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Abstract: An increasing number of engineering applications require accurate predictions of the flow
around buildings to guarantee performance and safety. This paper investigates the effects of variations
in the turbulent inflow, as predicted in different numerical simulations, on the flow pattern prediction
around buildings, compared to wind tunnel tests. Turbulence characteristics were assessed at several
locations around a model square high-rise building, namely, above the roof region, at the pedestrian
level, and in the wake. Both Reynolds-averaged Navier–Stokes (RANS, where turbulence is fully
modelled) equations and large-eddy simulation (LES, where turbulence is partially resolved) were
used to model an experimental setup providing validation for the roof region. The performances
of both techniques were compared in ability to predict the flow features. It was found that RANS
provides reliable results in regions of the flow heavily influenced by the building model, and it is
unreliable where the flow is influenced by ambient conditions. In contrast, LES is generally reliable,
provided that a suitable turbulent inflow is included in the simulation. RANS also benefits when a
turbulent inflow is provided in simulations. In general, LES should be the methodology of choice if
engineering applications are involved with the highly separated and turbulent flow features around
the building, and RANS provides reliable information when regions of high wind speed and low
turbulence are investigated.

Keywords: large eddy simulation; turbulent inflow; urban wind; building aerodynamics

1. Introduction

The prediction of the flow field in a built environment is a rather challenging task. This is mostly
due to the turbulent structures that occur within the urban environment. In particular, three scales
of the signature turbulence may be recognized, which occur due to the separated flow and wake of
buildings [1,2]. The importance of correctly estimating and understanding the wind patterns around
buildings is evident for many engineering applications in the urban environment. Figure 1 shows
the complexity of the turbulent flow around an isolated building, where the different interacting
turbulent scales are highlighted by means of their fluctuations.
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practice. New numerical techniques are developed constantly; however, the impact of RANS remains 
undisputed and will most likely endure in the foreseeable future [6–9]. 

 
Figure 1. (left) Turbulent structures around a building and (right) associated energy wavelength. 

An alternative approach which is mostly found in research—in far less works, however—is the 
large eddy simulation (LES) [9]. BPGs for LES do not exist yet; therefore, practitioners are 
discouraged from the implementation of LES despite the ever-increasing availability of 
computational power and fine development of techniques to reduce the computational burden of 
LES models. In fact, LES directly resolves the flow structures; hence, it requires a very fine mesh, and 
consequently a small time step that for realistic geometries results in onerous simulations, unfeasible 
in every day practice [8]. However, there are many advantages to the use of LES, as it allows for a 
very accurate prediction of the flow field, up to high-order statistics and turbulence, which is not the 
case for RANS. Arguably, the mean wind speed is enough of a parameter for assessments for 
engineering purposes; however, more and more applications do register the need for an accurate 
prediction of the turbulence characteristics. 

For example, the lack of a reliable prediction of the turbulent flow environment is recognized as 
the main limitation for the urban wind energy to progress into a practicable way of harnessing energy 
at its consumption place [10–13]. Pedestrian level winds have also been confirmed as having a strong 
correlation with the turbulent environment for the evaluation of distress and comfort [14,15]. The 
installation of roof-mounted structures (solar panels [16], etc.) has been characterized as providing a 
possible benefits regarding a better prediction of the flow environment to reduce the burden and cost 
of the roof due to ballast and anchoring. Debris due to wind storms are starting to be investigated 
and findings point to the conclusion that turbulence is essential to predicting risk to the public [17–
19]. Pollution dispersion [20–22], wind turbine wake [23–26], and aero-acoustic applications for 
human comfort [27] are also among the applications where predictions of turbulence play crucial 
roles. 

While RANS remains—and it probably will for a long time—an unmissable step of a holistic and 
conceptual design process, LES offers undeniable benefits to the detailed design and is likely to 
impose itself as a suitable option to aid designers in the near future [8,28]. Nevertheless, BPGs need 
to be implemented for LES to affirm itself, which is also why, as pointed out in the excellent work by 
Blocken [9], the technique is still finding much resistance. 

Another interesting aspect, which is normally overlooked in specialistic research, is the relation 
between the turbulent inflow at the inlet of a RANS or LES simulation and the obtained results. While 
LES requires undoubtedly that an appropriate and accurate inflow is used to have accurate results, 
in RANS, BPGs indicate that inlet boundary conditions should be as accurate as possible, but very 
few works have actually considered the impacts of the turbulent inflow on the results [29–31]. In fact, 
most building simulations disregard the flow field in favor of the surface pressure field, about which 
a vast literature is available—for example, about the calculations of dynamic wind loads [32]—
leaving other fields such as urban wind energy and loading on solar panels with very few data 
available [33,34]. 
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Among the available techniques to investigate turbulent flow around buildings, computational
fluid dynamics (CFD) has become a well-established tool to predict the flow around buildings,
along with wind tunnel testing. Reynolds-averaged Navier–Stokes (RANS) simulations are nowadays
implemented diffusely by wind engineers and aerodynamicists thanks to the available best practice
guidelines (BPGs) that allow for accurate results to be obtained [3–6]. Those results are limited to
the prediction of the mean wind speed, which in turn is the parameter mostly needed for the current
practice. New numerical techniques are developed constantly; however, the impact of RANS remains
undisputed and will most likely endure in the foreseeable future [6–9].

An alternative approach which is mostly found in research—in far less works, however—is
the large eddy simulation (LES) [9]. BPGs for LES do not exist yet; therefore, practitioners are
discouraged from the implementation of LES despite the ever-increasing availability of computational
power and fine development of techniques to reduce the computational burden of LES models. In fact,
LES directly resolves the flow structures; hence, it requires a very fine mesh, and consequently a
small time step that for realistic geometries results in onerous simulations, unfeasible in every day
practice [8]. However, there are many advantages to the use of LES, as it allows for a very accurate
prediction of the flow field, up to high-order statistics and turbulence, which is not the case for
RANS. Arguably, the mean wind speed is enough of a parameter for assessments for engineering
purposes; however, more and more applications do register the need for an accurate prediction of
the turbulence characteristics.

For example, the lack of a reliable prediction of the turbulent flow environment is recognized
as the main limitation for the urban wind energy to progress into a practicable way of harnessing
energy at its consumption place [10–13]. Pedestrian level winds have also been confirmed as having a
strong correlation with the turbulent environment for the evaluation of distress and comfort [14,15].
The installation of roof-mounted structures (solar panels [16], etc.) has been characterized as providing
a possible benefits regarding a better prediction of the flow environment to reduce the burden and cost
of the roof due to ballast and anchoring. Debris due to wind storms are starting to be investigated
and findings point to the conclusion that turbulence is essential to predicting risk to the public [17–19].
Pollution dispersion [20–22], wind turbine wake [23–26], and aero-acoustic applications for human
comfort [27] are also among the applications where predictions of turbulence play crucial roles.

While RANS remains—and it probably will for a long time—an unmissable step of a holistic
and conceptual design process, LES offers undeniable benefits to the detailed design and is likely to
impose itself as a suitable option to aid designers in the near future [8,28]. Nevertheless, BPGs need to
be implemented for LES to affirm itself, which is also why, as pointed out in the excellent work by
Blocken [9], the technique is still finding much resistance.

Another interesting aspect, which is normally overlooked in specialistic research, is the relation
between the turbulent inflow at the inlet of a RANS or LES simulation and the obtained results.
While LES requires undoubtedly that an appropriate and accurate inflow is used to have accurate
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results, in RANS, BPGs indicate that inlet boundary conditions should be as accurate as possible,
but very few works have actually considered the impacts of the turbulent inflow on the results [29–31].
In fact, most building simulations disregard the flow field in favor of the surface pressure field,
about which a vast literature is available—for example, about the calculations of dynamic wind
loads [32]—leaving other fields such as urban wind energy and loading on solar panels with very few
data available [33,34].

This work aims at addressing the gap in the building simulation research field by firstly comparing
the predictions of the wind velocity around a high-rise building by means of RANS and LES. Secondly,
the impact of the turbulent inflow is also investigated, with a detailed analysis of the roof region
as assessed with LES, and particular interest toward building simulation research. In particular,
the following objectives of research are addressed in this work:

1. To assess the mean wind velocity and turbulence intensity in the roof region, at the pedestrian
level, and in the wake region of a high-rise building.

2. To evaluate the adequacy of steady-state RANS simulations for predicting the flow features.
3. To evaluate the advantages of LES data for predicting more advanced flow statistics.
4. To assess the role of the turbulent inflow in the flow field for RANS and LES.

The numerical methodology is detailed in Section 2. Results are shown in Section 3, comparing
RANS and LES data for the various regions of the flow around high-rise buildings. LES results are
detailed further in Section 3.4. to assess the role of the turbulent inflow in the roof region. Results are
then discussed in Section 4, where the next steps of the research are described as well.

2. Methodology

2.1. High-Rise Building Model and Computational Domains

The numerical model used in this work replicates the experimental setup developed within
the WINERCOST Action on the enhancement of wind energy harvesting in urban environments.
Extensive wind tunnel tests at the Ruhr University of Bochum have been analyzed at length in previous
published work [35–37].

The model is a square prism with a 3:1 aspect ratio, simulating a 1:300 scale high-rise building in
atmospheric flow. The height and width of the model are respectively H = 400 mm and D = 133.3 mm.
Figure 2 shows the location of measurements above the flat roof of the building. At these locations,
profiles of the wind velocity were taken from the numerical simulations. Locations were chosen to
highlight the different behavior of the flow around the building, i.e., with profiles placed at the center
at the edge or at the corner of the roof, hence in different areas of the separation bubble and cone
vortices that form at the roof for this specific wind direction [35].
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Figure 2. Numerical model and positions of the measurement profiles. (left) Roof, wake, and pedestrian
profiles and their quotes; (right) detail of the roof region positions. xs indicates the abscissa of
the pedestrian profile. Quotes are reported in full-scale, where D = 40 m.

Figure 3 shows the two different computational domains used in the simulations. The inlet profile
from wind tunnel tests was adopted in configuration (a), and the only source of inflow turbulence
came from the ground. The steady inlet domain spanned from 2 m = 15D upstream to the model
to 4 m = 30D downstream. To avoid blockage issues, the other sizes of the domain were chosen
compatibly with the wind tunnel size, i.e., 1.8 m = 13.5D in width and 1.6 m = 12D in height.
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The fluctuating configuration (configuration (b)) had the same width and height. However,
the turbulent inflow was this time generated by replicating exactly the geometry of the roughness
elements present in the wind tunnel. Hence, the domain extended 8.7 m = 65D upstream of the model
to 3.8 m = 28.5D downstream. The castellated barrier was placed 1 m from the inlet, and the spires
at 2.7 m. The inlet flow was in this case set uniformly at 15 m/s, which allowed for a velocity of
Uref~15 m/s at z = H in the model, which was found to be acceptable compared to the experimental case.

2.2. Numerical Setup

This study implemented RANS and LES in combination with the two computational domains
to assess the effects of the turbulent inflow on the statistics around the high-rise building model.
The turbulent inflow was generated in both LES and RANS using the so-called precursor domain
simulation. The upstream part of the wind tunnel, which is responsible for the development of
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the atmospheric boundary layer (ABL) in an experiment, was modelled in the geometry. This approach
counts as a sort of virtual wind tunnel to be modelled [38].

The steady Reynolds-averaged Navier–Stokes (RANS) simulations implemented the k-ω SST
turbulence model, which has shown good viability for the estimation of the averaged fields, and it
is heavily used in building simulations [11]. It is also known that its performance is hindered by
the modelling of fluctuating statistics [5,9,39].

Large eddy simulations (LES) implement the Smagorinsky–Lilly sub-grid scale model that is based
on the mixing length concept. A fixed constant is defined to compute sub-grid scale effects, potentially

yielding an unphysical behavior. The eddy viscosity reads vsgs = (Cs∆)
2
|

∼

S| = (Cs∆)
2
√

2
∼

Si j
∼

Si j,
where Si j is the shear strain rate, and Cs = 0.17 as per indications from literature [40]. The Van Driest
function [41] is used in this work to dampen the role of the Cs in those regions of the flow where
viscosity effects become preponderant. νsgs is corrected at the wall by substituting the filter size ∆ with
∆ = min

(
κy/Cs

(
1− e−y+/A+

)
; ∆g

)
, where A+ = 26, κ = 0.41 is the von Kármán constant, and ∆g

represents the actual mesh size [40,42,43].
The solver uses the second order central difference scheme for the spatial discretization, the Euler

temporal scheme, and high-order discretization for the RANS turbulence model, ensuring a limited
numerical dissipation of results [43]. Both RANS and LES were applied to the same block structured
hexahedral mesh, which has been constructed so that y+~1, and we chose the blocking strategy in
order to limit the along-flow size of the elements to respect the CFL condition which imposes Co < 1.
Therefore, the suitable time step for the LES setup was ∆t = 5−5.

As computational costs need to be contained, a numerical study usually comprises of a thorough
mesh sensitivity analysis, which has been here performed and discussed at length in a previous
work [44]. Figure 4 shows the computational mesh for the two computational domains with smooth
and turbulent inflow conditions. The mesh is created in a similar way, with a highly refined region close
to the building and a gradual increase of the cell size to reduce computational costs. The roof region
and the pedestrian level are refined further to correctly represent the shear layer features. A detailed
account of the mesh resolution and sensitivity analysis is given in [44].
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All simulations have been solved suing Ansys CFX v17.2 (ANSYS, Inc. Canonsburg, PA, USA),
using 64 processors of the BlueBEAR Windows HPC at the University of Birmingham (discontinued
in 2018). RANS steady simulations each took 8 h of computations, while LES required 10 days
of computations for ≈6 s of simulation, which corresponds to ≈12 flow-through-times (FTT).
The convergence of results within the flow domain was monitored and the chosen FTT was found to
be a good compromise between computational costs and accuracy.

3. Results

Results show the flow patterns predicted by RANS and LES, focusing on the different behaviors
under smooth and turbulent inflow. The roof region was validated against experimental data and LES
results were analyzed in detail to determine the role of the inflow condition. The RANS and LES
performances were also compared at other locations, namely, the pedestrian level and wake region,
where experimental results are not available.

Previous experimental tests provided the validation test-case for the roof region [35,45], while at
other locations the flow was not measured in experiments; however, it is reasonable to consider it to be
as accurate as is shown by the roof region due to the similar features (shear and separation) and high
quality of the mesh adopted.

3.1. Inflow Profile as Modeled

Figure 5 shows the inflow statistics as computed by both smooth and turbulent RANS and LES
cases, measured at x = 7D upstream of the model, corresponding to the limits of the turntable of
the wind tunnel tests at a distance of x = 0.9 m from the center. The turbulent cases (referred to as
RANS and LES) generate the mean wind speed and the turbulence intensity by replicating the wind
tunnel geometry, while the smooth cases (RANSsmooth and LESsmooth) have the experimental inflow
imposed at the inlet.Fluids 2020, 5, x 6 of 21 
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Results around the high-rise building model in terms of U/Uref show that RANSsmooth and LESsmooth

are able to correctly predict the experimental values. Additionally, LES is also able to predict well
the experiments, with a reduced accuracy close to the wall, highlighting the challenging setup, requiring
the meshing of the roughness elements in the wind tunnel and the flow upstream of it (normally
not available and sometimes not uniform). This might be the reason for RANS missing most of
the experimental inlet values. Figure 5 also shows a good match of Iu by RANS and LES, at least in a
qualitatively way, with overprediction of about 5%, while RANSsmooth and LESsmooth completely miss
the values for U. Therefore, it is evident that inlet turbulence plays a key role in the correct reproduction
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of turbulence-related values. LES results of Iu are rather optimistic regarding the representations of
other high-order features of the inflow; hence, a mismatch of the mean wind speed seems a reasonable
compromise. The discussed limitations of each approach, as shown in Figure 5, will be used as
references for the interpretation of the upcoming results.

3.2. Numerical Flow Pattern

Surface pressure measurements require a great deal of interpretation of statistics to pair them
with a suitable physical explanation based on the flow features. CFD provides the huge advantage of
visualizing the flow field, hence immediately explaining the physical behavior and detecting issues in
the representation of the flow, especially when using a simplified technique such as RANS.

Figure 6 shows the flow pattern around the high-rise building in the case of a smooth inflow. In this
case, the coherent structures of the instantaneous flow are more evident and easily illustrated using
the Q-criterion for the detection of vortex cores. Horseshoe vortices are recognizable at the pedestrian
level, with two vorticities present upstream of the building. In fact, elongated prisms are known to
show upstream multiple vortices near the ground [46,47]. Flow separation is evident from the presence
of leading-edge vortices which affect the shear layer between the separation bubble and the free-stream
flow. This vorticity is related to the shape of the edge, and the most likely not to be influenced by
ambient flow conditions. The leading-edge vorticity evolves into a vortex shedding with periodic
behavior, as regions with the same Q-invariant are present at a spacing of roughly 0.025 m or 0.2D,
similarly to indications found in literature [48]. In the wake of the building, the vorticity curls up into
hairpin vortices that enhance the mixing with the free stream [49]. For this reason, the wake funnels
and stretches towards the ground. Some vorticity is dragged downstream of the building with no
apparent stretching at roughly 0.5 m or 5D from the building, where the development of the wake is
entirely driven by the free stream flow [50]. LES captures this behavior in agreement with the literature,
and this can be attributed to the quality of the numerical setup.
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Figure 7 shows the Q-invariant of all considered smooth and turbulent inflow cases for the LES
and RANS simulations. As regards the RANS cases, the vortices are rather regular and symmetric,
each with a region of vorticity that clearly represents the horseshow vortex around the base of
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the building (evident for the steady inlet). The RANS case shows instead a large region of vorticity
downstream of the building, which indicates an interaction between the separated flow region in
the wake with the free-stream flow structures. In fact, a large vortex originating from the inlet spires is
noticeable in the top-right corner of the image.
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LESsmooth (with steady inlet) visualization is analogous to Figure 6, with horseshoe vortices at
the ground upstream the building, and a separated flow above the roof, generating a vortex shedding
behind the building, and evolving in large curved vortices in the wake. When the turbulent inflow
is introduced, the coherent structures are less evident, as they are disrupted by the smaller coherent
structures of the inflow. As the shear layer expands, as per the interaction with the turbulent inlet,
turbulence is entrained in the local flow features; hence, the behavior is greatly modified. For example,
the wake vortices are much smaller and unorganized, suggesting that the wake dissipates much
faster in turbulence [34,51]. However, at the roof the leading-edge vorticity is analogous in both cases.
This suggests that when the flow is governed by geometrical features, the presence of the inflow
does not affect the behavior. The similar flow patterns of RANSsmooth and LESsmooth simulations
confirm that RANS accurately captures the main features of the flow, and this might be sufficient
for some engineering applications. Vice versa—with a fluctuating inflow which is likely to affect
the flow behavior, especially further from the edges, RANS might not provide sufficient sensitiveness
to the interaction, hence potentially affecting the description of local flow phenomena.

3.3. RANS and LES Overprediction of the Roof Region

The roof region of high-rise buildings is critical, as components sensitive to wind, such as solar
panels and wind turbines, might be installed there and would need to withstand strong winds.
Results are compared in terms of mean wind velocity and turbulence intensity for the positions
indicated in Figure 2. Data are normalized using the reference velocity Uref, taken from the inlet wind
velocity profile, as computed in the different simulations, at z = H.

Figure 8 shows the mean longitudinal wind velocity U, for which the performances of RANS
and LES are comparable. For the fluctuating inflow cases, at lower heights z/D < 0.1, RANS seems to
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provide a closer match to experimental results compared to LES computations. However, RANS did
not detect a separation at position 3. Positions near walls are usually difficult to assess in wind
tunnel tests using physical probes (in the present study, hot-wire anemometers). Even if the probe is
correctly placed, normally only a limited sensitiveness is available, which might affect the accuracy.
Therefore, the lower experimental results are to be taken critical. For instance, a separation seems
not to occur at position 2 or position 1, where clearly all numerical techniques indicate there is one.
RANS and LES report similar extents of the separation bubble at position 1 and position 2, but cone
vortices seem not to be modelled consistently at position 3 and position 4 [35]. As for the smooth
inflow, RANSsmooth and LESsmooth provide analogous results throughout the dataset. In general,
the extent of the separation bubble seems to be overestimated by both techniques at around 50%
larger. This shows how turbulence in the inflow contracts the separation bubble, hence delaying
separation and reattachment, which arguably is crucial in the prediction of the flow in the roof region.
Figure 8 also shows LES statistics calculated using both the ensemble average (i.e., the average is
taken over the entire signal, analogously to RANS theoretical formulation) and the time average
(indicated with LESprobes, where the average is done over statistics taken for several signal segments of
1 s duration). Results are consistent, hence reassuring us of the stationarity of the signal, and therefore
the comparability of RANS and LES and on the sufficient length of the sample time for LES, in this
case T ≈ 6 s for both inflows.
Fluids 2020, 5, x 9 of 21 

 
Figure 8. Longitudinal mean velocity values (U) for positions 1, 2, 3, and 4 normalized against Uref. 
The continuous line refers to the turbulent inlet, and the dashed one to the smooth inlet. LES results 
were computed using both ensemble averages and time averages from probes for comparison. 

Figure 9 shows the longitudinal turbulence intensity. Concerning RANS, Iu was calculated from 
the turbulent kinetic energy K using the condition of isotropy of the turbulent scales reading 
Iu=√2/3K/Uref. RANSsmooth and LESsmooth (dashed lines) both underestimated turbulence by >60%, and 
yielded an unphysical position of the Iu peak over the roof, indicating a high position of the shear 
layer, hence confirming the necessity of introducing turbulence in the inlet to improve accuracy. 

 
Figure 9. Longitudinal turbulence intensity for positions 1–4. The continuous line refers to the 
turbulent inlet, and the dashed line to the smooth inlet. LES results were computed using both 
ensemble averages and time averages from probes for comparison. 

On the contrary, LES with inlet turbulence can accurately predict the experimental distribution 
of Iu for position 1, while overpredicting the peak value at z/D = 0.2 by ≈20% at all other positions. 
This might be due to the higher turbulence in the inflow. Significantly, the position of the turbulence 
peak seems to be consistent between LES and the experiment, suggesting that the shear layer extent 
is governed by geometrical features of the model rather than the turbulence intensity, which, 
however, seems to govern the intensity of turbulence within the shear layer. On the contrary, RANS 
with inlet turbulence underestimates both the height and intensity of the turbulence intensity peak 

Figure 8. Longitudinal mean velocity values (U) for positions 1, 2, 3, and 4 normalized against Uref.
The continuous line refers to the turbulent inlet, and the dashed one to the smooth inlet. LES results
were computed using both ensemble averages and time averages from probes for comparison.

Figure 8 allows one to draw conclusions about the physical behavior of the flow above the roof.
The longitudinal velocity U increases by a factor of ≈20% at all positions compared to the reference
velocity. Figure 6 seems to indicate that this is position lies above the shear layer between the separated
region and the upstream flow, which in previous experiments [44,52] has been consistently known to
produce an acceleration of the flow. The above-mentioned increase in the U component of the velocity
occurs at z/D~0.15 for position 1 and at z/D~0.2 for position 2, and at z/D~0.3 for other positions.
The vertical component W shows a value of ≈50% of the reference velocity at z/D~0.22 in position 1,
thereby indicating that at that position any device or component would sustain a highly yawed flow.

Figure 9 shows the longitudinal turbulence intensity. Concerning RANS, Iu was calculated
from the turbulent kinetic energy K using the condition of isotropy of the turbulent scales reading
Iu =

√
2/3K/Uref. RANSsmooth and LESsmooth (dashed lines) both underestimated turbulence by >60%,

and yielded an unphysical position of the Iu peak over the roof, indicating a high position of the shear
layer, hence confirming the necessity of introducing turbulence in the inlet to improve accuracy.
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On the contrary, LES with inlet turbulence can accurately predict the experimental distribution
of Iu for position 1, while overpredicting the peak value at z/D = 0.2 by ≈20% at all other positions.
This might be due to the higher turbulence in the inflow. Significantly, the position of the turbulence
peak seems to be consistent between LES and the experiment, suggesting that the shear layer extent is
governed by geometrical features of the model rather than the turbulence intensity, which, however,
seems to govern the intensity of turbulence within the shear layer. On the contrary, RANS with inlet
turbulence underestimates both the height and intensity of the turbulence intensity peak at all positions.
However, at heights z/D > 0.4, the RANS prediction is consistent with LES and experiments, showing
that the inflow turbulence is delivered consistently above the model.

3.4. The Role of Turbulent Inflow in LES Prediction

As LES is most influenced by the correct representation of the turbulent inflow, a detailed analysis
of the flow features predicted by LES is proposed in this section, to assess the accuracy of LES in
the presence or absence of a turbulent inlet and how it affects the different positions above the roof.
Figure 10 shows the vertical turbulence intensity, calculated analogously to the longitudinal one
as Iw = σw/Uref. Above z/D~0.4, Iw decreased to ≈0.1 in position 1 (matching the one present in
the upstream flow), and the same value was reached at z/D~0.5 for position 2. This value is the lowest
of the dataset above the rooftop, at a height consistent for the vertical component, and it is quite close
to limitations normally posed in the literature of 15% turbulence intensity for the optimal performance
of wind turbines. LES overpredicts it consistently with the longitudinal component by about 30% due
to the inflow turbulence. At a height of z/D~0.25 (position 1) and ~0.4 (other positions) a turbulence
intensity of ≈15% was found in the experimental case, and LES improved the description compared
to greater heights. Many engineering applications would see such turbulence as a strong limitation
for the serviceability, durability, or feasibility (e.g., wind energy [53]). Figure 10 also suggests that
the building affects turbulence intensity up to a height of about ~0.3D, or a third of its width. This is
consistent with findings for low-rise buildings in literature [54].
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Figure 10 also shows how LES with inlet turbulence is performant in the prediction of
three-dimensional flow features. On the contrary, LESsmooth failed in detecting the flow behavior,
although at position 4, in the downstream portion of the roof, a higher turbulence intensity was
predicted, similarly to experimental data. However, the position of the peak was offset.

While a discussion on the anisotropy of turbulence might be done using longitudinal
and transversal turbulence intensities, there are other methods that use all flow components and yield
more accurate interpretations. Figure 11 shows the second and third velocity invariants, IIa =

∑ 〈
uiu j

〉
and IIIa =

∑ 〈
uiu juk

〉
, for the measured positions, calculated as explained in [37,55]. Close to the wall,

the flow is highly isotropic at all positions, and the anisotropy tends to increase with height for position
1 and position 4, and the flow is rather isotropic also at z/D = 0.1 for position 1. This is consistent with
findings in the literature, where it has been found that the anisotropic turbulent inflow stretches around
an obstacle, hence increasing its isotropy [51,56]. At position 2, as the separation bubble thickens,
the flow is already anisotropic for z/D > 0.2. LES seems to overpredict anisotropy, and this is in line
with previous findings on the turbulence intensity [54]. The overprediction is accentuated at position 3
and position 4, which represent the cone vortex behavior [35]. In smooth flow conditions, LESsmooth

yields unphysical results, with a high isotropy shown in the freestream and a subsequent anisotropy
due to the stretching around the building, with high anisotropy near the wall.
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To correctly interpret the unsteady data analyzed in the following figures, a digression on time
averaging is considered appropriate. A reliable validation of LES, which is aimed at solving most
of the scales in the flow (especially close to walls) requests the comparison between its ~6 s signal
with the longer time window that characterizes the experimental data (~120 s), both considering
the same scaled geometry and wind tunnel setup. Furthermore, LES time-histories usually need
trimming, as the first flow-through times tend to introduce unphysical oscillations in the data [9].
While the stationarity of the signal might result in an accurate evaluation of lower order statistical
moments for both long and trimmed signals, for higher-order statistics the accuracy might be limited
by the short sample time used. A stationary phenomenon such as the mean wind speed around a
bluff body can therefore be predicted accurately with a computationally economic LES, but for other
statistics this might not be the case.

Figure 12 shows the power spectral densities for both positions at experimentally measured
heights, close to the roof (z/D = 0.1) and far from it (z/D = 0.4 and z/D = 0.6). Close to the roof,
both LES computations in smooth and turbulent inflow gave similar results, thereby indicating that in
that that location, turbulence is affected mostly by the leading-edge separation. Up to nD/Uref~0.2,
LES presented peaks that could be ascribed to the presence of a vortex shedding, but experiments
do not confirm that result. However, the experimental results might be affected by the incapacity of
hot-wires in capturing reversed flow. At z/D = 0.6, LES and experimental results are very close for both
positions, while LESsmooth fails in capturing any aspect of the behavior. This shows that a longer sample
time might be needed in the absence of turbulence, prompting a reflection on the cost-effectiveness
of simulations requiring the generation of turbulence at the inlet. It can be also evidenced that LES
spectra experienced a sharp fall at nD/Uref > 1, where the filtering of turbulence due to the spatial
refinement of the mesh takes place. Nevertheless, the mesh quality was adequate for the present
analysis, as a large portion of the sub-inertial range was captured correctly. Those results are confirmed
by the calculation of the integral length scale of turbulence using the autocorrelation coefficient,
whose values are shown in Figure 13. Close to the ground, LES results do not match experimental ones,
while at z/D~0.6 the presence of inlet turbulence is responsible for good matching with experimental
data. The effect of the short sample time can be seen, as LES data do not cross the abscissa in a similar
way to the experimental data.Fluids 2020, 5, x 12 of 21 
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Figure 14 shows the longitudinal integral length scale of turbulence Lu/D at roof level positions,
which is calculated using the Taylor hypothesis through the integral of the autocorrelation function ρu
up to the first zero-crossing, multiplied by the mean velocity U. The integral length scale shows a steady
growth up to a height of z/D~0.22 at position 1 (0.45 at other positions). At greater heights, Lu keeps
growing with a different but slower rate up to a maximum point at z/D~0.55, and hints at a slow
decrease for even greater heights z/D > 0.7. At z/D~0.55 the probe is in a region of the flow with high
shear stresses, which might explain the larger length scale measured in the experimental tests and not
captured by the numerical solver. Concerning LESsmooth, results show that the length scale is greatly
overestimated for z/D > 0.2. That outcome is coherent with the very low turbulence intensity shown in
Figure 9 for the corresponding calculation. On the contrary, LES results with fluctuating inflow match
well with experimental data, especially for position 1. At other positions, LES slightly underestimates
the length scale by a factor of about 20%: that might be explained considering the overestimation of
the turbulence intensity inside of the separation bubble shown in Figure 9, which might be solved
either by improving the mesh refinement in the wind tunnel fetch length or increasing the sample time.Fluids 2020, 5, x 13 of 21 
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Figure 15 shows the probability density functions (PDFs) for position 1 and position 2 at the heights
shown in Figure 12. Those PDFs help with understanding the performance of the method with regard
to higher-order statistics, especially the behavior of extremes. LES predicts the behavior analogously
with wind tunnel experiments at all heights. At position 1 near the wall, the behavior is consistent for
LES and the wind tunnel; however, the effect of the short sample time can be noticed with emphasized
probability peaks in the PDF, as predicted. A slight mismatch can also be noticed for z/D ≥ 0.4, which is
compatible with the higher turbulence intensity generated at the inflow. For smooth inflow, LESsmooth

yields an unphysical PDF near the wall, in this case dangerously underestimating the maximum of
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the distribution. In fact, experimental data suggest fat positive tails, which smooth LESsmooth does
not record. At other positions, the behavior is consistent between both LES simulations. At the roof
the PDF is generally not normal at all heights, which differs from the atmospheric wind condition
normally accepted in the literature [29].
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As a general comment, it can be concluded that the LES computation with inlet turbulence
demonstrated its reliability to capture most of the turbulent phenomena in the inertial subrange
and that it is a reliable and affordable tool for the analysis of the wind resource on roof of a high
rise building. The mismatch in the inflow does not impair the accuracy of results, and LES provides
a conservative prediction of the turbulent environment. The same conclusion cannot be drawn
for LESsmooth.

3.5. RANS over LES Prediction at Pedestrian Level

As simulations are validated at the roof region using experimental measurement, the match
between different numerical techniques can be analysed at other locations around the building.
The pedestrian level is a particularly challenging area to assess with both experimental and numerical
methods. In fact, it is known that it shows variability with the inflow and the building features which is
difficult to predict and control [15].

Figure 16 shows the pedestrian environment as predicted by the four cases in this study. The figure
shows the pedestrian route as shown in Figure 2, with an upstream streak, a side, and a downstream
alignment. For the variability of the flow U refers in this case to the horizontal wind speed, rather than
the longitudinal wind velocity as in the rest of the paper. The upstream alignment sees all methods
agreeing on the distribution, indicating that the flow features in this area are dominated by the local
geometry rather than the ambient turbulence. In the side, a peak is correctly captured by all methods
at xS/D~0.8, whose position is again dominated by the leading-edge behavior, as results with smooth
and turbulent inflow are consistent. However, RANS and LES predictions differ, with RANS placing
the peak at xS/D~0.7. This might depend on the accuracy in the shear layer angle after detachment of
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the stagnated boundary layer of the downstream façade of the building. The side and downstream
alignments show a strong spread. The smooth inflow cases seem to overpredict the pedestrian level
wind, and LESsmooth and RANSsmooth are consistent. The turbulent cases show instead a lower wind
speed. The RANS case shows the lowest pedestrian wind speed of the dataset. This most probably
depends on the higher shear of the inflow wind, which causes a lower wind speed at pedestrian level,
when normalising with roof-top wind speed Uref as done for Figure 16.
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Figure 17 shows that turbulence intensity proves challenging for the computations, as no agreement
at any alignment is present for the studied cases. In the upstream alignment, the turbulence intensity is
higher for fluctuating inflow cases and consistently lower for smooth cases. However, RANS and LES
do not show the same behavior, with LES reporting a very low turbulence in correspondence to
the corner of the building, of which the mean wind speed peak is presented in Figure 16. Experimental
results on realistic urban onsets show that this is the case, as areas with strong mean wind speed are
normally combined with a lower turbulence intensity [14]. In the separated flow region, on the side
and downstream alignments, RANS shows a rather low turbulence intensity of Iu~10%, while smooth
and turbulent LES both show intensities >30%. Downstream of the building all techniques agree that a
decrease in the turbulence intensity is present, but the LESsmooth shows a very high Iu compared to
predictions of other cases.
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The pedestrians’ comfort and safety depend on the prediction of the gust wind speed Ug,
usually calculated using information from both Figures 16 and 17. Table 1 shows Ug calculated by
summating mean wind speed and standard deviation (one of the proposed techniques defined in [57]).
RANS seems not to provide conservative results at xS/D = 0.7, where pedestrian safety might be at
stake, and in the side alignment it greatly underestimates Ug with respect to RANS. It is interesting
to note also that smooth inflow conditions seem to increment significantly pedestrian wind speed
in separated flow regions, whereas in regions of coherent gustiness the effect of the inflow is less
marked. To give a reference to evaluate results in Table 1, a gust wind speed of 15 m/s is associated
with the insurgence of safety issues in pedestrian wind research [57].

Table 1. Gust wind speed in m/s, calculated for the different methods at xS/D = 0.7 and xS/D = 1.5.

Gust Wind Speed xS/D RANS RANSsmooth LES LESsmooth

Ug= U + σu
0.7 12.01 14.54 15.96 16.93

1.5 1.74 8.52 5.73 10.35

Results show that switching to LES is crucial to assess areas of the flow shielded by the building,
and the role of the correct inflow is important to ensure the accuracy of the simulations [14,58].

3.6. RANS over LES Prediction in the Wake Region

The wake region is another area of building simulation which has not been fully investigated due
to the challenging behavior of the wake, greatly influenced by the shape of buildings and the ambient
turbulence, but also due to the difficulty in setting up experimental work to measure wake
profiles [9,34,51,56].

Figure 18 shows the longitudinal wake development at three distances from the building.
Both the horizontal and vertical profiles are shown. At x/D = 1 a reversed flow is predicted by all
methods. RANSsmooth and LESsmooth show analogous results, with LESsmooth predicting a narrower
wake than RANSsmooth. As for the turbulent inflow, RANS shows that the reversed flow region has a
height of z/D = 2.5 and a width of y/D~1, whereas LES shows a far less extended separation bubble,
z/D~1.7 and y/D~0.3 respectively. At other distances it is evident that LES with turbulent inflow predicts
a faster dissipating wake than all other techniques. RANSsmooth shows a very slow wake decay: that is
especially evident from the horizontal profiles. Additionally, in the case of fluctuating inflow RANS
predicts a slower decay, with the separated flow region still visible at x/D = 3 up to z/D~0.75.

Figure 19 shows the turbulence characteristics measured in the wake region. As the wake decays,
turbulence intensity should physically reduce and uniform to the freestream atmospheric flow [9,34].
However, RANS shows an analogous turbulence intensity at the registered distances for both smooth
and fluctuating inflow cases, which is an unphysical behavior. Vice versa—LES correctly models
the decrease in turbulence intensity for both cases, with the LES in turbulence showing the most
rapid decrease. To correctly model the flow behavior, the inclusion of turbulence effects is therefore
fundamental, but it does not ensure RANS will improve the behavior significantly in this region.
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4. Conclusions

This study provides an assessment of the flow features around a high-rise building, as predicted
using RANS and LES with variations of the turbulence characteristics at the inlets of the simulations.
The final aim of the research is to understand the possibilities of RANS and the scope of LES in
extending wind tunnel results—notoriously limited and expensive, but essential for validation,
for several engineering applications.

Results show that there is agreement among the different methodologies in the prediction of
the mean velocity, with good matching within those regions of the flow where there is no interaction
with the freestream flow, such as close to the leading edge and in the presence of vortex shedding,
i.e., in the areas where vorticity is governed directly by the geometric features of the building. However,
the matching is problematic in separated or sheared flow regions, where an interaction is present with
ambient turbulence.

Although RANS can predict the mean wind velocity, the turbulence intensity is strongly
under-predicted, which is problematic considering that many engineering applications specifically
require an accurate assessment of the turbulent flow. LES shows instead great flexibility in reproducing
a great range of characteristics of the turbulent flow, provided that sufficiently detailed turbulence is
provided at the inlet. In general, LES greatly outperforms RANS when a turbulent inlet is provided.
However, LES predictions yield unphysical results in the absence of suitable turbulence, strongly
underperforming with respect to RANS.

The inclusion of turbulence in the inflow, although usually not considered important in RANS
simulations, improves in this case the quality of results throughout the dataset, provided that the mean
wind speed at the inflow is accurate. The present study shows that the inclusion of turbulence at
the inlet is fundamental also for LES, which in some configurations reports unphysical results, even in
those regions of the flow which are governed by the local geometry.

The study also compared the performances of several methods in different flow regions. It is
evident that the roof region of high-rise buildings has turbulence characteristics not matching with
traditionally accepted values found for the atmospheric boundary layer. In particular, the region
spanning ~0.3D from the roof is characterized by reversed, highly turbulent, and low-velocity wind
conditions. RANS predicts accurately the flow close to the leading edge when a turbulent inflow
is included in the simulation. However, downstream of the roof’s surface, as the separated flow
reattaches and a heavy interaction with the turbulent inflow occurs, results do not agree with LES data,
which were found to be more sensitive and closely matching with wind tunnel experiments.

At the pedestrian level, all the techniques provide very close matches with each other in
the upstream area of the building, where the highest horizontal wind speed occurs. Vice versa—in
the side and downstream portion of the pedestrian abscissa investigated in this study, none of
the simulations agree on the mean wind speed, and it is sensible that LES provides the closest match to
the expected behavior due to its superior performance at the roof region, where a similar flow pattern
occurs, with separated and highly turbulent flow.

In the wake region RANS overpredicts the extent of the separated flow at all investigated distances,
with LES suggesting a rapid decay of the wake occurs. In this case results do not match at any locations,
confirming that RANS only performs accurately in a well-correlated and coherent portion of the flow
pattern. Nevertheless, cities are characterized by extensive and multiple interacting wakes from
obstacles; hence, it could be interesting to evaluate whether RANS is an option to study urban flow
even at those locations close to leading edges in building simulations.
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