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Abstract

Knowledge of the pressure distribution on building walls is important for the evaluation of wind loads
and natural ventilation. Wind-induced pressure distributions are influenced by a wide range of factors
including approach-flow conditions, urban surroundings and building geometry. Computational Fluid
Dynamics (CFD) can be a valuable tool for determining mean wind pressure coefficients on building
facades. However, while many CFD studies of mean wind pressure on buildings have been performed in
the past, the vast majority of these studies focused on simple building geometries without facade details
such as balconies. These details however can drastically influence the flow pattern and the overall
pressure distribution on the facade. This paper presents a systematic evaluation of 3D steady Reynolds-
Averaged Navier-Stokes (RANS) CFD for predicting mean wind pressure distributions on windward and
leeward surfaces of a medium-rise building with and without balconies. The evaluation is based on a
grid-sensitivity analysis and on validation with wind-tunnel measurements. It is shown that building
balconies can lead to very strong changes in wind pressure distribution, because they introduce multiple
areas of flow separation and recirculation across the facade. The results show that steady RANS, in spite
of its limitations, can accurately reproduce the mean wind pressure distribution across the windward
facade of the building. The average deviations from the wind-tunnel measurements are 12% and 10% for
the building with and without balconies, respectively. In addition, also the important impact of the
reference static pressure and the turbulence model are demonstrated.

Keywords: Computational Fluid Dynamics (CFD); building aerodynamics; wind pressure coefficient;
sensitivity study; verification and validation

1. Introduction

Knowledge of the pressure distribution on building walls is essential to evaluate wind-induced natural
ventilation and to assess wind loads on building walls and building components (e.g. [1-8]). As an
example, Building Energy Simulation (BES) programs require pressure coefficient data as input for
analysing ventilation and infiltration flow rates [2]. Similarly, design standards need data with a high
accuracy for effective-cost designs and reduction of wind damage and cost to building components [9-
10].

The pressure distribution on building walls is influenced by a wide range of factors including
approach-flow conditions [11-13], urban surroundings [14], building geometry [1] and wind direction
[15]. In particular, building facade details such as balconies and other protrusions can affect the peak and
mean surface pressure distributions on buildings walls and roofs [16-18].

Pressure coefficients can be determined using full-scale on-site measurements [15, 19-26], reduced-
scale wind-tunnel measurements [27-32] or numerical simulation with Computational Fluid Dynamics
(CFD) [13, 16, 33-37]. Full-scale measurements offer the advantage that the real situation is studied and
the full complexity of the problem is taken into account. However, full-scale measurements are usually
only performed in a limited number of points in space. In addition, there is no or only limited control
over the boundary conditions [38]. Reduced-scale wind-tunnel measurements allow a strong degree of
control over the boundary conditions, however at the expense of — sometimes incompatible — similarity
requirements. Furthermore, wind-tunnel measurements are usually also only performed in a limited set of
points in space [13]. CFD on the other hand provides whole-flow field data, i.e. data on the relevant
parameters in all points of the computational domain [5,39-40]. Unlike wind-tunnel testing, CFD does
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not suffer from potentially incompatible similarity requirements because simulations can be conducted at
full scale. CFD simulations easily allow parametric studies to evaluate alternative design configurations,
especially when the different configurations are all a priori embedded within the same computational
domain and grid (see e.g. [41]). CFD is increasingly used to study a wide range of atmospheric and
environmental processes. Examples are pedestrian wind comfort and wind safety around buildings [40,
42-46], natural ventilation of buildings [5, 41, 47-53], air pollutant dispersion [54-58], convective heat
transfer [59-61], etc. In some of these studies, CFD was applied and evaluated in detail, including
verification, validation and sensitivity analyses. CFD has also been used on many occasions in the past to
determine mean wind-induced pressure distributions on building facades. However, the vast majority of
these studies focused on relatively simple building shapes and plane, smooth facades without protrusions
or recessions (e.g. [34-36, 62-63]). Nevertheless, many historical and contemporary building facades are
characterised by protrusions and recessions. To the best of our knowledge, a detailed evaluation of steady
Reynolds-averaged Navier-Stokes (RANS) CFD has not yet been performed for mean wind pressure
distributions on such building facades.

This paper therefore presents a systematic and detailed evaluation of 3D steady RANS CFD for
predicting mean wind pressure distributions on building facades with and without balconies for both
normal and obliquely approach-flow conditions. The evaluation is based on a grid-sensitivity analysis
and on validation with wind-tunnel measurements by Chand et al. [17]. The impact of several
computational parameters is also investigated, including the resolution of the computational grid, the
reference static pressure and the turbulence model.

In section 2, the wind tunnel experiments by Chand et al. [17] are briefly outlined. Section 3 presents
the computational settings and parameters for the reference case, and the validation of the CFD results
with the wind-tunnel measurements. In section 4, the sensitivity analysis is performed, including the
influence of building balconies on the wind pressure distribution . A discussion on the limitations of the
study is given in Section 5. The main conclusions are presented in Section 6.

2. Description of wind tunnel experiments

Atmospheric boundary layer wind-tunnel measurements of wind-induced surface pressure on the facades
of a medium-rise building were conducted by Chand et al. [17]. The open-circuit wind tunnel was 14 m
long and had a test section of 2.5X1.8 m’ The atmospheric boundary layer was generated by a
combination of three devices: vortex generators, a grid of horizontal rods and a set of roughness elements
on the floor of the test section. The resulting vertical profile of mean wind speed at the location of the
building (but without building model present) is represented by a log law with aerodynamic roughness
length 7, = 0.008 m (model scale, corresponding to 0.24 m in full scale) and a friction velocity u* g =
0.73 nv/s. The measured incident longitudinal turbulence intensity ranges from 13% near ground level to
about 3% at gradient height. Because these profiles were measured at the (virtual) location of the
building, they represent the incident, rather than the approach-flow conditions. Using the incident-flow
conditions in CFD is important for simulation accuracy [64]. The upstream wind velocity, measured at
building height, was equal to 7.1 m/s, yielding a building Reynolds number of 250,000 which is well
above the critical value of 11,000 for Reynolds number independent flow [65].

The building at scale 1:30 had dimensions width X depth Xheight = 0.60%0.25%0.50 m® (reduced
scale, see Fig. 1) corresponding to full-scale dimensions 18 X7.5X 15 m’, resulting in a blockage ratio of
about 6.6%. To evaluate the effect of building balconies on the mean pressure coefficient, measurements
were carried out for a building with and without balconies. Three balconies with width 0.15 m, depth
0.05 m and height 0.03 m were positioned at every one of the five floors, except the ground floor (Fig.
1).

Mean surface pressures were measured along three vertical lines on the windward and leeward
facade. Each measurement line was positioned in the middle of the balconies and 45 holes were drilled at
equidistant points along it (Fig. 1). In the reminder of this paper, we will refer to these vertical lines as
“edge lines” and “centre line”. The measurements were performed with a scanning valve and a digital
micro-manometer. Upstream static and dynamic pressures were measured with a Pitot tube mounted 0.90
m upstream of the model and at building height. During the surface pressure measurements, the static
tube was connected to the negative port of the scanning valve. So, the manometer indicated the pressure
differences of surface pressure and free stream static pressure. The results of the wind-tunnel
measurements will be shown together with the validation in the next sections.

3. CFD simulations: reference case

A reference case is defined as a starting point for the sensitivity analysis. It includes a fixed choice for
the computational geometry and grid, boundary conditions and turbulence model, as outlined below.



3.1. Computational geometry and grid

A computational model was made of the reduced-scale building model used in the wind-tunnel
measurements. The dimensions of the computational domain were chosen based on the best practice
guidelines by Franke et al. [66] and Tominaga et al. [67]. The upstream domain length is SH = 2.5 m.
The resulting dimensions of the domain were WXDXH=10.6%10.25X3 m’, which corresponds to
318%307.5%90 m’ in full scale. The computational grid was created using the surface-grid extrusion
technique presented by van Hooff and Blocken [41]. The procedure was executed with the aid of the pre-
processor Gambit 2.4.6, resulting in a hybrid grid with 2,102,250 prismatic and hexahedral cells. The
grid is shown in Figs. 2a-c. 20 and 10 cells are used along the width and depth of the balconies,
respectively, as shown in Fig. 2c. A maximum stretching ratio of 1.2 controls the cells located in the
immediate surroundings of the building model. The grid resolution resulted from a grid-sensitivity
analysis that will be outlined in Section 4.1. The minimum and maximum cell volumes in the domain are
approximately 5 X 10% m* and 7.5X 107 m?, respectively. The distance from the centre point of the wall
adjacent cell to the wall, for the windward, leeward and ground plane is 0.0017m, 0.0022m and 0.0025m,
respectively. This corresponds to y* values between 20 and 350. As standard wall functions are used in
this study, these values ensure that the centre point of the wall-adjacent cell is placed in the logarithmic
layer. The domain shape (Fig. 2a) allows modelling different wind directions (0° and 45°, corresponding
to the experiments).

3.2. Boundary conditions

For wind direction 6 = 0°, plane 1 in Figure 2a is the inlet plane, plane 3 the outlet plane and planes 2
and 4 are the side planes. In the simulations the inlet boundary conditions (mean velocity 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 I, (Fig. 3) The turbulent kinetic energy k
was calculated from U and I, using Eq. (1), where a is a parameter in the range between 0.5 and 1.5 [50].
In this study, as recommended by Tominaga et al. [67], a=1 is chosen. The turbulence dissipation rate &
is given by Eq. (2), with k the von Karman constant (= 0.42).
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For the ground surface, the standard wall functions by Launder and Spalding [68] with roughness
modification by Cebeci and Bradshaw [69] are used. The values of the roughness parameters, i.e. the
sand-grain roughness height k; (m) and the roughness constant C,, were determined using their
consistency relationship with the aerodynamic roughness length z, derived by Blocken et al. [70]. For
Fluent 6.3, this relationship is:
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Given the upstream domain length of 5H, the roughness parameters are taken to reproduce the roughness
of the wind-tunnel turntable, which is considered to be smooth and for which z, = 0.0018 m is assumed.
The selected (reduced-scale) values according to Eq. (3) are k=0.0025 m and C=7.0. Standard wall
functions are also used at the building surfaces, but with zero roughness height k=0 (C=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. As recommended by
Blocken et al. [70-72], the absence of unintended streamwise gradients (i.e. horizontal inhomogeneity) in
the vertical profiles of mean wind speed and the turbulence parameters was confirmed by performing
simulations in an empty domain (i.e. without building present).

3.3. Solver settings

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—¢ turbulence model by Shih et al. [73]. The
SIMPLE algorithm was used for pressure-velocity 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. Convergence was assumed to obtain when all the scaled residuals levelled off and
reached a minimum of 10 for x, y momentum, 10~ for y momentum and 10 for k, € and continuity.



3.4. Results and comparison with wind tunnel experiments

The CFD results for the reference case are compared with the wind-tunnel measurements by Chand et al.
[17]. The pressure coefficients are computed as C, = (P-P)/(0.5pU,#) where P is the pressure at the
surface, Py the reference static pressure, p = 1.225 kg/m?® the air density and U, is the reference wind
speed at building height (U,.s = 7.1 m/s at z = 0.5 m). Fig. 4 provides the CFD results of static pressure
along a vertical line 0.9 m upstream of the building, where the Pitot tube for the reference static pressure
was mounted in the experiment. It can be seen that the static pressure at building height is about 4.3 Pa.
Note that Chand et al. [17] did not report the static pressure that they used to calculate the Cp values. In
the present study, we used the value of 4.3 Pa for this purpose.

Fig. 5 compares the CFD results and the wind-tunnel results of Cp along the vertical measurement
lines at the facade (shown in Fig. 1) for the case with balconies. The general agreement is quite good. For
the lines at the windward facade (Fig. 5a and 5b), the average absolute deviation between CFD results
and measurements is 0.052 and 0.072 for the edge lines and centre line, respectively. In particular the
vertical Cp gradients (increase and decrease of Cp along these vertical lines) due to the presence of the
balconies are quite well reproduced. Note that there are some discrepancies especially at the lower half of
the facade at edge lines, where CFD overestimates Cp, and at the upper half of the facade at the centre
line, where CFD provides underestimations. The exact reasons for this are not clear, but it is possible that
the expected acceleration of the flow over the smooth turntable of the wind tunnel, directly upstream of
the building model, has had some effect on the measurement values. Overall, in spite of the well-known
deficiences of steady RANS CFD to reproduce separating and recirculating flow [67, 74], the agreement
between the CFD and the wind-tunnel results is considered to be good. Also at the leeward facade, the
agreement is quite good (Fig. 5c and 5d). The average absolute deviation between CFD results and
measurements is 0.069 and 0.070 for the edge lines and centre line, respectively. Note that there is a
systematic underestimation of the absolute value of Cp by CFD at the leeward facade.

4. CFD simulations: sensitivity analysis

To analyse the sensitivity of the results to various geometrical and computational parameters, systematic
changes are made to the reference case that was outlined in the previous section. In every section, one of
the geometrical or computational parameters is varied, while all others are kept identical to those in the
reference case.

4.1. Impact of computational grid resolution

Performing a grid-sensitivity analysis is important to reduce the discretisation errors and the
computational time. In this study, a grid-sensitivity analysis was performed based on two additional
grids; a coarser grid and a finer grid. Coarsening and refining was performed with an overall linear factor
V2. As mentioned before, the basic mesh had 2,102,250 cells. The coarse grid had 720,937 cells, while
the fine grid had 6,755,370 cells. The three grids are shown in Fig. 6. The results for Cp on the three grids
are compared in Fig. 7, indicating only a very limited dependence of the results on the grid resolution.
The average absolute deviation between the CFD results and the measurements for the edge lines is
0.056, 0.052 and 0.052 for the coarse, basic and fine grid, respectively. For the centre line, the average
absolute deviations are 0.068, 0.072 and 0.073. A small deviation is between the coarse grid and basic
grid for the upper part of the building, and between fine grid and basic grid for the space between the
third and fourth floors. Negligible grid sensitivity is found for the other parts. Therefore, the basic grid is
retained for further analysis.

4.2. Impact of reference static pressure

As mentioned before, the actual value of the reference static pressure in the wind tunnel is not known, as
it was not reported in the paper by Chand et al. [17]. The paper does mention that it was measured by a
Pitot tube placed 0.9 m upstream of the building and at building height. In the present paper, the CFD
result of the static pressure at this position of the Pitot tube was used as the reference static pressure (see
subsection 3.4). In the wind-tunnel experiments, it was assumed that the presence of the model had no
influence on the measurement of upstream static pressure at this position. However, the simulation
results (see Fig. 4) showed that the model affects the upstream flow causing an increase in static
pressure. To illustrate the importance of a correct reference value for this static pressure, Figure 8 shows
the results obtained with P = 1, 3, 5 and 7 Pa. For the edge lines, the average absolute deviations
between the CFD results and the measurements are 0.165, 0.103, 0.052 and 0.051, for 1, 3, 5 and 7 Pa,
respectively. For the centre line, these deviations are 0.122, 0.076, 0.072 and 0.099. These results show
that a small change in the upstream static pressure can lead to very large deviations in Cp. This implies
that accurate values for this reference static pressure are crucial for a successful CFD validation effort.
For CFD validation purposes, it is important that the position of P is the same as in the experiments. In



general, a reference position that is outside the wind-flow pattern disturbed by the building model should
be used.

4.3. Impact of turbulence model

3D steady RANS simulations were made in combination with five turbulence models: (1) the standard
k—e model (Sk—¢) [75]; (2) the realizable k—e model (Rk—¢) [73]; (3) the renormalization Group k—¢
model (RNG k—¢) [76-77]; (4) the standard k—® model (Sk—w) [78] and (5) the Reynolds Stress Model
(RSM) [79]. For the standard k—® model, the inlet vertical profile for ® is determined from that of k and
€ using Eq. (4), where C, is a constant equal to 0.09. For the RSM model, the Reynolds stress
components are obtained from the turbulent kinetic energy k assuming isotropy of turbulence (see Eq.
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The results are shown in Figure 9. The average absolute deviations for the edge lines and centre line for
each turbulence model are given in Table 1. The differences between the models are most pronounced
near ground level, where the RNG k-& model tends to overestimate the pressure variations. The standard
k—o model generally provides a slight overestimate of the pressure, while the results of the RSM are
very close to those of the standard and realizable k-& model (reference case).

4.4. Impact of building balconies for perpendicular approach flow

The impact of building balconies on Cp is investigated by comparing simulations for buildings with and
without balconies. This subsection presents the results for perpendicular approach flow. The results are
displayed in Figure 5, 10, 11 and 12. The following observations are made:

¢ Figure 10 compares the simulated and measured C, along the edge lines and centre line for the facade
without balconies. For both the windward and the leeward facade, a good to very good agreement
with the measurements is obtained. The main deviations are again found at the lower half of the
facade. The average absolute deviations in Figures 10a, 10b, 10c and 10d are 0.045, 0.046, 0.039 and
0.055, respectively.

e Comparing Figures 5 and 10 clearly shows the very large impact of the building balconies on the C,
distribution. The presence of the balconies yields a very different Cp profile along the height of the
building facade, with a succession of lower and higher pressure zones, caused by the multitude of
flow separation and recirculation areas induced by the balconies.

e Figure 11 compares the simulated distribution of C, across the entire windward facade for the case
with and without balconies. This figure confirms the much larger complexity of the Cp distribution
across the facade with balconies. In particular:

1) For the second and third row of balconies, the presence of these balconies generally leads to an
increase in Cp. The reason is the direct impingement of the flow onto these balconies and onto
the facade behind them, yielding a large stagnation area. To some extent, the balconies act as
compartments with a nearly constant pressure. This effect is most pronounced for the third row
of balconies, but also present for the second row.

2) For the first and fourth row of balconies, flow separation and reattachment can lead to local
increases and decreases in Cp. Especially for the side balconies, large gradients are observed.

e Figure 12 shows the impact of balconies on the surface-averaged pressure coefficients for each
balcony space. The width of the surfaces is equal to the width of each balcony, i.e. 0.15 m. The height
of the surfaces is 0.1 m. The surface-averaged C, values are presented for the two cases: with
balconies (Fig. 12a) and without balconies (Fig. 12b). Fig. 12¢ also shows the relative percentage
difference of surface-averaged C, for the two cases. The results show that the presence of the fourth
row of balconies leads to a substantial decrease in the surface-average C, of about 30%. The third
row of balconies, however, is situated closer to the stagnation area and the change in surface-
averaged C, is therefore negligible. For the second and first row of balconies, their presence
substantially increases the surface-averaged C, except for the middle balconies.

4.5. Impact of building balconies for oblique approach-flow

Simulations and measurements were also made for oblique flow (wind direction 45°). The results are
provided in Figures 13, 14, 15 and 16. The following observations are made:



¢ Figures 13a-c compare the simulated and measured C, along the vertical lines in the middle and at the
edges of the windward facade. A good to very good agreement is obtained between the simulations
and the measurements. The average absolute deviations in Figures 13a, b and ¢ are 0.028, 0.029 and
0.028, respectively.

¢ Figures 13d-f compare the simulated and measured C, for the leeward facade. Here, as opposed to the
case with perpendicular flow, the agreement is not good. The average absolute deviations in Figures
13d, e and f are 0.095, 0.155 and 0.068, respectively.

e Figure 14a-c show the results for the windward facade with balconies. The average absolute
deviations in Figures 14a, b and ¢ are 0.035, 0.058 and 0.039, respectively.

e Figure 14d-f show the results for the leeward facade with balconies, with averaged absolute
deviations of 0.095, 0.156 and 0.068, respectively.

e Overall, a good agreement is obtained, although locally some significant discrepancies are noted.
Comparing Figure 13 and 14 again clearly shows the large impact of the building balconies on the C,
distribution.

e Figure 15 finally compares the simulated distribution of C, across the entire windward facade for the

case with and without balconies. The complexity of the distribution is directly attributable to multiple

areas of flow separation, recirculation and reattachment on the windward building facade.
Figure 16 shows the results on the surface-averaged pressure coefficients. The results show that the
impact of balconies for oblique flow is much more complex than for perpendicular flow.

5. Discussion

It is important to mention the three main limitations of this study.

(1) The study only considered steady RANS CFD simulations, as the purpose was to investigate how
well steady RANS CFD would be able to reproduce wind pressure distributions across building
facades, especially for facades with balconies. In spite of the well-known deficiencies of steady
RANS, a good agreement was obtained between CFD simulations and wind-tunnel measurements,
both for the windward facade without balconies and for the windward facade with balconies. Also
for the leeward facade and for perpendicular wind, a good agreement was obtained. However,
larger deviations were obtained for wind pressures on the leeward facade for oblique wind.
Obtaining a better agreement here would necessitate the use of Large Eddy Simulation (LES),
which however is much more computationally expensive than steady RANS.

(2) Only an isolated medium-rise building was considered. Further work should assess the accuracy of
steady RANS to reproduce the effect of balconies on pressure distributions on high-rise buildings,
and on buildings surrounded by other buildings.

(3) The explicit focus of the study was the assessment of steady RANS CFD for a given building
geometry with given balcony geometries. Future work could focus on optimal balcony design. In
order to optimize the arrangement of balconies, a parametric analysis needs to be performed. This
optimization should be done by taking the impact of different factors into account such as building
geometry, position, dimension and number of balconies, etc. Besides the impact of balconies on the
surface pressure distribution of the building, to achieve an optimum arrangement of balconies, wind
comfort and wind safety assessment also need to be studied.

In spite of these limitations, the present study has analysed the possibilities and limitations of steady
RANS for assessing the effect of balconies on wind-induced pressure coefficients. It has also
investigated the effect of the balconies on these coefficients by comparing simulations for buildings with
and without balconies. Finally, also a detailed sensitivity study has been performed, including the most
important computational parameters such as computational grid, turbulence model, approach-flow mean
velocity profile and wind direction. Note that the focus of this paper was explicitly on the pressure
distribution across the building facade. Further studies could include analysis of the static pressure
distribution in the area around the building (i.e. not at the building fagade) and of the wind-velocity
pattern.

6. Conclusions

This paper has presented a systematic evaluation of 3D steady RANS CFD for the prediction of the mean
wind pressure distribution on windward and leeward surfaces of a medium-rise building with and
without balconies. The evaluation is based on a grid-sensitivity analysis and on validation with wind-
tunnel measurements. The study was motivated by the lack of knowledge on the accuracy and reliability
of CFD for determining mean wind pressure coefficients on building facades with balconies. Although
indeed many CFD studies of mean wind pressure distributions on buildings have been performed in the
past, the vast majority of these studies focused on simple building geometries without facade details such
as balconies. These details however are important because they can drastically change the flow pattern



and the overall pressure distribution on the facade. In addition, many historical and contemporary
building facades are characterised by protrusions and recessions.

The present study has shown that 3D steady RANS CFD, in spite of its limitations, is suitable to
predict the wind-induced mean pressures at windward building facades with (and without) balconies. It
has also been shown that the presence of building balconies can indeed lead to very strong changes in
wind pressure distribution on these windward facades, because the balconies introduce multiple areas of
flow separation, recirculation and reattachment. 3D steady RANS CFD has also been shown to provide
accurate predictions of the mean wind pressure at the leeward wall in case of a perpendicular approach
flow wind direction. This however is not the case for oblique flow, where large discrepancies with the
wind-tunnel measurements have been found. Finally, also the impact of the turbulence model, the
reference static pressure and the wind direction have been investigated, and it has been shown that a
careful selection of these parameters is very important for accurate and reliable results.
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FIGURES

Figure 1. Geometry of building model and balconies (dimensions in meter at model scale).

Figure 2. Computational grid. (a) Grid at bottom and side faces of computational domain. (b) Grid at
building surfaces and ground surface. (c) Detail of grid near balconies.
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Figure 3. (a) Measured profile (dotted line) and fitted log law profile (solid line) of ratio of mean wind
speed U to mean wind speed Uy at building height. Inlet vertical profile of (b) turbulent kinetic energy k

and (c) turbulence dissipation rate «.
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Figure 5. Comparison of pressure coefficient Cp by CFD simulation results and wind-tunnel experiments
along (a) edge lines on windward facade; (b) centre line on windward facade; (c) edge lines on leeward
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Figure 9. Impact of turbulence model on CFD simulation results of pressure coefficient Cp along (a,b)
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Figure 12. Impact of balconies on the surface-averaged pressure coefficients for each balcony space, for
wind direction perpendicular to the windward facade. The surface-averaged Cp for the case (a) with
balconies and (b) without balconies. (c) The relative percentage difference of surface-averaged C,, for the
two cases.
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Figure 13. Comparison of pressure coefficient Cp by CFD simulation results and wind-tunnel
experiments for building without balconies and for oblique wind direction 45°, along: (a) windward
upstream edge line, (b) windward centre line, (¢) windward downstream edge line, (d-f) same lines at
leeward facade.
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Figure 14. Comparison of pressure coefficient Cp by CFD simulation results and wind-tunnel
experiments for building with balconies and for oblique wind direction 45°, along: (a) windward
upstream edge line, (b) windward centre line, (¢) windward downstream edge line, (d-f) same lines at
leeward facade.
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Figure 15. (a) Pressure coefficient Cp distribution across windward facade of building with balconies, for
wind direction at 45° to the windward facade. (b) Cp distribution for building without balconies.
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Figure 16. Impact of balconies on the surface-averaged pressure coefficients for each balcony space, for
wind direction at 45° to the windward facade. The surface-averaged Cp for the case (a) with balconies
and (b) without balconies. (c) The relative percentage difference of surface-averaged C, for the two
cases.
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TABLE

Table 1. The average absolute deviations for the edge lines and centre line for each turbulence model

Turbulence model Edge line Centre line
Standard k—e model 0.044 0.071
Realizable k— model 0.052 0.072
RNG k—¢ model 0.067 0.070
Standard k—® model 0.098 0.087
Reynolds Stress model  0.064 0.067

18



