and Davenport [7], Laws8hdnd Melbourne [1] use different values fof K but
the same R, for different activities, while NEN 8100 uses theme value for {r but different values for
Pmax for different activities.

The criterion by Melbourne [1] differs from the ettcriteria because it considers “gustiness” indtiterion,

by addition ofs,, which is the standard deviation tfrbulent fluctuations.

The criterion by Melbourne [1] also differs frometbthers because exceedance probabilities aretedtto

one daylight hour a year, which implies a very dmalue for R (0.022%) which makes this criterion

rather strict, in spite of the large threshold eslfior wind speed.

The criteria by Isyumov and Davenport [7] and Law$8] use a similar value for,R, but their choice for

the wind speed threshold differs by one step inBbaufort scale. This implies that the criterialsyumov

and Davenport are less demanding than those bydraws

The criterion by Melbourne [1] does not considendty D and the criterion by Lawson [8] does nobypide

information about wind danger.

5. CFD simulations: computational settings and parmmeters
5.1. Computational geometry and domain

Figure 1 shows the campus of Eindhoven Univerdifiexhnology, with indication of the abbreviatedlting
names and average building heights. Figure 2 sldie& photographs of important buildings and buidi
features that will receive specific attention irsthaper: the HG building (Fig. 2a) with its chasaistic
through-passages at both ends and the high-rissilRding (Fig. 2b). Figure 3a, 3c and 3e show deria
photographs of the campus terrain. Figures 3a areh8w the computational domain and Figures 3largt3f
show the computational geometry and parts of timepeational grid. The explicitly modelled buildingse.
those that are modelled with their actual dimersjiame all buildings on the campus (see Fig. 2d)same
additional high-rise buildings situated southwddhe campus (see Fig. 3e-f). Different high-riséldings are
present on the campus terrain, but the highestlibgilin the model is situated just outside thisaier, which is
the 83 m high Kennedy Tower, indicated in FigureT3ee central part of the computational domain has
dimensions L x W x H = 1918 x 1430 x 830 m3. Attadho this central subdomain are an upstream and a
downstream subdomain. The upstream domain lengipisas short as possible (5h, with h the hei§the
highest explicitly modelled building, i.e. the Kexdy Tower) to avoid the occurrence of unintendesbshwise
gradients (e.g. [27,45-49]), while still satisfyitite best practice guidelines by Franke et al.43Jland
Tominaga et al. [44]. The downstream domain leriyBn) allows the development of the wake regiortgrize
the buildings, which is beneficial for convergeméehe simulations. To satisfy these requiremeotsipstream
and downstream domain length, different computafidlomains have been made for simulations witreckffit
wind directions. The domain height, for all windeditions, is 830 m, which is equal to 10h. The ltexy
computational domain for wind direction from wesshown in Figure 3a and 3b. The actual area efést is
indicated by the dashed rectangle in Figure 3ah¥ost al. [30] advise that the reproduction raofye
surrounding urban blocks around the area of intevesld be satisfactory for practical applicatib@i least one
surrounding block is explicitly modelled. Note tlathe present case study even more buildingsxgukcitly
modelled. This has been done in view of the futige of this model for other areas on the campuaiter

5.2. Computational grid

Special care was given to the development of a-figdlity and high-resolution grid that consistsyoot
hexahedral and prismatic cells and that does mitaoany tetrahedral or pyramidal cells. The gvas
constructed using the grid generation techniqusepred by van Hooff and Blocken [51], which alleaviarge
degree of control over the quality of the grid @sdndividual cells. Images of the grid of the qaus terrain are
shown in Figure 3b, 3d and 3f. While generating thipe of grid that has only hexahedral and prigneals
requires a considerable effort, it avoids the walbwn convergence problems that are associatedhyiitid
grids with tetrahedral cells, especially when thguired second-order discretisation schemes ark Uikés grid
generation technique was successfully used eéolienodelling complex building and urban configimat
[29,51,69-78].



The computational grid used for this study cong$tg,554,091 cells for the domain for west andtisaest
wind directions. For other wind directions, slightlifferent total cell numbers were obtained. Nzt in
accordance with the best practice guidelines [42at4east three to four cell layers should preddelow
pedestrian height (1.75 m), at which the resultsbei evaluated. Here 5 cell layers are implementée grid
was based on a detailed grid-sensitivity analyss will be reported in section 6.1, along with #aulation
results.

5.3. Boundary conditions

At the inlet of the domain, neutral atmosphericutary layer profiles of mean wind speed, turbulénétic
energy and turbulence dissipation rate are impcoBeegise profiles are linked to the aerodynamic roegh

length z of the terrain upstream of the computational domBigure 4 shows the plan view of the wider
surroundings with a radius of 10 km around the aasnfghe computational domain is indicated by thered
white rectangle. This view with indication of thentd use is needed to estimate the valug.dbixen the gradual
development of internal boundary layers due to hoegs changes, a 10 km upstream fetch is required t
determine g This estimate is performed for the twelve wingediion sectors, based on the updated Davenport
roughness classification [79].

The vertical profile of mean wind speed is giventty logarithmic law: U(z) = (Ws /k)In((z+2)/z0), where
U* gL is the friction velocity, the von Karman constant (0.42) and z the heigbtdipate. The reference wind
speed is 5 m/s at 10 m height. Fe=z0.5 m, the inlet longitudinal turbulence intépgi,) ranges from 29% at
pedestrian height (z = 1.75 m) to 5% at gradieighteFor z = 1.0 m, | ranges from 39% (z = 1.75 m) to 8% at
gradient height. The turbulent kinetic energy kadculated using the longitudinal turbulence inignd,) and
assuming that the standard deviations of the teridluctuations in the three directions are simflg = =

w): k(z) = 3/2(LU(2))>. The inlet turbulence dissipation ratés given by: (z) = (u*s)?/( (z+20)).

At the outlet, zero static pressure is specifiedth® sides and the top of the domain, symmetrynary
conditions are imposed (i.e. zero normal velocitd gradients). At the walls, the standard wall fiors by
Launder and Spalding [80] with the sand-grain rawggts modification by Cebeci and Bradshaw [81] aexlu
Within the domain, different types of “walls” or ugh surfaces are considered, as indicated in Taler
building surfaces (facades and roofs), streets @artting areas, grass and the surrounding terraiwhich
buildings are not explicitly modelled. The roughsigsrameters for each surface type are given iteTabrhe
wall function inputs are the parametegd&quivalent sand-grain roughness height) ag@@ighness constant).
These parameters are determined from the locaksadtiz. The relationship between and the parameters k
and G was derived by Blocken et al. [46]. For Fluent, 8t8s relationship is&= 9.793%/Cs.

5.4. Other parameters

The CFD simulations are performed using the comiaef@FD code Fluent 6.3.26 [82] and the 3D steady
RANS equations. Closure is provided by the realz&b turbulence model [11]. Pressure velocity-couplisg
taken care of by the SIMPLE algorithm. Pressurerptlation is second order. Second-order disctatiza
schemes are used for both the convection termssigndus terms of the governing equations. Converges
obtained when the scaled residuals showed no fur#faeiction with increasing number of iterationsl at that
time the residuals reached the following minimuntuga; x-, y- and z-momentum: %0k and : 107 and
continuity: 10°.

6. CFD simulations: results and validation
6.1. Grid-sensitivity analysis

A grid-sensitivity analysis is conducted in whietotadditional grids, a coarser grid with 2,598,6@fls and a
finer grid with 12,392,255 cells, were constructéde three grids are shown in Figures 5a-c. Thenna¢ad
speed ratios (l4/Urer,aue) and the local wind directions obtained on théedént grids are compared with each
other at different positions for the prevailing avest wind directionj( = 215°). The positions are indicated in
Figure 5d; these are the positions V, H and positib-12 were on-site measurements were made, aextrk6
positions along the two horizontal lines in Figbe The wind speed ratio is defined as the locammeind
speed U divided by the mean wind speed at theaederposition W auq at the top of the meteorological mast
on the Auditorium Building (AUD), at a height of #4m. Figure 5e and 5f show that the differencesden
the coarse grid and the basic grid are signifiedrgreas the differences between the finer and lggisiare
small. This indicates that the basic grid is a gooshpromise between computational accuracy and
computational cost. The basic grid is thereforainetd for further analysis.



6.2. Mean wind speed ratios

The analysis of the wind-flow patterns is basedten knowledge of the main generic building confagions

that can give rise to pedestrian-level wind comfodblems as shown in Figure 5 [83]:

(@) Passage through a building: the overpressure gis@eam and the underpressure area downstream are
short-circuited by the through-passage. This gdiyerdelds a passage jet with high wind speed
amplification. Note that the same mechanism yiéh#sso-called corner streams, i.e. the high wirekdp
regions around the upstream corners of a buildiogy the overpressure area upstream of the builtiing
the underpressure area downstream of the building.

(b) Passage between two parallel buildings: same méeshaof pressure short-circuiting by means of passag
jet, although generally less pronounced then irctse of a through-passage.

(c) Passage between two parallel shifted buildingsilairmechanism as in the previous configurations.

Figures 7 and 8 show the pedestrian-level wind gpatos U/U.eom fOr the twelve wind direction sectors,
from 0° (from north) to 330° in steps of 30°. Ndkat these wind speed ratios are defined as tred foean
wind speed at pedestrian level U divided by themmeiad speed at 60 m height. This definition ifetiént than
that of the amplification factors UjUn section 2 and the wind speed ratios |/Adq in sections 6.1 and 6.3.
The reason is that the ratio UYikdom is the one that is required in the wind comfoidessment procedure in
NEN 8100. Figures 7 and 8 show that the wind-flattgrn is complex and that it is dominated by ragiwith
low wind speed ratios that are interspersed withlemareas of much higher wind speed ratios. Itesyf the
complexity of the urban area, similar consequerafegressure short-circuiting, as shown in Figuréo6the
generic configurations, can also be noticed in g/ and 8. The following specific observations arade.
They are mentioned systematically for every wineclion to explain and highlight problematic areaserms
of wind nuisance in a complex urban environmendl Bnmshow that the three generic configurationstinaad
above are represented in the case study:

- Figure 7aj( = 0°): Large wind speed ratios are found in thidyfapen north-west part of the campus, in the
passage between the HG building and the AUD bugldind around the upstream corners of the VRT
building. The east side of the campus is to a lardgent sheltered from wind.

Figure 7bj = 30°): Overall, fairly low wind speed ratios aeserved for this wind direction. Locally higher

values are found in the corner streams of the RITH® buildings.

Figure 7c [ = 60°): High wind speed ratios are present inrtbeth part of the campus terrain and in the

corner streams around the high-rise PT and the tid@ibgs.

Figure 7d | = 90°): High wind speed ratios are found in thesgame between the upstream low-rise

buildings, in the corner stream around the PT aRd Wuildings and in the through-passages at botls ef

the HG building. Although the HG building is to seraxtent sheltered by the upstream buildings, dutst

large height it captures a significant portion lo¢ toncoming wind and deviates it downwards, wheig i

channelled through the passages underneath thirgui

Figure 7ej( = 120°): High wind speed ratios are observed atdhe corners of several buildings, including

TNO, HE, VRT, PT and HG.

Figure 7f { = 150°): High wind speed ratios are present arahieccorners of the buildings TNO, HE, VRT,

HG and others.

Figure 8aj( = 180°): High wind speed ratios are observed enibst side of the campus. In particular, high

wind speed ratios are found around the cornereeMRT and AUD buildings, and also around the cne

of the TNO, HE and HG buildings.

Figure 8b [ = 210°): The corners streams around the buildvBY, HE and TNO buildings are clearly

visible, as well as the jets in the passages bet@®&and VRT and between MA and HE. The HG building

and its through-passages are in the wake of the-iisg@ VRT building, and therefore no high wind ege
ratios are present in these passages for this dirgttion. Note the corner stream at the PT budgdin
although this building is located downstream, b of the highest buildings on campus and itght€b4.8

m) causes its higher floors to be sufficiently esgu to the oncoming wind to capture it and deviate

downwards.

Figure 8c [ = 240°): High wind speed ratios are mainly foundhee corner of the VRT building, and to

some extent in the through-passages of the HGihgild

Figure 8d [ = 270°): High wind speed ratios at the upstreames of the VRT building, in the through-

passages of the HG building, around the cornerth@fHG building and around the corners of the PT

building.

Figure 8e j( = 300°): Due to the relatively open exposure nevést of the campus and due to the position of

three of the highest buildings (PT, HG and VRT)tba west side, very high wind speed ratios are doun

here. In particular in the through-passages thrabhgHG building and in the corners streams arabhadPT



and VRT building. Further downstream, the wind spestios are much lower, due to the shielding éfééc
the upstream buildings.

Figure 8f { = 330°): Again due to the relatively open upstreaxposure, high values are found in the
through-passages under the HG building and in dineec streams around the AUD and VRT building.

6.3. Validation

For validation purposes, full-scale on-site measgnets have been performed during six months atifiéreht
positions on the campus terrain using 3D ultrasamiemometers. Figure 5d shows the position of tfireel
measuring positions (V near building VRT, H neailding HG and the reference position A on top ohast on
building AUD) and the positions of mobile posts)2} which were used on several windy days in thasueng
period. Note that, for practical/safety reasons,ftked positions were placed above pedestriarl,leeeV at 5.4
m and H at 8.9 m above ground level. The measurenaard the model validation are described in detd29]
and are therefore not repeated here in detail. Matethe measurements with the mobile posts hadation of
at least two hours during high wind speed condgjas explained in [29], and were performed outsitfiee
hours to minimise disturbances due to vehicle audkptrian traffic.

As mentioned in section 2, the performance of tAdR approach is quite good in the regions of highdwv
speed ratios, while it can strongly deteriorateagions of low wind speed ratios. To illustratesthrigure 9a
shows the comparison between the simulated andhd@sured wind speed ratios (W, at the two fixed
measurement positions V and H. Every data pointesponds to a reference wind direction for whicbugh
measurement data were available, i.e. all 12 winettions except 90°. For the majority of the widicections
the difference between the simulated and measuied speed ratios is smaller than 20% and for higmdw
speed ratios (> 0.6) most simulated values di#ss Ithan 10% from the measured wind speed ratfees five
outliers (deviation larger than 20%) are attributedhe high wind speed gradients at these positaord for
these particular wind directions. Therefore, a $rshift in measurement position will yield a larghange in
wind speed ratio. Figure 9b shows a similar congoerifor the local wind directions. The simulated an
measured wind directions generally match well, wifferences between simulations and measuremeatsite
generally within 30. Note that since 360= 0, the two data points in the bottom right cornerFidure 9b
actually do not imply a very large difference betweahe simulated and measured wind direction, aghahe
differences are indeed larger than at the all op@nts: 68 ° (position V) and 102 ° (position H)hese
differences are attributed to the large gradiemtsind direction at these specific measurementtipos and for
these wind directions.

7. Wind comfort assessment with the Dutch wind nuance standard

The wind speed ratios reported in the previousi@eetre used in combination with the wind statstnd the
comfort criteria of the Dutch wind nuisance standfk2] in Table 1 and 2 to provide an assessmentiof
comfort and wind safety/danger on the campus terfBihe wind statistics for the location of the Hiogen
university campus are obtained from the Dutch Rradsuideline NPR6097 [13] and are illustrated bgams of
wind roses in Figure 10. South-west is the prewgilivind direction, and this is even more pronounicedhe
higher wind speed values, as shown in Figure 10is implies that the wind directions 180°, 210°024nd
270° (also shown in Figure 8) will have the largasttribution to the discomfort exceedance prolitgbil
Figure 11 shows the results of the wind comforeassent procedure, by means of contours of thetgual
classes in the Dutch wind nuisance standard. Tlemiog observations are made:
- These contours show a strong similarity to thosEigures 8a, 8b, 8c and 8d, due to the large damritan of
these wind directions to the discomfort probahility
The main areas of wind nuisance correspond to risa@saof high wind speed ratio discussed in sedi@n
the through-passages of the HG building, the costrelams around the PT, VRT, HG, zZD, HE and TNO
building, and the jets in the passages betweerWVR€ and ZD building, and between the MA and HE
building. In these areas, wind comfort is clasdifigith quality class C or D, which means a poor dvin
climate for sitting but good or moderate for tresmeg.
The eastern part of the study area mainly has Etyjaiass A, which means a good wind comfort fibtirsg.
This is directly related to the prevailing southtiveind direction and the urban configuration of teampus.
In addition, some areas in between have qualityscB which means moderate wind comfort for sittimgt
good wind comfort for strolling and traversing.
Although no official enquiry has been conductedsth results correspond very well with the expegsrand
observations of staff and students of Eindhovervéhsity of Technology. The park south of the AUDIding
is often used for activities because of its gooddrgomfort, while the areas under the HG buildind aear the
VRT building are well-known wind nuisance areasewhparked bikes are often blown over. To our keoge,
no dangerous wind situations have ever been raporehe campus, which also supports the resuliSgare



11. These experiences based on 6 years of onistna@tions imply that the comfort criteria in thatch wind
nuisance standard seem to provide a realistic aing ficcurate description of the actual wind ctindis on the
campus of Eindhoven University of Technology.

8. Wind comfort assessment with different criteriaand comparison

The wind comfort assessment procedure in the Dwiold nuisance standard is repeated, in which tmefax
and danger criteria by NEN 8100 are replaced bywehby Isyumov and Davenport [7], Lawson [8] and
Melboure [1], respectively. It should be noted thatn the criteria by Melbourne is obtained using= ( k)°,
where k is the simulated turbulent kinetic enemyg/¢€) at the position of interest. Figure 12 showsréslts of
applying the wind comfort assessment procedure thighdifferent comfort criteria. In interpretingete figures,

it should be noted that the categorization in Té&eas used and that it was established basedegndgement

of “tolerable/moderate” wind climate for differepedestrian activities. Therefore the colour corgdarFigure

12 also represent this judgement for every activiticated. The following observations are made:

- Overall, the application of the different criteshows large differences in the resulting statementsvind
comfort and wind danger. This confirms the impocewf standardization of studies of wind comfort an
wind danger, especially concerning the comfort dawger criteria.

Figures 12b and 12c provide very similar contolap&s, however Figure 12c seems to be shifted epe st
upwards in the colourbar compared to Figure 12bs Tbrresponds to the statement in section 4 tiet t
criteria by Isyumov and Davenport [7] and Lawsohy8e a similar value for.R, but that their choice for
the wind speed threshold differs by one step inBbaufort scale. Therefore, the criteria by LawEg]nare
stricter than those by Isyumov and Davenport. Fdltc indeed indicates that according to this rioite a
large part of the campus area would only be swtétnl walking fast, while Figure 12b indicates tltfais
area is generally also suitable for strolling.

Figures 12a and 12b-c show rather similar contdwapss. Compared to the criteria by Isyumov and
Davenport [7], the criteria by the Dutch wind nuisa standard NEN 8100 seem less strict, however it
should be noted that the Dutch Standard actualgsdwt specify any criteria for sitting on terrae¢gor
instance cafes or restaurants [12]. For these gI&EN states that quality class A (blue) is notsenough
and extra screens should always be placed to avioi nuisance. The blue area here indicates tieaatba

is suitable (good wind climate) for sitting long @se would expect when sitting on a bench in a,gawuknot
necessarily for a restaurant terrace. For ther@itey Isyumov and Davenport [7] and also Melbouftl
the blue coloured areas mean that there is a bdenaind climate for sitting on a restaurant teerac
Lawson’s criterion is rather strict because fortliisg long”, it gives an indication what wind clingais
tolerable in covered areas [8]. In these coveredsthe tolerance for wind is lower than in operaamwhere
more wind is already anticipated by the public.

Concerning the most problematic areas, only thierion by Melbourne [1] identifies some areas ohavi
danger, while neither NEN 8100 nor Isyumov and Dgweet [7] indicate areas of poor wind climate ondi
danger. Note that all four criteria indicate theaunder the Main Building (HG) to be one of thestmo
problematic areas. According to Melbourne [1], taiga is potentially dangerous, while NEN 8100 and
Isyumov and Davenport [7] label it as tolerable ¥zailking fast. The latter label corresponds withuat
experiences on site. The criterion by Lawson [8]dles this area partly as “poor wind climate” aadly as
suitable for “walking fast”. Some other potentiapyoblematic areas are indicated by NEN 8100 a$ agel
by Isyumov and Davenport [7] as only suitable faatking fast”. These are the corner streams aViRg,
PT, HE and TNO buildings and the area west of thebdilding.

Concerning the best areas in terms of wind comfEN 8100 provides the most positive outcome,
indicating that a large part of the campus areauigable for sitting long, while other large areas suitable
for sitting short and/or strolling. The second mpssitive outcome is provided by the criteria byulsiov
and Davenport [7]. These criteria only show a reddy small area to be suitable for sitting longi fairly
large areas to be suitable for sitting short anslfiailing. This is in clear contrast to the resuwbtained with
the criteria by Lawson [8], where the largest mtfabelled as only suitable for “walking fast”. lariterion

by Melbourne [1] on the other hand shows that gegrart of the campus area is suitable for stigllbut on
the other hand another large part is not labelledc{assified”), meaning that according to Melboaid], it

is not suitable for strolling.

9. Discussion
In this paper, the four complete wind comfort cidehave been compared based on the case studyeof t

Eindhoven University campus for which whole-flovelfi data were available from detailed CFD simuflaio
The main limitations of this study are:
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The study has been performed for the wind stasisi€ Eindhoven. Further research will consist of
comparing the different criteria for a case studing different sets of wind statistics.
The study has been performed for one particulag sagdy. This limitation is considered less impoattidan
the previous one, because the case study includey different types of buildings and it includes tain
wind nuisance configurations and flow patterns smawFigure 6 (jets in through-passages, jets sspges
between buildings and corner streams) and addressteimatically in section 6.2. In addition, a widege
of wind speed ratios are present over the campuairie which indicates the suitability of the presease
study for comparison of different criteria.
This study did not have the intention to indicathick criterion is best, but to visualize the larged
sometimes very large differences between diffensimd comfort criteria. It is likely that in differe
countries and regions, a different comfort criteriwould be best to describe actual wind comfort aird
danger. However, irrespective of this fact, forigeg country and region, it is clear that the assesit of
wind comfort and wind danger should be performetthwne specific choice of criterion, to avoid amlnigs
results or different outcomes, depending on whidterion is used by consultancy offices and regearc
institutes that perform the assessment.
Note that only the criterion by Melbourne [1] indks gustiness by addition sf, which is the standard
deviation of turbulent fluctuations, accompaniedaoyeak factor of 3.5. While there seems to bensexsus in
the scientific literature that gustiness is impottfor wind nuisance and especially for wind dangee value of
the peak factor to be used remains an issue oftel¢ft Many comfort criteria, including the onetime Dutch
wind nuisance standard, only include the mean veipeed. In these criteria, it is possible that gest is
included implicitly by means of a lowered threshelue of the mean wind speed or a lowered discdmfo
exceedance probability. The difficult to accuratedproduce turbulence and turbulence spectra i Wwinnels
and CFD simulations might have been an additiongdiraent to only include the mean wind speed in many
existing criteria.

10. Conclusions

This study showed that the different criteria caad to very different conclusions about the windnft
situation in the complex urban area under studyis Tase study is considered representative becihuse
included examples of the three main wind nuisaneefigurations..The criteria by Lawson [8] and by
Melbourne [1] were shown to be most restrictivejlevthe criteria by Isyumov and Davenport [7] shaovtbe
best agreement with those of NEN 8100. The lattiéerion is considered to be the most lenient & tour
complete criteria considered in this comparatiwelgt The resulting wind comfort predictions sometinshift
two classes; from a wind climate that is tolerdbte"sitting long” according to NEN 8100 to a witimate that

is only tolerable for “strolling” according to Laws [8] and Melbourne [1]. Note that even the ciitdrsy NEN
8100 and Isyumov and Davenport [7], which correspbast to each other, locally can yield differenapsto
two activity classes. Nowadays, many urban autiesribpnly grant a building permit after a wind comfo
assessment study has shown that the negative emrszgs of the new building for the wind environment
remain limited. The choice of the comfort criterican therefore have major impact on the decisioathédr or
not remedial measures should be considered, whethest a building permit will be granted and whestlor not
the final design will provide a tolerable wind chite. This stresses the importance of standardizafithe wind
comfort assessment procedure, especially concerfiagcomfort criterion. The sometimes ambiguous and
subjective interpretation of existing wind comfaertteria also highlights the importance of proviglicomplete
information about the wind comfort criterion in eyevind comfort assessment report or study.
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Table 1. Criteria for wind comfort according to NBY00 [12].

P(Utur > 5 m/s (in Quality Clas Activity

% hours per year) Traversing Strolling Sitting
<2E A Good Good Good
2.5-5.C B Good Good

5.0-10 C Good Poor
10-20 D Poor Poor
> 2C E Poor Poor Poor

Table 2: Criteria for wind danger according to NBNDO [12].

P(Urhr > 15 m/s (in Grade
% hours per year)

0.05-0.30 Limited risk

30.30 Dangerous
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Table 3: Different wind comfort and wind dangetteria consisting of wind speed thresholds and marim
allowed exceedance probabilities for a tolerabledadlimate for different pedestrian activity catege.

Reference Threshold Prnax Description of activity
(moderate/tolerable
wind climate)

A (Sitting long): Sitting for a long period of time, layirin steady positin, pedestrian sitting, terrace, street c.
or restaurant, open field theatre, pool

Isyumov & Davenport U > 3.6 m/s (3 Bft) 1.5 % (1/week) “Tolerable clitador sitting - long

(1975) [7] exposure (outdoor restaurants,
bandshells, theatres)”

Lawson (198) [8] U > 1.8 m/s (Bft) 2% “Tolerable for covered aree

Melbourne (1978) [1] U+ 3.5 ,>10m/s 0.022% (2 hiyear) “Generally acceptable for stationary,
long-exposure activities (outdoor
restaurants, theatres)”

NEN 8100 (200€[12] U >5m/: 25% Quality Class A: “good climate fc
sitting long (parks)”. Note: the Dutch
Standard does not focus on café or
restaurant terraces

B (Sitting short:Pedestrian standing, standing/sitting over a stp@tiod of time, short steady positions, pul
park, playing field, shopping street, mall

Isyumov & Davenport U > 5.3 m/s (4 Bft) 1.5% (1/week) “Tolerable cliradbr standing, short
(1975) [7] exposure (parks, plaza areas)”
Lawson (197€[8] U > 3.6 m/s (3Bft) 2% “Tolerable for pedestrian stand und”

Melbourne (197¢[1] U+35, >13m/s 0.022% (: hl/yea) “Generally acceptable for statione
short-exposure activities (window
shopping, standing or sitting in plazas)”

NEN 8100 (200€[12] U >5m/« 5% Quality Class B: “moderate climate f
sitting long (parks)”

C (Strolling): Pedestrian walking, leisurely walking, normal wialg, ramble, stroll, walkway, building entrance,
shopping street, mall

Isyumov & Davenport U > 7.6 m/s (5 Bft) 1.5 % (1/week) “Tolerable clitedor strolling, skating
(2975) [7] (parks, entrances, skating rinks)”
Lawson (197¢[8] U > 5.3 m/s (Bft) 2% “Tolerable for pedestrian we-thru”

Melbourne (1978) [1] U+ 3.5, > 16 m/s 0.022% (2 h/year) “Generally acceptable for maihligu
access-ways”

NEN 8100 (200€[12] U >5m/« 10 % Quality Class C: “moderate climate 1
strolling”

D (Walking fast)Objective business walking, brisk or fast walkingt park, avenue, sidewalk, belvedere

Isyumov & Davenport U > 9.8 m/s (6 Bft) 1.5% (1/week) “Tolerable for Niag fast (sidewalks)”

(2975) [7]

Lawson (197¢[8] U > 7.6 m/s ( Bft) 2% “Tolerable forroads, car park:

NEN 8100 (200€[12] U >5m/: 20 % Quality Cless D “moderate climate fc
walking fast”

Unacceptable, poor wind climate region in between D and Danger

Danger Pmin

Isyumov & Davenport U > 15.1 m/s (U > 8 Bft) 0.01% (1/year) “Dangerous”

(2975) [7]

Melbaurne (1978 [1] U+35, >23m/s 0.022% (:h/year) “Completely unacceptab- the gust
speed at which people get blown over”

NEN 8100 (2006) [12] U >15m/s 0.05 % “Limitedkiisand “dangerous”
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Table 4. Translation of the Beaufort scale at §1fi8 m) from miles per hour (Isyumov and Davengaf) to

m/s.

Force Description Wind speeds Wind speeds Specifications

(Bft) (miles/hour) (m/s)

Mean Limits Mean Limits

2 Light breeze 4 36 1.8 1.3-2.7 Wind felt on faces; leaves rustle

3 Gentle breeze 8 6-10 3.6 2.7-4.4 Leaves and small twigs in constant motion;
wind extends light flag

4 Moderate bree: 12 1C-15 5.3 4.4-6.7 Raises dust and loose paper; small bran
are moved

5 Fresh bree: 17 15-20 7.6 6.7-8.S Small trees in leaf begin to sw

6 Strong bree:z 22 16-25 9.8 8.4-11.1  Large branches in motion; whistling hearc
telephone wires; umbrellas used with
difficulty

7 Moderate gale 28 25-31 12.4 11.1-13.8 Whole trees in motion; inconvenience felt
when walking against wind

8 Gale 34 31-38 15.1 13.&-16.¢ Breals twigs of trees; generally impec

progress

Table 5. Roughness parameters for wall boundarglitions.

Aerodynamic roughnes Roughness constang Sancgrain roughnes
length z (m) height ks (m)
Building surface - 0.t 0.1C
Streets 0.02 2 0.10
Grass 0.03 3 0.10
Upstream domain area 0.11 7 0.15
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FIGURE CAPTIONS

Ath 8.2m Fontys 152m LvA 74m P 548 m TWE 332m
AUD 16.2m HAL 11.2m LG 75m SB 94m VRT 548m
BBC 5m HE 241m MA 11.3m SPE 15.2m WF 3m
CcC 194 m HG 454 m MAC 53m SP 12m Wh 95m
CR 123 m IM 9.1m MMP 94 m TNO 23.8m WH 182m
CYC 8.5m IPO 15.2m NL 12m TR 15.2m WL  10.1m
H2,H3,H4 5m KP 29m PAV  5m PAV-NP 3.5m ZD 12m

Figure 1. Overview of buildings at the campus afdfioven University of Technology (TU/e). For every
building, its abbreviated nhame and the averagelingjlheight are indicated.

Figure 2. Photograph of (a) high-rise HG buildinighweharacteristic through-passages at both endgl@n
high-rise PT building.
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===Kennedy tower (83 m) £ 3 SS Kennedy tow‘er‘k(83 m)

Figure 3. (a) Computational domain with aerial ghot the explicitly modelled buildings; the areaimtkrest is
indicated by the dashed rectangle. (b) Correspgnciimputational grid on the building surfaces, gsurface
and two side faces of the domain. (c) Photo offtiée campus terrain, taken from west, with indicatof
abbreviated building names. (d) Corresponding hagolution computational grid (7.554.091 cells).Raoto

of part of campus and of several buildings off thenpus terrain; view from south. (f) Correspondiigh-

resolution computational grid.
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low-rise and high-rise buildings (z, = 2.0 m)

homogeneous city (z, = 1.0 m)

mature regular forest (z, = 1.0 m)

low large vegetation and clumps of forest (z, = 0.5 m)
farmland with many rather large obstacle groups (z, = 0.5 m)
water (z, = 0.0002 m)

computational domain

JNDENEN

z,=1.0m 0 =180° z,=05m

z,=1.0m

Figure 4. Surroundings of the university campus @ionm a 10 km radius, with indication of the agneamic
roughness lengthyaccording to the Davenport-Wieringa roughnesssdiaation.
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0.0
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U/U 1 auq baSIC grid

(c) (f)

® measuring positions

o8 O extra positions

- x=y

0.6

0.4

U/U ¢ auq fine grid

0.2

0.0

0.0 0.2 0.4 0.6 0.8

U/U ¢ auq basic grid
Figure 5. Grid-sensitivity analysis for comparisgirmean wind speed ratios (K = Ulth,q) forj =215 at
different positions. The reference position is op 6f a mast on the Auditorium Building (AUD) at.84n
height. (a) Coarse grid with 2,598,602 cells. (bpiB grid with 7,554,091 cells. (c) Fine grid with,392,255
cells. (d) Positions for grid-sensitivity analysig) Comparison of mean wind speed ratios betwearse grid
and basic grid. (f) Same, but for basic grid amé fyrid.
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a . b . c .
Front view Front view Front view
Top view Top view Top view
Passage Passage :
underpressure - jet underpressure - jet Passage
I ey I I I I I overpressure Jet
] 1
el underpressure
Corner overpressure Corner Corner overpressure Corner
stream stream stream stream
T WIND T WIND T WIND

Figure 6. Schematic representation of building mpmhtions prone to pedestrian-level wind nuisan@g:
through-passage in a building; (b) passage betwweenparallel buildings; (c) passage between twaalbelr

shifted buildings.
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Figure 7. Contours of pedestrian-level (z = 1.75nimd speed ratio U/l som fOr six reference wind directions:
(@)j =0°% (b)j =30°% (c)j =60°% (d) =90° (e) =120° (f)j =150°.
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Figure 8. Contours of pedestrian-level (z = 1.75nimd speed ratio U/l som fOr six reference wind directions:
(a)j =180°; (b) =210°% (c)j = 240° (d) =270° (e) =300° (f)j =330°.



Figure 9. Comparison of CFD simulations and on-sitasurements at the positions H and V shown inSeig

in terms of (a) mean wind speed ratios |d{M;p and (b) local wind directiorjs. For the data points that show a
large deviation between CFD and measurements otinesponding reference wind direction is indicated.

Figure 10. Wind roses for Eindhoven University cas)ms obtained from the Dutch Practice GuideliR&RN
6097. (a) Standard wind rose with frequency distidn of the hourly mean wind speed. (b) Wind ros
exceedance probability of the 5 m/s threshold deptian height of 1.75 m, based on virtual opeldfi
conditions with g=0.03 m.
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Figure 11. Assessment results for pedestrian wimafart and wind danger (quality classes — see Taple
according to the Dutch wind nuisance standard NEI81

Figure 12. Assessment results for pedestrian wimafart (moderate/tolerable wind climate for diffete
pedestrian activities) and wind danger accordini@to different criteria: (a) NEN8100 (2006a); (syumov &
Davenport [7]; (c) Lawson [8]; (d) Melbourne [1].
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