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a b s t r a c t

Assessment of pedestrian wind comfort around buildings requires the combination of wind statistics
from a meteorological station, aerodynamic information and a comfort criterion. A wide range of
different comfort criteria exist. In the past, several comparison studies of comfort criteria have been
made. In the present paper, a different approach is pursued. The goal of this paper is threefold: (1) to
provide an illustrative case study based on CFD as a framework for the comparison of different criteria;
(2) to compare and evaluate the results by the different criteria as part of a complete wind comfort
assessment study; and (3) to stress the importance of standardization of the wind comfort assessment
procedure. The case study area is the campus of Eindhoven University of Technology. The 3D steady
Reynolds-averaged NaviereStokes (RANS) equations and the realizable ke 3model are used to provide
part of the aerodynamic information. The CFD simulations are performed on a high-resolution grid based
on grid-sensitivity analysis. Validation is conducted with on-site measurements. Part of the wind comfort
assessment procedure is performed with the Dutch wind nuisance standard NEN 8100. The criteria
compared in this study are the four complete criteria by Isyumov and Davenport (1975), Lawson (1978),
Melbourne (1978) and NEN 8100 (2006). It is shown that the different criteria can lead to very different
conclusions about the wind comfort. Because the outcome of wind comfort studies is often decisive in
granting building permits, this illustrates the importance of wind comfort standardization, in particular
concerning the comfort criterion.

� 2012 Elsevier Ltd. All rights reserved.

1. Introduction

Wind comfort assessment studies consist of combining statis-
tical meteorological data with aerodynamic information and
a comfort criterion. The aerodynamic information is needed to
transform the statistical meteorological data from the weather
station to the location of interest at the building site, after which it
is combined with a comfort criterion to judge local wind comfort.
The aerodynamic information usually consists of two parts: the
terrain related contribution and the design related contribution.
The terrain related contribution represents the change in wind
statistics from the meteorological site to a reference location near
the building site. The design related contribution represents the
change in wind statistics due to the local urban design, i.e. the
configurations of buildings. It can be obtained by either wind
tunnel modelling or numerical simulation with Computational

Fluid Dynamics (CFD). CFD has some specific advantages compared
to wind tunnel modelling, which will be briefly addressed in
Section 2, andwhich are the reasons for its use in the present paper.

A wide range of different wind comfort criteria exist. Most of
these criteria consist of a threshold wind speed and a maximum
allowed exceedance probability of this threshold. Many criteria also
distinguish between various activities, such as sitting, strolling,
walking fast, etc. In that case, either different values for threshold
wind speed, or different maximum exceedance probabilities, or
both, are imposed for these different activities. In the past, several
comparisons of wind comfort criteria have been performed. Mel-
bourne [1] suggested that the main difference in the early devel-
oped criteria was their way of presentation. Later studies [2,3]
however suggested that Melbourne’s criteria were much more
restrictive than others. An extensive comparison study of wind
comfort criteria was performed by Bottema [4]. Later, also Koss [5]
provided a detailed overview of existing criteria. Bottema [4]
compared most of the existing criteria based on a theoretical
method, in which each criterion was converted to a maximum
allowed wind amplification factor U/Upot, where U is the local
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hourly mean wind speed and Upot is the so-called potential wind
speed. The potential wind speed is the hourly mean wind speed at
an ideal meteorological station, at 10 m height over uniformly
rough terrain with an aerodynamic roughness length z0 ¼ 0.03 m.
Based on this comparison, he concluded that considerable differ-
ences exist between different criteria. In particular, he stated that
the criteria of Gandemer [6], Isyumov and Davenport [7], Lawson
[8] and Visser [9] are generally suitable for use in the Netherlands,
while those of Williams and Soligo [10] were judged too lenient,
and those of Melbourne [1] were too restrictive for most activities.
While Bottema’s approach provides a very valuable and systematic
way of comparing different criteria, it also has some limitations.
The wind amplification factor was assumed to be wind-direction
independent, and the practical consequences of differences
between criteria were rather difficult to interpret, visualize and
communicate. In this respect, analysis of differences between
criteria by means of illustrative case studies would be beneficial.

The goal of this paper is threefold: (1) to provide an illustrative
case study based on CFD as a framework for the comparison of
different wind comfort criteria; (2) to compare and evaluate the
results by the different criteria as part of a complete wind comfort
assessment study; and (3) to stress the importance of standardi-
zation of the wind comfort assessment procedure.

This comparison study is different from previous comparison
studies, because of several reasons: (1) it is based on a complex case
study; (2) it is performed based on whole-flow field data obtained
by CFD; (3) it includes the recently established criteria in the Dutch
wind nuisance standard; (4) it is based on a detailed categorization
of the four different comfort criteria based on the original articles
and on the level of activities in these criteria.

The case study area is the campus of Eindhoven University of
Technology in the Netherlands. The 3D steady Reynolds-averaged
NaviereStokes (RANS) equations and the realizable ke 3 model
[11] are used to provide part of the aerodynamic information. Part
of the wind comfort assessment procedure is performed based on
the Dutch wind nuisance standard NEN 8100 [12,13]. Note that this
paper is at least a partial answer to the call byWillemsen andWisse
[14], co-developers of the Dutch wind nuisance standard, for
research and demonstration projects related to this standard.

In Section 2, some comments are given on the use of CFD for
wind comfort assessment studies. Section 3 briefly describes some
main features of Dutch wind nuisance standard. Section 4 describes
the four wind comfort criteria used in this study, as well as some
main differences between these criteria. In Section 5, the compu-
tational settings and parameters of the CFD simulations are out-
lined. Section 6 briefly presents the grid-sensitivity analysis, the
results of the CFD simulations and the validation study. The results
of the wind comfort assessment with the Dutch wind nuisance
standard are given in Section 7, while Section 8 compares the
results obtained with the four different comfort criteria. Finally,
Sections 9 (discussion) and 10 (conclusions) conclude the paper.

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

In the past, several CFD studies of pedestrian-level wind
conditions around buildings and/or in complex urban environ-
ments have been performed [15e32], generally based on the steady
RANS equations. Most studies included a comparison of the CFD
results with wind tunnel measurements for the same building or
urban configuration [16e18,21e24,28,30]. Others applied so-called
sub-configuration validation [26,31]. This refers to performing
validation for simpler generic building configurations that repre-
sent sub-configurations of the more complex urban configuration.
For these generic configurations, wind tunnel measurements are

generally available in the literature. Pedestrian-level wind studies
in complex urban environments inwhich CFD results are compared
with field measurements e as opposed to wind tunnel measure-
ments e are very scarce. One such study was performed by Yoshie
et al. [30], who compared CFD simulations with field measure-
ments performed with 3-cup anemometers in 1977 in the Shinjuku
Sub-central Area in Tokyo [33,34]. Two other studies of this type
were performed by Blocken and Persoon [32] and by Blocken et al.
[29].

CFD has been employed on a few occasions in the past as
part of complete wind comfort assessment studies, i.e. including
the wind statistics and evaluation by a comfort criterion (e.g.
[22,25,26,29,31,32]). CFD offers some specific advantages compared
to wind tunnel testing. It does not suffer from scaling problems and
similarity constraints, because simulations can be performed at full
scale. This can become important for extensive urban areas/models,
such as in the case study in this paper. The availability of whole-
flow field data from CFD is particularly important for the compar-
ison of different wind comfort criteria, as will be shown later in this
paper. However, CFD also has some important disadvantages.
Especially the reliability and accuracy of CFD are important
concerns. In this respect, the use of CFD inwind comfort studies has
received strong support from several international initiatives that
focused on the establishment of best practice guidelines, which are
either general guidelines (e.g. [35e38]) or guidelines specifically
intended for pedestrian wind conditions around buildings
[29,30,39e44]. Note that these best practice guidelines mainly
focused on RANS simulations. Strong support has also been
provided by specific guidelines such as those for the simulation of
equilibrium atmospheric boundary layers (e.g. [27,42,45e49]) and
the generation of high-resolution and high-quality computational
grids (e.g. [50,51]). It is very important that the CFD simulations are
accompanied by grid-sensitivity analysis and by validation by
comparison with high-quality wind tunnel data and/or on-site
measurements [29,30,35e38,41e44,52,53]. Important require-
ments for validation data have been provided by Schatzmann et al.
[54] and Schatzmann and Leitl [55].

Studies to assess the accuracy of steady RANS CFD for predicting
pedestrian-level wind speed have been reviewed by Blocken et al.
[52]. Based on detailed comparison studies between CFD and wind
tunnel experiments by Yoshie et al. [30] and Blocken and Carmeliet
[31], the following common observation was found: steady RANS
simulations with the standard ke 3model [56], the KatoeLaunder
ke 3 model [57], the Renormalization Group (RNG) ke 3 model
[58] and the realizable ke 3model [11] all systematically showed
that the amplification factor U/U0 (which is the ratio of the local
pedestrian-level wind speed U to the wind speed U0 that would
occur at the same positionwithout buildings) is generally predicted
with a high accuracy of 10e15% in the regions where U/U0 > 1,
while the predicted wind speed is generally significantly under-
estimated by CFD where U/U0 < 1, at some locations by a factor 5
and more. Because the areas with high amplification factor are
those that are most important in wind comfort studies, steady
RANS could be considered a suitable method for such studies. The
reason is that in case of wind comfort criteria with relatively high
wind speed threshold value (e.g. UTHR ¼ 5 m/s), regions with low
U/U0 will often not contribute substantially to the total exceedance
discomfort probability, exactly because of their low amplification
factor. In addition, it should be noted that RANS has some consid-
erable advantages compared to Large Eddy Simulation (LES). On the
one hand, LES has been shown e when applied correctly e to be
more accurate, especially in regions with low U/U0, because it can
capture the inherently unsteady features of the flow field, such as
separation regions on building facades and roofs and vortex shed-
ding in the wake of buildings (e.g. [15,59,60]). On the other hand,
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