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High wind speed around high-rise buildings can lead to wind discomfort at building balconies.
Previous wind comfort studies with CFD focused on ground level around the buildings.
This paper presents a detailed CFD analysis of wind comfort at balconies of a tower building.
3D RANS simulations based on successful validation with wind-tunnel measurements.
New second-skin facade concept substantially improves wind comfort at balconies.
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Abstract
High wind speed around high-rise buildings can lead to wind discomfort or wind danger at building balconies.
This paper presents the evaluation of a new facade concept that is intended to significantly reduce the wind speed
and therefore improve wind comfort on the balconies of high-rise buildings. The concept consists of a staggered
semi-open second-skin facade in front of the balconies, which partly shields them from the wind. The concept is
evaluated for the new 78 m high Park Tower in the urban area of Antwerp, where it will be implemented. 3D
steady Reynolds-Averaged Navier-Stokes Computational Fluid Dynamics (CFD) simulations are performed for
the case with and without this facade concept. The simulations are made with the realizable k- turbulence model
on a high-resolution grid. Validation is conducted using wind-tunnel measurements of surface pressure
distribution on a building model with balconies. Wind comfort for the Park Tower is assessed with the Dutch
wind nuisance standard NEN8100 for the case with and without the second-skin facade concept. The analysis
shows that this concept is effective in providing a zone with pressure equalisation at the balconies. The related
reduction in pressure gradients across the width of the facade strongly decreases the local wind speed. At many
positions along the balconies this yields a wind comfort improvement of one or even two classes in the Dutch
wind nuisance standard compared to the situation without implementation of this concept.
Keywords: Wind nuisance and danger; Balcony; Terraces; Urban area; Computational Fluid Dynamics
(CFD); Built environment
1. Introduction
Wind comfort and wind safety for pedestrians are important requirements in urban areas [1-12]. Many urban
authorities recognize this importance and only grant a permit for a new building after a wind comfort and wind
safety assessment study has shown a sufficient degree of comfort and safety. Wind comfort assessment studies
consist of combining statistical 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 configuration of the buildings. It can be obtained
by either wind-tunnel testing or numerical simulation with Computational Fluid Dynamics (CFD).
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 when flow at a wide range of relevant length scales needs to be considered, such as flow around facade
details such as balconies on a building that is part of a large urban area, as will be the case in this paper. CFD
also provides whole-flow field data, i.e. information on the relevant parameters at every position in the model,
while wind-tunnel measurements are generally only performed at a limited number of selected positions.
However, the reliability and accuracy of CFD are important concerns, and solution verification and validation
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studies are imperative. Recently, the use of CFD in wind comfort studies has received strong support from
several international initiatives that focused on the establishment of general best practice guidelines (e.g. [6,9,1317]). Strong support has also been provided by specific guidelines such as those for the validation of simulations
of urban wind flow [18,19], the simulation of equilibrium atmospheric boundary layers (e.g. [20-27]) and the
generation of high-resolution and high-quality computational grids (e.g. [28,29]).
In the past, several CFD studies of pedestrian-level wind conditions around buildings and/or in complex
urban environments have been performed [1-5,7-12,23,30-45]. The majority of these studies were conducted
with the 3D steady Reynolds-averaged Navier-Stokes (RANS) approach. Most previous studies on pedestrianlevel wind conditions included validation by comparison of the CFD results with wind-tunnel measurements for
the same building or urban configuration [3,5,7,8,31-33,36-38,41]. A smaller number of previous studies
provided a comparison with field measurements [7,11,44,45]. Other studies applied so-called sub-configuration
validation [40,43], which is also the approach that is used in the present paper. Sub-configuration validation
refers to performing validation for simpler generic building configurations that represent sub-configurations of
the more complex urban configuration. For these generic configurations, wind-tunnel measurements are
generally available in the literature. The confidence extracted from this validation study can be used to support
the application of CFD with similar computational parameters for the more complex urban configuration.
Although many studies of pedestrian-level wind speed conditions have been performed in the past, they
almost exclusively focused on wind speed near ground-level. To the best of our knowledge, only one CFD study
has yet been published with focus on wind conditions on building balconies [30]. In this pioneering paper on
CFD applications in wind engineering, Murakami [30] numerically assessed the impact of providing a solid
partition fence at the corner of a balcony area. Attention for wind conditions and wind comfort at building
balconies on high-rise buildings is important, because they can be exposed to strong winds and comfort and
safety of the pedestrians at the balconies needs to be ensured. In order to reduce wind discomfort on balconies,
different measures can be taken, such as closing the balcony or adding partition walls, as in the study by
Murakami [30]. Recently a new facade concept was developed by ELD Partnership, which provides another way
of shielding the balcony area from strong winds. It consists of a staggered semi-open second-skin facade that
partly shields the balconies from the wind (Fig. 1a-c). The concept is intended to provide a semi-outdoor
environment at the balconies, which also includes significant improvement of wind comfort on the building
balconies. The concept is implemented in the Park Tower (“Parktoren”), which is a new 78 m high-rise building
in the urban area of Antwerp, Flanders, Belgium (Fig. 1d). In this paper, the performance of this concept for this
tower is evaluated by CFD simulations based on the 3D steady RANS equations and application of the Dutch
wind nuisance standard NEN8100, and by comparing the results for the situation with and without application of
this new facade concept. The CFD simulations are subjected to a detailed validation study based on the subconfiguration validation methodology mentioned above.
In section 2, the building and facade geometry and the building surroundings are described. Section 3
presents the CFD validation study. In section 4, the computational settings and parameters for the case study of
the Park Tower are outlined. The computational results are presented in section 5, and wind comfort is assessed
with the Standard in section 6. Finally, a discussion (section 7) and conclusions (section 8) are provided.
2. Description of building and surroundings
The new high-rise building Park Tower (“Parktoren”) is located in Park Spoor Noord in the northern part of the
city of Antwerp, Flanders, Belgium. The tower is north-south oriented and surrounded by other high-rise and
low-rise buildings (Fig. 1d). It has dimensions L  W  H = 21.87  50.88  78.18 m³ (Fig. 2). The depth of
the balconies on the north, east, south and west side of the tower is 1.32 m, 1.3 m, 1.59 m and 1.56 m,
respectively. The facade concept is a second-skin concept, where a second outer skin is placed in front of the first
and inner skin. The inner skin acts as traditional facade and the outer skin as a wind shield for the balconies
between both skins (Fig. 1, 2). The second skin consists of a staggered semi-open glass facade, as indicated in
Figure 1a-c. It has a permanent solid glass balustrade of 1.2 m high, while above this 1.2 m, solid glass facade
panels are applied in a staggered configuration. The width of the openings in the second-skin façade ranges from
0.69 to 2.45 m. The porosities of the north, east, west and south facade are 20%, 18%, 20% and 18%,
respectively. Note that no partition walls are present in the balcony area, and that this area is completely open for
wind flow all along the circumference of the facade. For the comparison study, a reference high-rise building
with only the 1.2 m high and non-porous balustrade will be considered. Figure 1d shows a perspective view of
some of the surrounding buildings. The buildings in “white” are all part of the new developments in this area. A
plan view of the surrounding buildings is shown in Figure 3 on a grid of about 1000 by 630 m². In the immediate
vicinity of the Park Tower the high-rise buildings A,B, C and D have a height of 79 m, and building E is 58 m
high. Figure 4 shows a plan view of the wider surroundings with a radius of 10 km around the building under
study. The computational domain is indicated by the central black rectangle in the figure. This view with
indication of the land use is needed to estimate the value of the aerodynamic roughness length z0 for all 12 wind
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direction intervals that will be studied. Given the gradual development of internal boundary layers due to
roughness changes, a 10 km fetch is required to determine z0. This estimate is made for twelve wind direction
sectors, based on the updated Davenport roughness classification [46]. These z0 values are an important
parameter in the inlet profiles for the CFD simulations and as a measure for the equivalent sand-grain roughness
parameters to be inserted into the wall functions.
3. CFD validation study
CFD simulations based on the 3D steady RANS equations in combination with a turbulence model require
validation. As mentioned before, the present study employs “sub-configuration validation”. Because the
validation study has been published as a separate paper [47], only the headlines are briefly repeated here.
3.1. Wind-tunnel measurements
Atmospheric boundary layer wind-tunnel measurements of wind-induced surface pressure on the facade of a
reduced-scale model (1:30) of a medium-rise building were reported by Chand et al. [48]. The incident vertical
profile of mean wind speed (i.e. at the location of the model at the turntable) can be described by a logarithmic
law with aerodynamic roughness length z0 = 0.008 m and friction velocity u* = 0.72 m/s. Longitudinal
turbulence intensity ranged from 13% near ground level to about 3% at gradient height. The building had
dimensions wm dm  hm = 0.250.600.50 m3 (reduced scale, see Fig. 5a) corresponding to full-scale
dimensions Wm Dm  Hm = 7.51815 m3. Three balconies were positioned at each floor. Each balcony has
length 0.15 m, width 0.05 m and height 0.03 m (reduced scale) corresponding to full-scale dimensions 4.5 m, 1.5
m and 0.9 m, respectively. Surface pressures were measured along three vertical lines on the windward and
leeward facade. Each line was positioned at the middle of the balconies and 45 pressure taps were implemented
along these lines. Pressure coefficients Cp were related to the incident wind speed at building height (Uref = 7.1
m/s).
3.2. CFD simulations: computational settings and parameters
A computational model was made of the reduced-scale building model used in the wind-tunnel measurements.
The CFD simulations were performed following the best practice guidelines by Franke et al. [6,14] and
Tominaga et al. [9]. The size of the computational domain was chosen according to [6,9,14].The computational
grid was created using the surface-grid extrusion technique [29]. The grid resolution resulted from a gridsensitivity analysis, yielding a hybrid grid with 2,102,250 prismatic and hexahedral cells. Part of the grid is
shown in Figure 5b. A total number of 20 and 10 cells were used along the width and depth of the balconies,
respectively. More information about the grid can be found in [47]. The inlet boundary conditions (mean wind
speed U, turbulent kinetic energy k and turbulence dissipation rate ) were based on the measured incident
vertical profiles of mean wind speed U and longitudinal turbulence intensity Iu. The commercial CFD code
Fluent 6.3.26 was used to perform the simulations. The 3D steady RANS equations were solved in combination
with the realizable k−ɛ turbulence model by Shih et al. [49]. The SIMPLE algorithm was used for pressurevelocity coupling, pressure interpolation was second order and second-order discretization schemes were used
for both the convection terms and the viscous terms of the governing equations. More information about solver
settings is given in [47]. Convergence was obtained when all the scaled residuals levelled off and reached a
minimum of 10-6 for x, y momentum, 10-5 for z momentum and 10-4 for k, ɛ and continuity.
3.3. Comparison between CFD simulations and wind-tunnel measurements
The CFD results are compared with the wind-tunnel measurements in terms of the pressure coefficient:
CP 

P  P0

(1)

0.5  U 2ref

where P is the pressure at the surface, P0 the reference static pressure,  = 1.225 kg/m³ the air density and Uref
the reference wind speed at building height (Uref = 7.1 m/s at z = 0.5 m). Figures 6a-b compare the numerically
simulated and measured Cp at the windward facade for wind direction 0°, showing a very close agreement, with
average absolute deviations of 0.052 and 0.072, respectively, which corresponds to relative deviations of 14%
and 11%. Figures 6c-d provide the same comparison for the leeward facade. The average absolute deviations are
0.069 and 0.070, respectively, which corresponds to relative deviations of 14% and 15%. Especially for the
leeward facade, the fairly good agreement between simulations and measurements is remarkable, because it is
known that steady RANS CFD is generally deficient in reproducing the wind-flow pattern downstream of
windward facades [42,50]. Nevertheless, the deviation is still significant, and it indicates that the numerically

4

predicted back pressure level shows a higher recovery compared to the experimental results. This is attributed to
the weaker wake structure behind the building in the CFD simulations. This is a deficiency of steady RANS
modelling, as outlined in [42,50]. Regardless of the origin of this deviation, it is important to note that in the
present paper the focus is on the wind speed at the windward facades rather than at the leeward facades. At first
sight, this might seem strange in the framework of a wind comfort study that uses wind statistics in which all
wind directions are represented. However, the focus on wind speed at the windward facades is justified, because
in wind comfort studies the positions with high wind speed are important, i.e. positions where a certain threshold
wind speed is exceeded. The other positions, such as leeward balconies, are therefore less important. The reason
is that the wind speed will be much lower there and will therefore not contribute substantially to the wind
comfort exceedance probability, as outlined by Blocken et al. [11] and Janssen et al. [45]. Figure 7 shows that
also for oblique incident wind (45°), CFD simulations and wind-tunnel measurements show a good agreement
for the windward facade. The average absolute deviations in Figure 7a-c are 0.028, 0.029 and 0.028,
respectively. The conclusion from the validation study is that the 3D steady RANS equations in combination
with the realizable k- model, high-resolution grid, standard wall functions and second-order discretisation
schemes can provide a satisfactory representation of wind pressure at the windward facade of a building with
balconies. Therefore, the same approach with the same turbulence models, wall functions, discretisation schemes
and a similar computational grid will be used in the case study. Note that a validation study based on surface
pressures across the facade is considered appropriate here because these pressures drive the near-wall wind flow
at the balconies across this facade.
4. CFD simulations for the case study: computational settings and parameters
4.1. Computational geometry and domain
The Park Tower and its urban surroundings are placed in a computational domain with dimensions Wd Dd 
Hd = 2076 1963 400 m3. This actual computational domain consists of a subdomain containing the explicitly
modelled buildings (i.e. those included in the computational domain with their actual main dimensions) and an
additional downstream subdomain, as shown in Figure 8. The explicitly modelled buildings are the tower itself
and the surrounding buildings in a rectangle of 1037 by 632 m² around the tower. The tower is modelled in
detail, including second-skin facade with the details of the staggered facade elements as shown in Figure 2, while
the surrounding buildings are included only with their main shape. Special attention is given to the generation of
a high-quality and high-resolution grid. The grid is constructed using the surface-grid extrusion technique
presented by van Hooff and Blocken [29], which allows a large degree of control over the quality of the grid and
its individual cells. It consists of only hexahedral and prismatic cells and does not contain any tetrahedral or
pyramid cells. This technique was used successfully in previous studies for a wide range of applications
[11,29,44,45,51-55]. The grid resolution at the building balconies is based on the one used in the validation
study, with at least 10 cells across the depth of the balconies. A typical cell size at the balconies is 0.1 m. The
resulting grid has a total of 16,292,495 hexahedral and prismatic cells. The computational geometry and grid are
depicted in Figure 9 and 10. For comparison purposes, a similar computational domain and grid are made for the
Park Tower without second-skin facade. This grid consists of 15,536,529 hexahedral and prismatic cells (Fig. 10
c-d).
4.2. Boundary conditions and solver settings
At the inlet of the domain, neutral atmospheric boundary layer inflow profiles of mean wind speed U (m/s),
turbulent kinetic energy k (m²/s²) and turbulence dissipation rate  (m²/s³) are imposed (Eqs. (2-4). These profiles
are based on the aerodynamic roughness length z0 of the upstream terrain that is not included in the
computational domain. Figure 4 shows this terrain and the estimated values of z0 for different approach-flow
wind directions. In Eq. (2) and (4),  is the von Karman constant (= 0.42). For z0 = 0.25 m, z0 = 0.5 m and z0 = 1
m the inlet longitudinal turbulence intensity (Iu) ranges from 22%, 29% and 39% at pedestrian height (z = 1.75
m) to 3%, 5% and 8% at gradient height, respectively. The corresponding values of u*ABL, for a reference wind
speed at 10 m height of 5 m/s, are 0.54, 0.66 and 0.83 m/s. The turbulent kinetic energy k is calculated from U
and Iu using Eq. (3) and assuming that the standard deviations of the turbulent fluctuations in the three directions
are similar (u = v = w).

Uz  

u * ABL  z  z 0 
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 z0 

(2)

kz   1.5 I U z  Uz 2
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For the ground surface, the standard wall functions by Launder and Spalding [56] with roughness modification
by Cebeci and Bradshaw [57] are used. The values of the roughness parameters, i.e. the sand-grain roughness
height ks (m) and the roughness constant Cs, are determined using their consistency relationship with the
aerodynamic roughness length z0 derived by Blocken et al. [21]. For Fluent 6.3, this relationship is:

ks 

9.793 z 0
Cs

(5)

Standard wall functions are also used at the building surfaces, but with zero roughness height ks = 0 (Cs = 0.5).
Zero static pressure is applied at the outlet plane. Symmetry conditions, i.e. zero normal velocity and zero normal
gradients of all variables, are applied at the top and lateral sides of the domain.
The solver settings are identical to those in the validation study reported in section 3. The 3D steady RANS
equations with the realizable k-ε turbulence model are solved for the 12 wind directions  = 0-330° in 30°
intervals. Convergence is obtained when the scaled residuals showed no further reduction with increasing
number of iterations and at that time the residuals reached the following minimum values; x-, y- and zmomentum: 10-7, k and ε: 10-6 and continuity: 10-5.
5. CFD simulations for the case study: results

Figure 11 shows a perspective view of contours of the amplification factor in horizontal planes at different
heights. The amplification factor is defined as the ratio between the local mean wind speed and the “undisturbed”
mean wind speed at the same height, i.e. the wind speed that would occur without the buildings present. The
amplification factor is therefore a direct indication of the influence of the buildings on the local wind-flow
pattern. The planes are taken at the 15th, 10th and 5th floor, at 1.7 m above the balcony floors. The wind direction
is 210°, which is the prevailing wind direction in Antwerp. Figure 11a, c and e show the results for the case of
the tower with second-skin facade concept, while Figure 11b, d and f show the results for the reference case.
Especially for the long west facade, clearly a substantial reduction of the amplification factor is achieved at the
balconies behind the second-skin facade.
To analyse this in more detail, Figure 12 provides a top view of the same horizontal cross-sections and for the
same wind direction. By comparing the results with and without the second-skin concept, the following
observations are made, which apply at every floor:
(1) At the west (windward) facade, the second-skin concept provides a more uniform and also lower value of
the amplification factor.
(2) At the south (windward) facade, the amplification factor does not become more uniform, but overall it is
reduced.
(3) At the north and east (leeward) facades, the second-skin concept increases the amplification factor.
(4) Overall, the second-skin facade seems to provide a more uniform amplification factor over the entire
balcony area, i.e. the whole circumference of the building. An exception to this are the north-west and
south-east corner, where pressure short-circuiting between windward and leeward facade parts very locally
yields a local amplification factor of about 1. It should be noted that no partition walls are present in the
balcony area, and that this area is completely open for wind flow all along the circumference of the facade.
Figure 13 displays contours of the pressure coefficient Cp = (P-P0)/(0.5Uref²) in the same horizontal planes as
in Figure 12. Note that P is the static air pressure. The figures show that the second-skin facade acts as a semipermeable barrier that provides some degree of pressure equalisation at the balcony area between the two facade
layers. While Figure 13b shows large pressure gradients along the south facade wall, in Figure 13a the secondskin facade shifts those gradients away from the balconies to the outside of the second facade. Similar
observations are made for the other floors and – to a lesser extent – for the west facade. The reduction of these
pressure gradients along the south and west facades leads to lower wind speed and lower amplification factors
along these facades. Conversely, the second-skin facade increases the pressure gradients at the balconies at the
leeward facades, which explains the increased amplification factors at these balconies.
Similar results are obtained for the other wind directions, although somewhat less pronounced, because of the
shielding effect by surrounding buildings that is present for many of the other wind directions, as can be seen in
Figure 1d.
The effect of the second-skin facade concept on mean wind speed can be indicated more clearly by Figure 14,
which shows contours of the ratio of mean wind speed without second-skin facade concept and mean wind speed
with this concept, in a horizontal plane at a height of 1.7 m above balcony level for wind directions 210° and 90°,
and for three floors: 15th, 10th and 5th floor. Note that the higher this ratio, the more effective the shielding effect
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by the second-skin facade concept. However, for a complete indication of the effectiveness of the second-skin
facade concept, Figure 14 should be combined with Figure 12, because in terms of wind comfort, reductions in
mean wind speed will be more effective at those positions where the amplification factors are the highest.
6. Assessment of wind comfort

Wind comfort assessment in this case study is performed with the Dutch standard for wind comfort and wind
safety [58,59]. This standard was developed based on extensive research work by Verkaik [60,61], Willemsen
and Wisse [62,63], Wisse and Willemsen [64], Wisse et al. [65], and others. It contains an improved and verified
transformation model for the terrain-related contribution (see section 1) that can provide the wind statistics at
every location in the Netherlands, however without including the local building aerodynamic effects, which are
part of the so-called design related contribution and which were presented in section 5 of this paper. Although
thermal comfort is also important [5,66], wind comfort and safety generally only refer to the mechanical effects
of wind on people [1,63,67]. In the standard, the comfort criterion has a threshold of the mean wind speed UTHR
= 5 m/s for all types of activities. Depending on the type of activity and the maximum allowed discomfort
probability, the code defines fives grades of wind comfort A–E (see Table 1). Although the standard does not
specify requirements for balconies, one could assume that class A or B are required, which implies P < 5% and a
good or moderate comfort for sitting. To determine the exceedance probability, three steps have to be taken for
each of the 12 wind directions.
(1) Obtain wind speed ratios (γ = U/Uref,60m) from the CFD simulations. The reference wind speed value
(Uref,60m) is the value of the inlet mean wind speed profile at a height of 60 m. Note that this wind speed
ratio differs from the amplification factor that was used to present the results in the previous section;
(2) Convert threshold wind speed at pedestrian level to a threshold wind speed at a height of 60 m (UTHR,60m =
UTHR/γ);
(3) Determine the percentage of time that the threshold value for the hourly mean wind speed at 60 m is
exceeded according to the wind statistics. For the present study, the wind statistics of Eindhoven are used,
given its proximity to Antwerp and the absence of statistical meteorological data for Antwerp. The wind
statistics for the 12 wind directions for Eindhoven are provided by the Dutch Practice Guideline NPR 6097.
The wind statistics are displayed in Figure 15. The wind rose clearly shows that south-west is the prevailing
wind direction, and that this is even more pronounced for high wind speed (Fig. 15b).
The total discomfort probability is the sum of the probabilities for the 12 wind directions. Figure 16 shows
these discomfort probabilities for the 5th, 10th and 15th floor. The dominance of the south-west wind direction is
reflected by the similarity between Figure 12 and 16. By comparing the results with and without the second-skin
concept, the following observations are made:
(1) At the west (windward) facade, the second-skin concept substantially reduces the exceedance probabilities.
The size of the reductions is very location dependent, but at many positions it exceeds a factor 2.
(2) At the south (windward) facade, also significant reductions are observed, which are most pronounced for
the highest (15th) floor.
(3) At the north and east (leeward) facades, the second-skin concept increases the exceedance probability. This
is also most pronounced for the highest floor.
Finally, Figure 17 labels the balconies according to the five quality classes in Table 1 of the Standard. For
sitting, class A is good and class B is moderate, while classes C-E are considered to represent a poor wind
comfort for this activity. The figure shows that the second-skin facade concept substantially improves the wind
comfort on the balconies on the west and south facade, and that this improvement is most pronounced for the
highest floors. At most positions, the wind comfort improves with one class, and at some positions even with two
classes. On the other hand, the concept causes some decrease in wind comfort on the balconies at the leeward
facade. This is for example clear at the east facade at the 15th floor, where the wind comfort at a large part of the
balconies shifts from class A to class B.
7. Discussion

In the validation study, relative deviations for the windward facade for wind direction 0° were 12%, while the
relative deviations for the leeward facade were 15%. The latter fairly large deviations could incite some concern
about the accuracy of steady RANS with the realizable k-e model for wind comfort studies at building balconies.
However, it is important to stress that in the present paper the focus is on the wind speed at the windward facades
rather than at the leeward facades. At first sight, this might seem strange in the framework of a wind comfort
study that uses wind statistics in which all wind directions are represented. However, the focus on wind speed at
the windward facades is justified, because in wind comfort studies the positions with high wind speed are
important, i.e. positions where a certain threshold wind speed is exceeded. The other positions, such as leeward
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balconies, are therefore less important. The reason is that the wind speed will be much lower there and will
therefore not contribute substantially to the wind comfort exceedance probability, as outlined by Blocken et al.
[11] and Janssen et al. [45].
Some important limitations of this study are mentioned.
 The 3D steady RANS equations have been solved with the realizable k- model. It is important to note
that steady RANS CFD is generally deficient in reproducing the wind-flow pattern downstream of
windward facades [30,42]. Nevertheless, this approach is used in this paper, because the accuracy of the
wind-flow pattern at side and the leeward facades is less important in wind comfort studies. The reason
is that wind comfort studies typically focus on high wind speed positions, i.e. where a certain threshold
wind speed is (5 m/s in the present study) is exceeded. Other positions do not contribute significantly to
the exceedance probabilities, as explained earlier in [11,45].



The validation study focused on mean wind pressure coefficients on the building facade. In
terms of wind conditions and wind comfort, a validation study focused on mean wind speed
would have been more powerful. Unfortunately, high-quality experimental data on mean wind
speed on balconies could not be found in the literature. Therefore, this study has limited itself
to validation based on mean wind pressure coefficients.



No grid-sensitivity analysis was performed. However, special attention was paid to generating a highresolution and high-quality computational grid. The grid was made using the surface-grid extrusion
technique [29] and taking into account best practice guidelines for grid generation [6,9,13,28]. In
addition, the grid resolution has been taken either similar or higher than in previous studies for which
grid-sensitivity analyses were performed [11,28,45].
 Although thermal comfort is also important [5,66], wind comfort and safety generally only refer to the
mechanical effects of wind on people [1,63,67].
 The study has been performed for the wind statistics of Eindhoven, which are also representative for the
nearby city of Antwerp.
 The comfort criterion in the Dutch wind nuisance standard is based on a threshold mean wind speed of
5 m/s. It does not explicitly consider turbulent fluctuations. This is in line with the application of the 3D
steady RANS approach, which only solves the mean flow field. Nevertheless, future research should
focus on Large Eddy Simulation (LES) to further evaluate the second-skin facade concept, especially
concerning its effect on gustiness.
Two potential important limitations of the second-skin facade concept, that require further investigation, need to
be mentioned:
1) The air flow that can be induced in the balcony area, due to the absence of partition walls (perpendicular
to the façade) that would provide a compartmentalisation of the balcony area.
2) The aerodynamically generated noise that could be a result of vortex shedding at the edges of the glass
panels.
A more traditional approach of improving wind comfort on building balconies is the provision of partition walls
or separating screens – often also applied for privacy reasons - that are perpendicular to the facade. Future work
on the second-skin facade concept will evaluate the further improvements that can be achieved by combining this
concept with separating screens.
8. Conclusions

High wind speed around high-rise buildings can lead to wind discomfort or wind danger at building balconies.
This paper has presented the evaluation of a new facade concept that is intended to significantly reduce the wind
speed and therefore improve wind comfort on the balconies of high-rise buildings. The concept consists of a
staggered semi-open second-skin facade in front of the balconies, which partly shields them from the wind. The
concept is implemented in the Park Tower (“Parktoren”), which is a new 78 m high-rise building in the urban
area of Antwerp, Flanders, Belgium. In this paper, the performance of this concept for this tower has been
evaluated by CFD simulations based on the 3D steady RANS equations and application of the Dutch wind
nuisance standard NEN8100, and by comparing the results for the situation with and without application of this
new facade concept. The CFD simulations have been subjected to a detailed validation study based on the subconfiguration validation methodology. Sub-configuration validation refers to performing validation for simpler
generic building configurations that represent sub-configurations of the more complex urban configuration. For
these generic configurations, wind-tunnel measurements are generally available in the literature. The confidence
extracted from this validation study can be used to support the application of CFD with similar computational
parameters for the more complex urban configuration. The analysis has shown that the second-skin facade
concept is effective in providing a zone with pressure equalisation at the balconies. The related reduction in
pressure gradients across the width of the facade strongly decreases the local wind speed. At many positions
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along the balconies this yields a wind comfort improvement of one or even two classes in the Dutch wind
nuisance standard compared to the situation without implementation of this concept. Future research will consist
of a further evaluation of the second-skin facade concept with Large Eddy Simulation and on additional
improvement of the wind comfort on building balconies by combining this concept with separating screens.
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FIGURES

Figure 1. (a) Building facade with second-skin staggered facade concept. (b) Bottom of Park Tower with the
second-skin concept, view from south-east. (c) Full view from south. (d) View of Park Tower (red), other new
buildings under development (white) and already existing urban surroundings at the time of writing this paper.

Figure 2. (a,b) Geometry of Park Tower and of part of second-skin facade. Dimensions in meter.
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Figure 3. Top view of Park Tower and wider surroundings in a rectangular area of 630 to 1000 m2 with
indication of building heights. Dimensions in meter.

Figure 4. Surroundings of Park Tower in a 10 km radius with associated aerodynamic roughness length z0. The
computational domain used in this study is indicated by the black rectangle at the centre of the circle.
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Figure 5. (a) Wind-tunnel model of building with balconies for CFD validation and three vertical lines for
pressure measurements (reduced-scale dimensions in m); (b) Computational grid at building surfaces and ground
surface (2,102,250 cells).

Figure 6. CFD validation: comparison of simulated and measured pressure coefficient (CP) for perpendicular
wind direction (0º) along: (a) windward edge lines; (b) windward centre line; (c) leeward edge lines; (d) leeward
centre line.
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Figure 7. CFD validation: comparison of simulated and measured pressure coefficient (CP) for oblique wind
direction (45º) along: (a) windward upstream edge line; (b) windward centre line; (c) windward downstream
edge line.

Figure 8. Computational domain for wind directions 180° to 270°, consisting of a basic domain and an
additional downstream domain. Dimensions in meter.
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Figure 9. (a) Aerial view of the Park Tower (red) and surrounding buildings. (b) Corresponding computational
geometry and (c) high-resolution computational grid (16,292,495 cells).
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Figure 10. Detail of computational grid near the south-west corner of the 15th floor for the case (a,b) with
second-skin facade concept (16,292,495 cells) and (c,d) without this concept (15,536,529 cells).
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Figure 11. Perspective view of contours of amplification factor in a horizontal plane at a height of 1.7 m above
floor level for wind direction 210°: (a,c,e) 15th, 10th and 5th floor of the tower with second-skin facade concept;
(b,d,f) same for case without this concept.
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Figure 12. Top view of contours of amplification factor in a horizontal plane at a height of 1.7 m above balcony
level for wind direction 210°: (a,c,e) 15th, 10th and 5th floor of the tower with second-skin facade concept; (b,d,f)
Same for case without this concept.
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Figure 13. Top view of contours of static pressure coefficient in a horizontal plane at a height of 1.7 m above
balcony level for wind direction 210°: (a,c,e) 15th, 10th and 5th floor of the tower with second-skin facade
concept; (b,d,f) Same for case without this concept.
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Figure 14. Top view of contours of ratio of mean wind speed without second-skin facade concept and mean
wind speed with this concept, in a horizontal plane at a height of 1.7 m above balcony level for wind directions
210° and 90°, and for three floors: 15th, 10th and 5th floor.

Figure 15. Wind roses for Eindhoven meteorological station to be used for Antwerp. (a) Standard wind rose with
frequency distribution of the hourly mean wind speed. (b) Wind rose with exceedance probability of the 5 m/s
threshold at pedestrian height of 1.7 m, based on virtual open field conditions with z0 = 0.03 m.
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Figure 16. Top view of contours of exceedance probability for wind nuisance in a horizontal plane at a height of
1.7 m above balcony level: (a,c,e) 15th, 10th and 5th floor of the tower with second-skin facade concept; (b,d,f)
same for case without this concept.
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Figure 17. Top view of contours of wind comfort quality classes according to NEN8100 in a horizontal plane at
a height of 1.7 m above balcony level: (a,c,e) 15th, 10th and 5th floor of the tower with second-skin facade
concept; (b,d,f) Same for case without this concept.
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TABLES
Table 1. Criteria for wind comfort according to NEN 8100 [12].
Activity
P(UTHR > 5 m/s)
Quality Class
(in % hours per year)
Traversing
< 2.5
A
Good
2.5 – 5.0
B
Good
5.0 – 10
C
Good
10 – 20
D
Moderate
> 20
E
Poor
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Strolling
Good
Good
Moderate
Poor
Poor

Sitting
Good
Moderate
Poor
Poor
Poor

