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Abstract: Wind flow structures and their consequent wind loads on two high-rise buildings in
staggered arrangement are investigated by Large Eddy Simulation (LES). Synchronized pressure
and flow field measurements by particle image velocimetry (PIV) are conducted in a boundary layer
wind tunnel to validate the numerical simulations. The instantaneous and time-averaged flow fields
are analyzed and discussed in detail. The coherent flow structures in the building gap are clearly
observed and the upstream building wake is found to oscillate sideways and meander down to
the downstream building in a coherent manner. The disruptive effect on the downstream building
wake induced by the upstream building is also observed. Furthermore, the connection between
the upstream building wake and the wind loads on the downstream building is explored by the
simultaneous data of wind pressures and wind flow fields.
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1. Introduction

Interference effect has been found to cause significant modifications to wind loading of a building
being surrounded by neighboring buildings. Interference effects on wind forces have been thoroughly
studied by wind tunnel experiments [1–5]. In the last few years, local wind pressure modifications
have also attracted some attention due to the importance in cladding design [6–8]. Through numerous
previous studies, large amounts of useful data have been obtained to enrich the database of interference
effect and some empirical formulas have been proposed to estimate interference effects on local and
overall wind loads for certain building geometries and arrangements.

Many parameters can modify wind loads induced by interference from surrounding buildings,
such as geometry and arrangement of buildings, terrain type and turbulence intensity of approaching
flow. Possible combinations of these parameters are extremely large and, thus, are impossible to
be covered exhaustively. Therefore, a more physically-based approach, such as investigating the
underlying mechanisms of interference effect, would be worth adopting to solve the problem.

Some efforts have been made to understand various interference mechanisms. Bailey and
Kwok [1] measured the velocity spectrum in the wake of a tall building model with and without an
identical upstream building in tandem arrangement and found that the periodic vortex shedding was
obvious for the isolated building but totally disappeared for the building with an upstream building.
They concluded that the upstream building had a disruptive effect on the vortex shedding of the
downstream building. Under this situation, the across-wind fluctuating energy on the downstream
building mainly came from the approaching flow. This finding was confirmed by flow visualization
experiments conducted by Taniike [9] which also found that fluctuating drag on a downstream building
increased as the size of the upstream building increased because the larger building width increases

Computation 2018, 6, 28; doi:10.3390/computation6020028 www.mdpi.com/journal/computation

http://www.mdpi.com/journal/computation
http://www.mdpi.com
https://orcid.org/0000-0001-7464-2952
http://www.mdpi.com/2079-3197/6/2/28?type=check_update&version=1
http://www.mdpi.com/journal/computation
http://dx.doi.org/10.3390/computation6020028


Computation 2018, 6, 28 2 of 18

the scale of the shed vortices. Sakamoto and Haniu [10] observed the reattachment of shear layer of an
upstream building onto the side surface of the downstream building in several different staggered
arrangements by smoke visualization technique. Gowda and Sitheeq [11] visualized the flow pattern
between two tandem twin buildings and found that the downstream building experienced three stages,
namely, submergence in the shear layers, being attacked by the shear layer directly on the windward
surface and insusceptibility to the interference, as the spacing between two buildings changed from
small to large values. Hui et al. [12] observed the flow pattern between two rectangular-section
high-rise buildings and found that peak pressure on the downstream building were usually caused
by the shear layer from the upstream building. Findings in many of the above-described studies are
made from flow visualizations in which wind flow pattern between two tall buildings and its possible
connection with resulted wind load were qualitatively observed and analyzed. However, the exact
interference mechanisms between two high-rise buildings remain unclear. More detailed investigation
of the wind flow field around buildings and its relationship with the wind forces may provide more
understandings of the interference mechanism.

With the development of computers, since the 1990s, researchers began to employ Large Eddy
Simulation (LES) to study the highly time-dependent wind flow and wind loads of building structures.
Various benchmark study of LES on buildings has been carried out to validate numerical results with
wind tunnel experiments [13–15] with satisfactory agreement. However, in a real urban environment,
tall buildings are usually built in proximity rather than being alone. For such complex situations,
there has not been a systematic study validating the accuracy of LES. When two tall buildings are
closely built, the strongest interference on across-wind force on the downstream building is reported
to occur when the streamwise distance of two buildings is 5D and the transverse distance is 2.5D,
where D is the width of the building [16]. Figure 1 reproduces the results of [16] on the contour map of
interference factors (IF) of Root-Mean-Square (RMS) across-wind force on the downstream building
with the upstream building at various relative locations (X, Y). The IF is defined as the ratio between
the RMS across-wind force on the building under interference and the same force on the building in the
isolated single building situation. Very similar contours of IF have also been measured by the present
authors in the wind tunnel [17], and the results are reproduced in Figure 1. The wind flow behavior
and excitation mechanism for the largely magnified RMS across-wind force have not been studied in
detail. This is partly due to the difficulties in obtaining simultaneous data on the fluctuating wind
pressures on the buildings and turbulent wind fields past the building. While the present authors have
attempted to use advanced measurement techniques to investigate the problem in the wind tunnel [17],
unsteady CFD computation with LES is a promising tool to explore the flow-structure interaction.
The present study chooses the critical arrangement of peak across-wind interference between of the
two buildings in staggered arrangement for LES prediction to investigate the flow structures around
two tall buildings and the excitation mechanism of building interference.
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In this study, firstly, the LES method was applied to study the dynamic wind flow field around two
staggered tall buildings in the critical arrangement for across-wind interference (X/D = 5, Y/D = 2.5).
Then, the flow field around two staggered tall buildings is measured by time-resolved particle image
velocimetry (TR-PIV) with synchronized pressure measurement on the downstream building. The flow
characteristics between the simulated results from the LES method and those obtained from the wind
tunnel test were compared to validate the simulated numerical results. Finally, the flow structures
around the two buildings are further investigated aiming to bring about a better understanding of the
interference effect.

2. Simulation on Shear Stress/Friction Velocity on Roofs

2.1. Governing Equations

The numerical simulations in the present study were performed using commercial CFD software
Ansys Fluent [18]. In the LES turbulence model, large-scale eddies are explicitly resolved by solving
the filtered Navier–Stokes equations whereas only small eddies are modelled. The governing equations
of LES are obtained by filtering the time-dependent Navier–Stokes equations as follows:
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where ũi and p̃ are the filtered mean velocity and the filtered pressure respectively, ρ and ν are the air
density and the dynamic viscosity, respectively, and τij is the subgrid-scale stress which is modeled
as follows:
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where µt is the subgrid-scale turbulent viscosity, and S̃ij is the rate-of-strain tensor for the resolved scale.
The Smagorinsky-Lilly model [19] is used for the subgrid-scale turbulent viscosity, where the

eddy viscosity is modeled as follows:

µt = ρL2
s

∣∣∣S̃∣∣∣ = ρLs

√
2S̃ijS̃ij (5)

Ls = min(κδ, CsV1/3) (6)

where Ls is the mixing length for subgrid-scales, κ is the von Karman constant, δ is the distance to the
closest wall and V is the volume of a computational cell. The dynamic version of the Smagorinsky
model [20] was employed in the present study, and Cs is computed at each time step with a test-filter
and clipped to the range of 0 to 0.23 to avoid numerical instabilities. This imposed maximum value of
0.23 for Cs follows the default value in Ansys Fluent and is found to be appropriate for flow around an
isolated bluff body [21].

2.2. Computational Domain and Boundary Conditions

The numerical simulations were conducted on two identical tall building models to compare the
simulated wind flow around two tall buildings with that obtained from the wind tunnel experiment,
which will be described in later sections. Both building models had a square-plan form of breadth
D = 30 mm. The height-to-breadth ratio was H/D = 6. At the target geometric scale 1:1000,
the models represented full-scale buildings of height 180 m and width 30 m. Figure 2 shows the
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computational domain and the study model. The length, breadth and depth of the computational
domain were 16.7H, 34.5D and 3H, respectively, which follow the recommendation by Franke [22]
and COST [23]. The distance between the windward face of the upstream building and the inlet
was 5H. The outlet boundary was 10H away from the leeward face of the downstream building to
allow flow re-development behind the wake region. This computational domain was discretized into
4.8 × 106 hexahedral meshes, which is refined near the target building and ground surface. The height
of the first layer of cells around the building models was small enough (y+ < 1) to solve the viscous
sublayer. Stretching ratios between neighboring cells were kept below 1.3 in accordance with the best
practice guidelines [23,24].
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A time-dependent velocity profile was imposed at the inlet boundary targeting at that obtained
from the wind tunnel test. The inflow turbulence was generated by FLUENT inherent vortex method
and the kinetic energy of turbulence and the dissipation rate at the inlet section were calculated by

k(z) =
3
2
[u(z)IU(z)]

2 (7)

ε(z) = C3/4
µ

k(z)3/2

κz
(8)

where u(z) is time-averaged wind velocity at height z; k(z) is turbulent kinetic energy; ε(z) is dissipation
rate; Cµ is a model constant of 0.09. The amount of vorticity was set to 50.

Symmetric boundary conditions were imposed at the sides and the top boundary of the domain,
thereby implying zero normal velocity and zero gradients of all variables at the boundaries. Zero static
pressure was imposed at the outlet of the domain. The building and ground surfaces were defined as
non-slip wall boundary condition.

All the discretized equations were solved in a segregated manner with the pressure implicit
with splitting of operators (PISO) algorithm. A second-order accurate bounded central-differencing
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scheme was used to discretize the convection term in the filtered momentum equation. Second order
discretization schemes were adopted for time and spatial discretization. The simulation was initialized
with the solution of a preceding RANS (Reynolds-averaged Navier–Stokes) simulation which allows
fast convergence of computation. After an initialization period Tinit = 3.0 s, the statistics were
sampled for 20 s, corresponding to 38.7 flow-through times (Tft = Lx/UH, where Lx is the length of the
computational domain), which are longer than the sampling duration suggested by Gousseau [21]
who found that 21.8 flow-through times are sufficiently long to achieve statistical convergence.

3. Description of Wind Tunnel Test

The simulated wind flow field by LES is validated by comparison between the wind tunnel
experiments that were carried out in the boundary layer wind tunnel in the Department of Civil
Engineering at the University of Hong Kong. The working section of the tunnel was 3.0 m wide,
1.8 m tall and 12 m long. Wind tunnel tests were carried out under simulated wind flow of the open
land terrain, where the mean wind profile followed the power law with a power exponent of 0.11 [25].
The mean wind speed and turbulence intensity at the height of the building model during the test
were UH = 5.8 m/s and 0.089, respectively. The measured mean wind velocity and the turbulence
intensity profiles in the wind tunnel test and the simulated profiles in the numerical simulation are
presented in Figure 3. The longitudinal integral scale of turbulence was about 0.39 m at the roof height
in the wind tunnel. This corresponds to a full-scale integral scale of 390 m at 180 m height.
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A total of 120 pressure taps, 20 on each of its six layers (Level 1 to 6 from the roof to the
bottom), were installed on the walls of the test building as shown in Figure 4. A time-resolved PIV
system measured the instantaneous velocity fields on a horizontal plane through the two buildings.
The measurement plane was illuminated by a thin laser sheet generated from the laser beam of
a double-cavity Q-switched Nd:YAG laser (Nano 50–100, Litron). The laser sheet generator and the
laser steering arm were placed inside the working section of the wind tunnel and downstream of the
building model. A 1:1 mixture of DEHS liquid and sunflower seed oil was used to produce seeding
particles using a high-volume liquid seeding generator (10F03, Dantec Dynamics). The particles
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had diameters at about 2 to 5 µm and could satisfactorily scattered the laser light in the air flow
when viewed as a small region of interest. Flow images were captured with a high-speed CMOS
camera (SpeedSense, Dantec Dynamics). The camera had a high sensitivity for the weak scattered
light signals in air flow with resolution at 1920 × 1200 pixels. The camera framing speed was set
at 100 double-image/s to capture a time sequence of particle images of 1825-image length. A time
interval 0.12 ms was used between the double laser pulses to fix the initial and final positions of
seeding particles in the double image. The PIV analysis software was based on the adaptive PIV
algorithm [26,27]. In the final iteration, PIV vectors were obtained on interrogation areas of size
16 × 16 pixels. The number of velocity vectors were 120 × 75 and the physical resolution of each vector
was about 3.2 × 3.2 mm2. With this configuration, the measurement uncertainty of individual velocity
vector was estimated at about ±0.02UH [28,29].
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Figure 4. Layout of pressure taps on principal building model (unit: mm).

To synchronize the pressure measurement and flow field acquisition by PIV, pressure measurement
was triggered by the framing signals of the PIV camera. This synchronization ensured that the pressure
scanning was made at the same instants when the PIV camera captured the double-images of the flow
and that both sampling was made at 100 Hz. Figure 5 shows the PIV set-up in the wind tunnel.
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4. Result Analysis and Discussion

4.1. Time-Averaged Wind Flow Characteristics

Time-averaged mean and RMS horizontal flow fields at half building height by LES are shown in
Figure 6. Two antisymmetric building wakes are observed behind the two buildings. The upstream
building wake slightly swings upward due to the presence of the downstream building. In addition,
the upper separating shear layer of the downstream building is found to be weaker than its counterpart
in both mean and fluctuating contours.
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(b) RMS flow field.

Figure 7 presents time-averaged streamlines by LES and wind tunnel test. The LES flow pattern
agrees well with that obtained from wind tunnel test. A distinctively different wake pattern is observed
on the downstream building. The mean flow approaching the building is shifted in a slightly sideway
direction (or downward direction in the figure). As a result, the clockwise vortex at the upper side
wall is suppressed largely by the downwards-shifted shear layer, while, the anti-clockwise vortex,
which is supposed to appear near the lower side, is impaired dramatically in the time averaged sense.
The recirculating region of the wake now occupies a smaller space up to a length of 1.7D from the
center of the building, comparing with an isolated building wake of which the recirculation area is
supposed to be extended to 2.2D [29]. As for the upstream building, the building wake pattern remains
largely unchanged except for the slight upward bifurcation line.
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4.2. LES Validation by Wind Tunnel Result

To validate the results of LES, the simulated values of the wind velocity around two building
models are compared with those measured in the wind tunnel test by PIV. Figure 8 presents the profiles
of the mean along-wind wind velocity u at the planes of half building height and near the building
roof (h/H = 0.82). In this and the following figures, measurements of wind velocity in the wind tunnel
by PIV at X/D = −6, −5, −4, −3, −2, −1, 0, 1, 2, 3, 4, and 5 are selected to validate the LES results.
For each location, the axis is denoted by a longitudinal dotted axis, which is also acting as the origin
for wind velocity plotted transversely with positive values on the right side of the axis and negative
on the left. Generally, a good agreement is found between the LES and the wind tunnel test.

The time-averaged mean transverse velocity v in building wakes is plotted in Figure 9. A relatively
larger difference between the numerical and the experiment results is observed for the transverse
velocity than that of the streamwise velocity. The transverse component v of the flow approaching the
downstream building is mainly negative, indicating a downward sideway direction, which coincides
well with the time-averaged streamlines in Figure 7. Because of the flow separation, the vertical
component of wind velocity v is positive near the upper side walls of the two buildings and negative
near the opposite sides. It can be observed that the transverse velocity of the upper separating shear
layer of the downstream building is larger than that of the upstream building, which means the flow
separation from the side wall close to the upstream building is enhanced by the upstream building.
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Figure 9. Comparison of wind tunnel (WT) measurements and LES results of mean transverse velocity
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The distributions of RMS wind velocity components u’ are presented in Figure 10. The distributions
of u’ at two horizontal planes are quite similar. The strong fluctuations of separating shear layers result
in large RMS values around both sides of the buildings. The main discrepancy between the numerical
and experiment approaches lies in the prediction of the near wakes. LES tends to overestimate the
streamwise fluctuating velocity in both building wakes.
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Computation 2018, 6, 28 11 of 18

Figure 11 shows results of fluctuating transverse velocity v’ by two methods. Similar with
streamwise component u’, the LES results are slightly larger than the wind tunnel results in the near
wakes of the two buildings. In these near wake regions, peak values of component v’ are achieved due
to the strong direction shift induced by the building wake oscillation.
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Generally, there is a very good agreement between the LES predictions and the wind tunnel
measurements, especially for the time-averaged mean velocities. Wind velocity distributions at
different heights are observed to be quite similar. In addition, the differences between two methods
are similar at different heights.

4.3. Vortex Structures of Tall Buildings under Interference

It is known that, for an isolated square cylinder, spanwise vortices shed alternatively from both
sides of the cylinder and dominates the near wake region [30]. Although the wind loads on buildings
in group are thoroughly investigated, the vortex structures of buildings under interference are still
unclear. This section intends to investigate flow structures of two tall buildings in proximity.

The normalized spectra of across-wind force acting on different heights along the building by
LES are presented in Figure 12. Generally, these force spectra of each elevation have quite similar
shapes. An obvious peak can be observed for the across-wind forces for all heights around the
St = 0.105. This observation is same as wind tunnel results of which the local Strouhal number is
0.0995. Similar values of Strouhal number are found for the across-wind excitation on an isolated
building [4,31]. The presence of the upstream building does not change the vortex shedding frequency
of the downstream building. The local Strouhal numbers at different heights are approximately the
same, and thus the vortices formed from the two sides of the building are shed periodically at a single
frequency along the building height.
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An attempt to reveal the dominant large-scale coherent characteristics of the LES flow field during
the occurrence of peak across-wind forces on the downstream building is made using the conditional
sampling method [32]. A peak across-wind force event on level i was determined by a peak in the
force time history with magnitude above a trigger level. The trigger level was set using a “peak factor”
g and the root-mean-square value of across-wind force coefficient σCF :

ĈFacross,i = gσCF (9)

with zero mean across-wind forces and by using g > 0 or g < 0, both the peak across-wind force events
in either of the two sideway directions could be identified and used as triggers for the conditional
sampling. The value of g affects the stringency of peak event selection. For a signal with a Gaussian
distribution, a peak factor of magnitude between 2 and 3 has been shown to be appropriate [32].
In this study, a less stringent value of g > 2 or g < −2 was chosen to increase the ensemble size of peak
load events.

Figure 13 shows the conditionally sampled wind velocity fields and wind pressures on the
horizontal plane at mid-height (h/H = 0.5) corresponding to the instants of peak maximum and
minimum across-wind forces. An interesting in-phase synchronization phenomenon is observed for
two building wakes. At peak maximum event, a clockwise rotating vortex is about to be shed from the
upper side of the downstream building. At the same time, a similar large vortex is observed at the rear
side of the upstream building at almost the same phase of shedding.

In Figure 13b, two counter-clockwise vortices dominate the near wake regions. The two in-phase
vortices at peak minimum event together with those at maximum event recommend a highly
synchronized relation between vortex shedding processes of the two buildings. It is worth noting that
the developed vortex on the upper side of the downstream building is farther from the building as
compared with the alternating vortex developed from the upper side (Figure 13a). This may contribute
to the asymmetric mean flow pattern of the downstream building as observed in Figure 7.
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Figure 13. Conditionally sampled wind velocity field at: (a) peak maximum across-wind forces (g = 2)
and (b) peak minimum across-wind forces (g = −2).

Figure 14 presents the instantaneous three-dimensional flow fields at two typical events
corresponding to positive across-wind forces on the downstream building (Figure 14a–c), which is
upward in Figure 14c and negative across-wind forces on the downstream building (Figure 14d–f),
which is downward in Figure 14f.
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Figure 14. Three-dimensional view of Instantaneous vortex structures represented by spanwise
vorticity ω* = ωD/U: (a–c) positive across-wind force (upward) event and (d–f) negative across-wind
force (downward) event; (a,d) Iso-surfaces of ω* = −2~−5; (b,e) Iso-surfaces of ω* = 2~5; (c,f) Vector
field at mid-height.
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For the positive force event, the flow pattern in Figure 14a is similar with that of the peak
maximum event (Figure 13a), where two clock-wise vortices are observed to start to shed from the
upper side walls of the both buildings. It can be seen that, although the buildings are wholly immersed
in the boundary layer where streamwise velocity varies with height, for the both buildings the vortices
at different heights develop and shed as a whole. Similar situations are also observed for the negative
force event, where counter-clockwise vortices from the both buildings occupy the near-wake regions.
For both events, in-phase synchronization phenomenon is also observed, resembling the conditional
sampling results (Figure 13).

4.4. Excitation of Across-Wind Forces on Buildings

Vortex excitation described in the preceding section causes fluctuating across-wind forces on
the tall buildings. Figure 15 shows the local RMS across-wind force coefficients at each level of
the buildings which is integrated from the wind pressures on the corresponding level. Data are
shown for the LES computations and wind tunnel tests. The simulated across-wind forces on the
upstream and downstream buildings are denoted as “LES-upstream building” and “LES-downstream
building”, respectively. The across-wind forces measured on the downstream building in the wind
tunnel are marked “WT-downstream building”. For the reference case of the tall building without any
surrounding buildings, the local across-wind forces are shown as “WT-isolated building”.
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Figure 15. Local across-wind force coefficients obtained from LES and wind tunnel tests.

For the upstream building, the across-wind forces from LES are close to those measured on
an isolated building in the wind tunnel. The local wind forces have the largest value at about mid-height
of the building and decrease gradually towards both the roof and the bottom of the building. As for the
downstream building, the smallest local across-wind force also occurs near the roof and then increases
gradually with decreased height. This trend is also observed in the wind tunnel results. Both the LES
and wind tunnel results show that the across-wind forces on the downstream building are largely
magnified due to interference. The across-wind forces from LES, however, are obviously smaller
than those from the experiment, especially for the lower half part of the building under interference.
The reason for this disagreement is not known and needs future investigation.
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Figure 16 shows some instantaneous across-wind forces on the two buildings from the LES
results. It is evident that both force signals are characterized by obvious quasi-periodic fluctuations.
This feature is also observed on the force signals obtained from the wind tunnel tests, but the data
are not shown for brevity. For the across-wind force signal on the downstream building, the positive
peaks have evidently larger magnitudes than the negative peaks, while the across-wind force signal on
the upstream building fluctuates very symmetrically around the zero value. This indicates that the
suction pressures acting on the upper side face of the downstream building (on the side facing the
upstream building) are stronger than those acting on the lower side face. Moreover, the across-wind
forces on the both buildings are found to fluctuate together in a largely synchronized manner over
most periods, although small phase shifts in the in-phase relationship occur occasionally.
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downstream building.

This near in-phase synchronization of the across-wind forces on the two buildings is further
confirmed by correlation analysis. Figure 17 shows the time-lagged cross correlation curve
R(τ) between the across-wind forces on the upstream and downstream buildings. One peak in
the correlation coefficient curve occurs at time lag near τ = 0 with R = 0.40. This indicates that
the across-wind forces on the two buildings are positive correlated in time, which agrees well
with the flow field results in Figures 13 and 14. The largest peak correlation is found to occur at
τ = −1/fpeak, where fpeak is the averaged dominant frequency of the quasi-periodic components in the
across-wind force signal (Figure 16). This means that a quasi-cycle of the across-wind force on the
downstream building has the strongest correlation with that on the upstream building happened one
period earlier. The reason for this becomes evident from the flow excitation mechanism revealed in
Figure 13. When a vortex is shed from the upstream building and subsequently convects downstream,
the vortex dynamics causes flow oscillations in the building wake. When these oscillations reach the
downstream building, they act to enhance flow separations on the building which is then responsible
for the magnification of the across-wind force on it. As a result, the across-wind force signal on the
downstream building relates to vortex shedding activities occurring earlier from the upstream building.
In other works, the characteristics of the upstream building wake such as strength and regularity of
vortex shedding strongly affect the generation of a peak across-wind force acting on the downstream
building later.
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Figure 17. Simultaneous fluctuating surface pressure coefficient Cross correlation curves between
across-wind forces on upstream building and downstream building.

5. Conclusions

LES of wind flow around two tall buildings in a critical staggered arrangement has been conducted
in the present study. The characteristics of the flow field and the across-wind wind forces of the two
buildings have been investigated and compared with wind tunnel tests. The results obtained are
summarized as follows:

i. The results of wind flow around two buildings, including time-averaged mean and fluctuating
streamwise and transverse velocity distributions obtained by LES agree well with the wind
tunnel measurements. A better agreement is found for time-averaged mean flow field than the
fluctuating velocity distributions.

ii. The large scale coherent patterns are successfully revealed by numerical simulation and wind
tunnel test. A distinct relationship between the across-wind peak forces and the phases
of alternating vortex shedding is observed. Three-dimensional flow structures are further
observed by LES.

iii. An in-phase synchronization of the vortex shedding from both buildings is observed and
confirmed by the wind forces analysis. This would be the cause of largely amplified across-wind
excitation of the downstream building.
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