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Abstract. Wind pressure characteristics on a double tower high-rise structure, which is disturbed by
surrounding buildings, were investigated using large eddy simulation (LES) and 1:300 scale wind tunnel
experiments. The computational simulation technique and wind tunnel experimental technique were
described in detail initially. Comparisons of computational results with the experimental data have
subsequently been carried out to validate the reliability of LES. Comparisons have been performed in detail
for the mean and fluctuating pressure coefficients. Detailed explanations of each comparison were given in
the paper. To study further on the pressure coefficients on the building surfaces, parametric studies on shape
coefficient and spatial correlation were performed and investigated. The numerical and experimental results
presented in this paper advance understanding on wind field around buildings and the application of LES
and wind tunnel tests.
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1. Introduction

Simulation based on Computational Fluid Dynamics (CFD) has been a widely-used method of
wind flow simulation around buildings for more than 20 years. Rapid development has been
observed especially in recent studies. Traditional standard turbulence models, such as eddy
viscosity-based models and various second-order stress models, are found to be inadequate in
predicting unsteady flows around bluff bodies (Castro and Graham 1999, Cowan 1997, Lim et al.
2009, Leschziner 1993). Unsteady techniques such as discrete vortex methods and, particularly,
large eddy simulation (LES) are found to be much more appropriate for simulating unsteady flow
features (Murakami and Mochida 1995, Shah and Ferziger 1997, Murakami 1998, Fasel et al.
2002, Nozawa and Tamura 2002, Fureby 2007, Tominaga 2008). Rodi (1997) compared the
performance of LES and Reynolds-averaged Navier-Stokes (RANS) calculations of
vortex-shedding flow passing a square cylinder at Reynolds number, Re=22,000 and that of the 3D
flow passing a surface-mounted cube at Re=40,000. The results showed that turbulence
fluctuations were severely under-estimated by RANS, while LES was found more suitable and had
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great potential for complex flow calculations. The validity of LES in predicting flow around an
obstacle under turbulent flow condition was also confirmed by Nozawa and Tamura (2002).

Breuer et al. (2003) investigated the variations of the predicted results among RANS, DES
(detached-eddy simulation) and LES for the separated flow around a flat plate at high incidence.

The RANS computations were not able to capture the unsteady vortex shedding behaviour and
both two- and three-dimensional RANS predictions led to the same steady-state results. The
asymmetric vortex shedding motion was well reproduced by DES and LES. However, the free
shear layer originating from the leading edge of the plate was not well reproduced by DES. Kose
and Dick (2010) presented a numerical study of the flow around a cubical building by RANS,
hybrid RANS/LES and LES at Re=4x10°. The results obtained by LES were the most accurate for
coarse grid simulations. A detailed comparison between LES and experiment of both the inflow
boundary layer and the flow field around a cube was performed by Lim et al. (2009). The results
confirmed that LES is a viable tool for use in wind engineering problems concerning flow over
isolated bodies.

It is well-known that there is rarely a case where only one single high-rise building is built in a
city district. Many more regional groups of high-rise buildings are built in major cities, which
induce more complicated structural wind characteristics because of interaction and obstruction
effects among buildings. Moreover, existing study results on wind characteristics of flow around
single building and also some design parameters stipulated in international design codes, may not
be applicable to buildings under such wind condition. Therefore the structural wind characteristics
influenced by surrounding buildings have been a subject of interest to researchers and engineers in
view of its significance for the evaluation of building designs. Zhou (2011) studied wind
characteristics around a tall structure, which is disturbed by surrounding buildings, using
experimental and numerical methods. The results showed that pressure coefficients were greatly
disturbed by surrounding proximity. Cheng et al. (2003) discussed the predictive performance of
LES with various dynamic sub-grid scale models for a fully developed turbulent flow around a
matrix of cubes. Su and Chen (2006) predicted the wind-induced surface pressures and wind
environment around a complex-shaped high-rise building with annex using the standard &-¢ model
and the RNG k-¢ model. Ma et al. (2007) investigated the wind environment around a single
building and a building complex based on the Reynolds averaged N-S equations and the RNG k-¢
turbulence model. Wang et al. (2003) predicted wind-induced pressures on a low-rise single house
with gable roofs and a building complex consisting of six low-rise houses with gable roofs using
numerical simulation.

This paper aims to assess the wind pressure characteristics of a double tower high-rise structure
under the interaction and obstruction effects of surrounding buildings. The study results will assist
engineers and researchers to acquire a better understanding of the potential risks involved, such as
extreme pressure and unfavorable wind direction, when designing a similar double tower. To
achieve this, the present paper contains CFD and wind tunnel test results using a 1:300-scale
pressure model. The CFD simulations were performed using the LES method. Comparisons
between LES predictions and measured wind tunnel data were made in terms of the mean pressure
coefficients for a number of pressure taps around the outer and inner surfaces of the double tower
building. Comparisons were also carried out for disturbance effect and spatial correlation of the
fluctuating pressure and interaction and obstruction effect. In addition, the reliability of LES
method in simulating flow around a group of buildings was also revealed. CFD analyses were
conducted to investigate the capability and accuracy of the LES method in simulating the wind
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flow in a group of building complex. The details of the CFD simulations and wind tunnel pressure
tests are outlined as follows.

2. Computational simulation technique
2.1 Governing equations

LES is a well-known mathematical model for turbulence used in computational fluid dynamics
and the governing equations are briefly summarized below for ease of reference. Smagorinsky
(1963) proposed the LES method in order to simulate atmospheric air currents, and many of the
issues unique to LES were first explored by Deardorff (1970). LES is currently applied in a wide
variety of engineering applications, including combustion (Pitsch 2006), acoustics (Wagner et al.
2007), and simulations of the atmospheric boundary layer (Stoll and Porté-Agel 2008, Sarkar and
Sarkar 2009).

A box filter was applied as a filter kernel and incompressible flow was assumed in the present
study. For incompressible flow, the continuity equation and Navier-Stokes equation are filtered,
yielding the filtered incompressible continuity equation and the filtered Navier-Stokes equation

an,

Zi_o
ox,

Ou, ou, Ou; _
D ()= LT Vi[i _sz_iiﬂvigy_
o Ox, pox,  Ox;\ox; 0x P Ox, ox;

(M

where Ey is the rate-of-strain tensor, p is the filtered pressure field, ﬁ is the filtered

advection term, which is the chief cause of difficulty in LES simulation. The filtered advection
term ﬁ can be split up as follows (Leonard 1974)

wu, =7, +u, 2

where 7 is the residual stress tensor. From Egs. (1) and (2), the filtered Navier-Stokes equation

become
. _ 0T}
o, i(ljig/_):_i@+2vigﬁ_i (3)
or o, P Ox, ox, Ox,
The residual stress tensor z; was decomposed by Leonard (1974) as
r;=L;+C; +R; @

where R, is the Reynolds stress-like term representing interactions among the sub-grid scales
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(SGS), C, is the Clark tensor (Clark 1979) representing cross-scale interactions between large
and small scales, and L, is the Leonard tensor representing interactions among large scales. One
of the most important and challenging work in LES simulation is to calculate the unclosed term

Tij'

Based on Boussinesq’s assumption, a well-known model was developed by Smagorinsky (1963)
and used in the first LES simulation by Deardorff (1970). The rate-of-strain tensor S, was

y

defined as
7,0, _
tp =1, ——— =215, (5)

where &, is the Kronecker delta, v, is the eddy viscosity, 7, is sub-grid scale turbulence
kinetic energy, and 7, is the sub-grid scale Reynolds stress. The new pressure P can be obtained
by adding 7, into the filtered pressure

P=ﬁ+% (6)

It is evident that v, can be expressed as a function of the rate-of-strain tensor S, and the
sub-grid length L,

v, =(L, )2 |§,, =(L, )2 \/2§ij _fj (7)

The sub-grid length L_ is proportional to the filter width A

L =CA=C(AAA. )% ®)

where A , A, and A_ are grid scales in x, y and z directions, respectively. C, is Smagorinsky
constant. In general, C, can be taken as approximately 0.16 for isotropic turbulence. However,

smaller values are usually applied in LES simulation in order to improve the precision of
computational results (Breuer 2003). In the present work, the Smagorinsky constant C, in all
computational cases was taken as 0.1. Even though dynamic model is superior, it was not
considered in this study. The reason for that lies in the SGS type of model within the LES mode of
the DES formulation. The way the modified S-A model is used as an SGS model in the LES mode
strongly resembles the Smagorinsky model with a corresponding constant Cpgs (Breuer 2003).

2.2 Computational model

In this study, to compare the results of LES with the experimental data presented in the next
section, a 1:300 scaled numerical model of 0.16 m X 0.14 m x 0.75 m (i.e., L x B X H) was



Wind pressure characteristics for a double tower high-rise structure in a group of buildings 495

designed. In order to eliminate flow obstacle effect on the inflow and outflow boundary conditions
(Murakami 1998), the length of inflow, outflow and side-flow of the computational domain are 5H,
12H and 5H, respectively, as shown in Fig. 1. The total height of the computational domain is 3H
in order to keep the blockage ratio less than 3% as discussed by Murakami (1998). The Reynolds
number based on the width L and inflow velocity U(z) at z=H is about 5.4x10°. Both structured
and unstructured grids were used for mesh generation, as shown in Fig. 1. For zones near the bluff
body, an unstructured mesh was generated while for zones outside the unstructured mesh, the
structured mesh was applied. One important advantage of this arrangement is that it is convenient
to generate a mesh fine enough in the neighborhood of the building surfaces while keeping the
mesh in far-field zones from the building surfaces unchanged or in a proper coarser mesh. The
ADINA (2005) platform, which has the capacity of manage both structured and unstructured grids
in its solver, was adopted in this study. The average distance of the first layer of nodes from the
surface is about L/5000 in X direction and B/5000 in Y direction with same growth factor of 1.2,
which are smaller than the values suggested by Murakami (1998) (i.e., D/1000) and Huang (2006)
(i.e., D/4000), so as to ensure that the wall unit y'<5 is satisfied. The maximum grid size used in
the far-field from the building is about H. No-slip boundary conditions were imposed on the
velocity near the solid boundaries. The Reichardt wall-law was then used to derive the shear
stresses caused by the presence of the wall (Hinze 1959, Camarri et al. 2002). This wall-law has
the advantage of describing the velocity profile, not only in the laminar sub-layer (y'<5), but also
in the logarithmic region of a turbulent boundary layer (y"240) and in the intermediate region.

This guarantees correct asymptotic behavior at the wall of the SGS terms in the Smagorinsky
model. In total, over 800,000 3D grid elements were generated in the present simulation. As the
grid size around the target and surrounding building is very small, the number of unstructured 3D
grid elements around the buildings is about 300,000. However, the grid size of far-field from the
buildings is relatively coarse so as to reduce the computing time. Computations were carried out
on 16 Xeon E5580 3.2 GHz CPUs and requires about 16GB of Infineon memory and about 8 days
of CPU time for the whole simulation. The numerical time step for the transient simulation was
5x10™ sec and 8000 steps, which is equivalent to 4 seconds, are needed to collect data for
computational stability purposes. The statistical average of flow field was taken for the last 4000
steps, equivalent to 2 sec.

2.3 Boundary conditions

It is well known that boundary conditions of the computational domain and bluff bodies should
be modeled close enough to those employed in experiments, especially for the inflow boundary, in
order to obtain better agreement between numerical and experimental results. At the same time,
reasonable boundary conditions will also be helpful of saving computational time. For the inflow
boundary condition, both the mean and fluctuating wind velocity were considered. The mean wind
velocity can be achieved by matching a log-law profile with a typical shear exponent of the real
conditions (Obasaju 1992)
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where, v(z)is the horizontal wind speed at elevation z, V" is the surface friction velocity

defined as (z’o / ,0)0'5 with 7. being the surface shear stress, D is the height of the zero plane

above ground, Z; is the surface roughness length parameter. The height of the gradient wind is

450 m.

Based on the procedure suggested by Kraichnan (1970) for generation of an isotropic
continuous flow field satisfying a spectrum of Dirac function, a new general inflow turbulence
generation method for large eddy simulation, also called the discretizing and synthesizing random
flow field generation (DSRFG) technique, was proposed by Huang et al. (2010) and Li et al.
(2007). The isotropic fluctuating velocity in X space was synthesized by the following
superposition of harmonic functions (Huang et al. 2010)

u, (X,1)= i[pl” cos(kj’.’xj + a)nt) +q' sin(k;.’xj + a)ntﬂ (10)
n=1

no_

Pl =¢g,6k,, 4 =¢,Ek,, ¢.& o, eN(0,1), k' eN(0,1/2)

where & and ¢ are the turbulence kinetic energy and the turbulence dissipation rate,
respectively, ¢, is the permutation tensor used in vector product operation, k; and o,,
respectively, represent a sample of » wave-number vectors and frequencies of the modeled
turbulence spectrum. Detailed information about Eq. (10) was given by Huang et al. (2010). The

first advantage of the DSRFG is that continuity condition, div(u) =0, can be strictly ensured.

Secondly, the fluctuating velocity generated in the inflow condition satisfies a specified power
spectrum density function and the spatial correlation of inflow condition can be adjusted by using
different scaling factors.

At the outflow, convective boundary condition is applied for velocity and pressure using Eq.

(1.
/ot +c(6/ox)=0 (11)

where ¢ is taken to be the bulk velocity so as to ensure global mass conservation. Slip conditions
were assumed for velocity on the 2 sides and top surfaces of the computation domain. With this
kind of boundary condition, one has OU/dy =0U/dw=V =W =0. A no-slip condition was
used for velocity on the ground surface, u, = 0. The Neumann condition for pressure was

employed on building surfaces and the computation domain, as the pressure gradient orthogonal to
the surfaces is equal to zero.

3. Experimental technique
The experiments were carried out in a large wind tunnel at Guangdong Provincial Academy of

Building Research. The wind tunnel has a measurement section of 10 m (length)x3 m (width) x2
m (height), with a maximum wind velocity of 20 m/s. More details of the wind tunnel and its
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functional characteristics can be found in reference GPABR.
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Fig. 2 Wind tunnel pressure test model of double tower high-rise structure

A 1:300 scale rigid model of the double tower, as shown in Fig. 2, was constructed and tested to
measure building surface pressure. In order to capture accurately the most unfavorable distribution
of wind pressure on building surfaces, basic principle, such as uniform rule along structural height,
was adopted to arrange pressure taps. Besides, encryptions plan of arranging pressure taps at some
areas of unfavorable wind load, such as structural corners, was also adopted. The model was
installed with 26 layers of pressure taps over the double tower, resulting in a total of 382 pressure
taps on the building surfaces. Fig. 3 shows the elevations of the 26 layers of pressure taps and the
corresponding coding of each layer while Fig. 4 shows specific locations of the pressure tap
distribution at different height. It is worth mentioning that the pressure taps at height of parapet,
that is the height of 210.7 m and 125.2 m for the main and sub-main towers, respectively, are
arranged on surfaces of both sides of parapet. The coding of the pressure taps on the inside
surfaces of the parapet are DAP and DBI for the main and sub-main towers, respectively. The
primary aim is to understand pressure and suction forces imposed on the parapet and their
influence on the wind field, which is essential and important for a proper design of parapet.

A boundary-layer wind tunnel test corresponding to an open terrain (i.e., Type B) in the
Chinese code (2002), was simulated at GPABR wind tunnel. The fluctuating wind velocity was
measured at various heights at the center of the working section using a hot-wire anemometer.
Measured and target gust wind speed profiles were normalized with respect to the value at building
height and are presented in Fig. 5(a), together with the measured and target turbulence intensity
profiles. The wind tunnel results are reasonably consistent with the targeted profiles, with the
difference generally not exceeding 1%. It can also be seen from Fig. 5(b) that the corresponding
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spectrum of longitudinal wind speed at building height is comparable to a Harris-von Karman
spectrum with a longitudinal turbulence length scale of approximately 190 m at prototype scale.
The experimental velocity at 750 mm height in the wind tunnel, corresponding to the height of
225.6 m of the actual structure, was 8.3 m/s. The sampling frequency was taken at 313 Hz. The

wind tunnel experiments were performed for 24 wind directions. The free stream flow conditions
were:

€ velocity at the top of the double tower model: U=8.3 m/s;

@ pressure: P=1.01x105 Pa;

€ temperature: 7=20°C;

@ air density: p=1.2 kg/m’;

€ Kkinematic viscosity: v=0.000015 m?/s; and

€ wind direction: 0°~360° with an interval of 15°, as shown in Fig. 4.
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Fig. 3 Distribution of pressure taps along the building heights
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Each pressure tap is connected to the Hyscan System 2000 using both ZOC 23 and ZOC 33
scanners with 10 in H,0 range, using a single tubing without any restrictor. The amplitude and
phase distortion due to the tubing system were compensated by numerical post-processing. A white
noise signal source was employed to calibrate the dynamic characteristics of each plastic tube. The
dynamic distortion resulting from the tubing response was corrected based on the resulting transfer
function. The pressure signal correction was performed by dividing the real and the imaginary
parts of the Fast Fourier Transform (FFT) pressure signal with the real and imaginary parts of the
transfer function of each pressure tube. The signal was then inversely-transformed to produce the
corrected pressure time history (Mahmoud et al. 2008).
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Fig. 4 Location of the pressure tap distribution on (a) Level AB~AL, AO, AP, DAP, (b) Level AM, AN,
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4. Data processing

Pressure data obtained from both computational simulation and experimental technique is
processed using equations as shown in Table 1. External pressures were normalized with respect to
the mean wind pressure at height of H. Instantaneous pressure coefficients were determined at
each pressure tap location and subsequently analyzed to determine maximum, minimum, mean,
and standard deviation of pressure coefficients. A shape coefficient, which is defined as the ratio
between the actual pressure of building surface induced by wind action and the velocity pressure
of inflow wind, is used to account for the influences of the shape and size of a building. A
weighted average shape coefficient describes the distribution of static pressure on a building
surface under wind action. The spatial correlation of fluctuating wind represents pressure
dependency of two pressure taps - an important indication of the flow pattern spatially and the
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corresponding transmission pattern.

Table 1 Data processing equations

pi\n
Wind pressure coefficient C, (n) = # (n =1L N )
pU, 2
: , — NC, (n)
Mean wind pressure coefficient Cpi = i
n=l1 N
— 2
N —
Fluctuating wind pressure coefficient cC. = z (CP" (n) pi )
pi,rms N _ l
n=1
. piﬂzr
Shape coefficient M, =
/’lzi
. . Z lusi Ai
Weighted average shape coefficient U = i
’ A
E[(C,(n)-C,)(C,(n)-C,)]
Correlation coefficient of fluctuating pressure P = ( pl( ) 2 )( i ( ) id )
/ c.C

pi,rms =~ pj,rms

As shown in Table 1, i is the number of pressure tap; N is the sample length of the wind
pressure time series, N =4096; p=1.2kg/m’ is air density; U,.r is wind velocity at height of H; z; is
the height of the i™ pressure taps; u., is wind pressure coefficient at reference height; x.; is wind
pressure coefficient of the /™ pressure taps; u,; is the shape coefficient of the /™ pressure taps; 4; is
the tributary area of the /™ pressure taps; 4 is the total surface area.

5. Results and discussion

5.1 Mean pressure coefficient

Based on the formulae given in Table 1, the mean pressure coefficients of the double tower
were determined from the wind tunnel pressure measurements for 24 wind incident directions and
subsequently compared with the numerical simulations. Tables 2 and 3 show the maximum and
minimum mean pressure coefficients of the main and sub-main towers obtained from wind tunnel
tests. Results show that the most unfavorable wind direction was 90°, at which winds are normal to
the building surface. In this wind direction, both main and sub-main towers were imposed by the
maximum positive mean wind pressure on the windward faces as no building exists in the upwind
direction. And the maximum negative wind pressures occurred on the side surfaces. For the
opposite direction at 270°, the maximum mean pressure coefficients decrease as there are



Wind pressure characteristics for a double tower high-rise structure in a group of buildings 503

surrounding buildings located in the upwind direction and the double tower building falls inside
the wake of the buildings. The decrease in the maximum positive mean pressure coefficients in a
certain extent was attributable to the shielding effects of the upstream buildings, which is in good
agreement with the results of Gu and Huang (2003). For 0° and 180° wind incident directions,
although there is no building in the upwind direction, interaction and obstruction effect between
the main and sub-main towers exists. In this case, the mean pressure coefficients were slightly
reduced.

Table 2 Maximum and minimum mean pressure coefficients of the main tower

Direction 0° 15° 30° 45° 60° 75° 90° 105°  120° 135° 150 165°
MIN -1.5 -1.27  -1.08 -1.12 -112 -154 -1.77 -1.75 -1.12  -099 -0.88 -1.23
Taps AF28 AO8 ANI3 AOl14 AN20 AL7 AO7 AL15S AB7 AB7 AF1 AOl4
MAX 0.91 0.94 0.99 0.91 0.92 0.92 0.98 096 092 0.94 092 0.89
Taps AN4 AN4 AO6 AN7 AN7 ANI2 ANIO ANI13 ANI8 ANI6 AN20 AN2I

Direction  180° 195 210° 225° 240° 255° 270°  285°  300°  315° 330°  345°
MIN -1.36  -134  -1.16 -1.06 -1.04 -1.3 -1.2 -1.3 -0.7  -075 -098 -1.15
Taps AO14 AOI13 AO13 AF28 AF28 AP21 AD21 APl AC7 AL7 AO9 AP28
MAX 0.94 0.92 0.88 0.85 0.94 0.9 0.96 096  0.93 0.91 093 0.87
Taps AN22 AN23 AN24 AM25 AN27 AM28 AN29 AN30 AO27 AO28 AN2 AN2

Table 3 Maximum and minimum mean pressure coefficients of the sub-main tower

Direction 0° 15° 30° 45° 60° 75° 90° 105° 120° 135° 150° 165°
MIN -1.16  -1.09 -092 -1.05 -1.18 -1.03 -1.36  -093  -092 -095 -096 -1.33
Taps BI24 BI8 BE8 BHI12 BGl12 BI13 BI7 BE8 BE8 BES BE8  BII2
MAX 0.72 0.79 0.77 0.75 0.81 0.73 0.80 0.78 0.76 0.77 0.74 0.74
Taps BF4 BF5 BF5 BH7 BHS8 BGI0O BG10 BH11 BHI12 BG13 BHI14 BHI14

Direction  180° 195 210°  225°  240° 255° 270°  285°  300°  315°  330°  345°
MIN -1.34  -096 -094 -096 -0.93 -0.9 -092  -1.03 -1.23 -1.2 -099 -1.06
Taps BI12  BES BES BES BE8 -0.9021 BES BI1 BI19 BG20 BG20 BI24
MAX 0.64 0.08 0.58 0.76 0.71 0.76 0.39 0.56 0.48 0.58 0.75 0.75
Taps BH14 BD21 BD20 BH20 BH20 BG21 BBI19 BH22 BG23 BGI BF1 BF3
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It can be seen that almost all maximum negative pressure coefficients were found at the
pressure taps around the building corners, e.g., pressure taps AO14, AB7, AF28 and AL7 for 45°,
135°, 225° and 315°, respectively. This is, in general, caused by the flow separation at the corners,
where strong vortex shedding takes place. The maximum positive mean pressure coefficients
occurred on the centerline of the front face at a height of about 0.8H-0.9H. For example, the
maximum positive mean pressure occurred at tap AN22 at a height of 0.87H, for a wind incident
direction of 180°. Similar results were found for other wind directions.
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Mean pressure coefficient contours obtained from numerical simulations and experimental
results are shown in Fig. 6. It can be seen from the figure that although there were some
discrepancies noted on the higher level and the rear face, the mean pressure distributions of the
numerical results generally are in good agreement with the experimental results. The small
discrepancies were possibly caused by the dissimilarities between the numerical and experimental
studies in dealing with model boundary conditions, turbulence intensity, blocking effects etc.

It is well-known that the mean pressure coefficients on the windward face are largely positive
for an isolated building (Huang et al. 2006, Gomes et al. 2005). However, in this study the mean
pressure coefficients were greatly affected by the interaction and obstruction effects between the
main and sub-main towers and the upstream buildings. For example, the mean pressure
coefficients of the main tower on the front face were negative on the lower level for 0° wind
incident direction, attributed to the influence of the sub-main tower, as shown in Fig. 6. The mean
pressure on the side and back faces were also greatly disturbed, as discussed in detail in the
following sections.
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5.2 Fluctuating pressure coefficient

A comparison of the fluctuating pressure coefficients obtained from numerical simulation and
experimental results is shown in Table 4 and Fig. 7. Fluctuating pressure coefficients of different
taps on the front faces are largely of similar values, as shown in Fig. 7, which means that flow on
the front faces is relatively stable. At the corner, the fluctuating pressure coefficients increase as
stronger vortex motion is generated. On the side faces, larger fluctuating pressure coefficients
relative to those on the front faces can be observed, especially for the region at the corner, due to
the flow separation. The reason is that strong and coherent vortex motion appears on the side
faces which produces the increase of the fluctuating pressure. On the back faces, the variation of
the fluctuating pressure coefficients are relatively more complicated, attributed to the irregular and
disorder vortices generated in the wake flow. It can also be noticed that the pressure coefficients
on the lower parts of the experimental model are relatively larger than those on the upper parts, as
interaction and obstruction effects exist on the lower part, between the main and sub-main towers.
Furthermore, it can also be found that the fluctuating pressure coefficients on inner surfaces of the
parapet are smaller than the outer surfaces.

A certain deviation can be observed for the fluctuating pressures at the building corners
between experiment and simulation. One of the reasons is that flow separations occur and a series
of vortex sheds on the two sides of the building and the wake region, for which it is challenging to
simulate accurately using the numerical method. However, the discrepancy of the fluctuating
pressure coefficients between experiment and computational simulation is by and large
insignificant, with errors less than 5%. This is comparable to typical repeatability in wind tunnel
data.

5.3 Interaction and obstruction effect

To study the interaction and obstruction effect among buildings, an interaction and obstruction
factor vy is defined as

Y=Hs/Msn (12)

where L is the shape coefficient with the interaction and obstruction effect, yg, is the shape
coefficient without the interaction and obstruction effect.

The variation of the interaction and obstruction factor along the height of both the main and
sub-main towers in different wind directions is shown in Fig. 8. A noticeable discrepancy can be
found between experimental and numerical results, especially for areas of negative wind pressure,
such as the side and back faces. The reason of such a phenomenon may be that boundary
conditions were not the same as those of wind tunnel tests, and the turbulence model could not
capture accurately the vortex motion. However, in general, good agreement between results of the
two techniques is found, and the discrepancy is acceptable from an engineering point of view.
Therefore simulation with LES method is feasible for prediction of the flow field around the
double tower buildings.
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It can be easily found in Fig. 9 that the maximum shape coefficients of the front faces of the
double tower building is 0.77, which is close to the value of 0.8 stipulated in the Chinese code
(2002). However, greater discrepancies have been noticed for the shape coefficients of back and
side faces in comparison to the Chinese wind code (2002). The maximum shape coefficients of
-1.25 and -0.83 for the side and back faces, respectively, were higher than the values of the
Chinese code (i.e., -0.7 and -0.5, respectively). It can be deduced that noticeable differences of
pressure distribution on building faces exist relative to an isolated building, for which no
interaction and obstruction effect exists.

An interaction and obstruction effect exists between the main and sub-main towers, causing a
change of the pressure distribution on building faces. A shielding effect is generated when one of
the towers is located in front of the other tower, such as for the 180° wind direction (when the
main tower is located in front of the sub-main tower, as shown in Fig. 2). In this case, the front
tower produces a certain shielding effect on the rear tower and then the corresponding pressure on
faces of the rear tower decreases. For the 0° wind direction, for example, the interaction and
obstruction factor of face I of the main tower is less than 1, especially for the lower part of the
main tower, which means that the pressure on the face I become smaller relative to single building
as influence of the shielding effect of the sub-main tower. For the 180° wind direction, the
interaction and obstruction factor for face VII of the sub-main tower is also less than 1 because the
sub-main tower lies in the wake of the main tower, as shown in Fig. 2, and then shielding occurs
on the sub-main tower.

When the main and sub-main towers are perpendicular to wind direction (such as 90° and 270°
wind directions), a channeling effect is generated between the main and sub-main towers,
increasing the pressure on the side faces between the two towers. It can also be noticed in Fig. 8
that all of the interaction and obstruction factors are basically larger than 1.0, when channeling
occurs, such as in Fig. 8(c) “I-Exp.” and Fig.8(d) “VII-Exp.”. Higher interaction and obstruction
factors result from the channeling effect, significantly increasing the wind velocity between the
two towers, as shown in Fig.10, and causing an increase of the pressure on the side faces. For
example, the maximum interaction and obstruction factors of faces I and VII increase to 1.32 and
1.4 for the 90° and 270° wind directions, respectively, as shown in Fig. 8(c), (f).

Interaction and obstruction effects from surrounding buildings also influence the pressure
distribution on the building faces. The interaction and obstruction effect of surrounding buildings
to the double tower building can be summarized as three effects: a shielding effect, a channeling
effect and a re-circulating effect. When surrounding buildings lie in the inflow direction, shielding
is produced; this is thought to be the most significant among the disturbance effects, as shown in
Fig. 8(a) (face I), 8(b) (face VII), 8(f) (face VIII). In general, shielding always decreases the
pressure coefficient on the front faces of the double tower building. Channeling influences mainly
the pressure coefficient on side faces and the back faces. The re-circulating effect generally only
influences the pressure coefficient on the back faces. In this study, the channeling and
re-circulating effects are relatively insignificant because the surrounding buildings are far away
from the target double tower, and thus the influence of surrounding buildings is negligible. The
interaction and obstruction factors of face IV are almost equal to 1.0 in Fig.8(a), (c). The main
reason is that the distance between the surrounding buildings and the target double tower is
relatively larger, and the flow around the target double tower was not disturbed by the surrounding
buildings, as shown in Fig. 10. As investigated by Wang (2011), the influence of surrounding
building disappears when the separation distance between the target and surrounding buildings is
larger than twice the height of the adjacent buildings.
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Fig. 8 Distribution of interaction and obstruction factor along structural height

5.4 Spatial correlation of fluctuating pressure

Spatial correlation of fluctuating wind represents statistical dependency of pressures at two taps,
and is an important index of the fluctuating pressure characteristics and also spatial flow status.
The lateral correlation coefficient contours of fluctuating wind pressure are shown in Fig. 11. As
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revealed in the figure, the correlation coefficients decrease gradually as the distance between two
pressure taps increases. The correlation coefficient is influenced by vortex structure and the
surrounding flow field. The vortex shape and size and similar flow characteristics contribute to
increase the correlation coefficients, given the same distance between two points. For example, the
two-point correlation in the middle region is relatively larger than that of the side region of the
front faces for the same spacing.

The correlation coefficients of fluctuating pressures on the side faces decrease gradually in the
direction of the flow. The reason is that a sequence of vortex generation and flow separation occurs,
with a similar pressure structure on the side faces. However, the vortex dimension decreases
gradually, and the vortex motion become random to a certain extent, disturbing the regular flow
field and resulting in a smaller correlation coefficient. It is worth mentioning that the correlation
coefficients between the two side faces are not the same. Therefore it can be deduced that an
asymmetric vortex state, such as vortex structure and dimension, has appeared and an asymmetric
pressure distribution generated on the side faces.
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Fig. 9 Shape coefficients on the surfaces of the double tower buildings
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Fig. 10 Wind velocity field at z=0.4H (M: Main tower, S: Sub-main tower, SU: Surrounding buildings)
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The correlation coefficients of fluctuating pressures on back faces are the smallest, compared to
those of front and side faces. This is because the wake flow status is disordered and irregular,
differences in vortex structure and size are significant. Hence, the fluctuating pressure for taps on
the back faces is incoherent, which then reduces the correlation coefficient.

The vertical correlation coefficients of fluctuating wind pressure are shown in Fig. 12, where
“BB-BC (17.5 m)” denotes the vertical correlation coefficient of fluctuating pressures between
level BB and BC, and the corresponding vertical distance is 17.5 m. Based on simulation results
shown in the figures, the vertical correlation coefficients decrease with increasing distance
between two pressure taps. When the distance between two pressure taps lies in the range of
0-30m, most of the coefficients are greater than 0.5, indicating strong correlation. When the
distance is larger than 50m, the vertical correlation coefficients become smaller, implying weak
correlation appears between those pressure taps.
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6. Conclusions

A comparative study on pressure characteristics of a double tower structure has been performed
using both numerical and experimental techniques. Mean and fluctuating pressure coefficients,
interaction and obstruction effects, and spatial correlation have been discussed in detail, and the
resulting conclusions are given as follows.

The LES method was adopted in this study, and a Smagorinsky constant of 0.1 was employed
in the simulation, in view of the SGS type of model within the LES mode of the DES formulation
(Breuer 2003). The length of inflow, outflow and side-flow and the total height of the
computational domain were set to be large enough to avoid blockage effects from the boundary
conditions. Both structured and unstructured grids were used to generate a mesh fine enough in the
neighborhood of the building surfaces while keeping the mesh in far field zones from the building
surfaces unchanged or in a proper coarser state. Adopting the approach proposed by Huang et al.
(2010), the isotropic fluctuating velocity was synthesized and both mean and fluctuating wind
velocity were produced on the inflow boundary, to obtain a more realistic turbulence environment.
The results show that the maximum mean pressure coefficients are located on the windward
surface at a height of about 0.8H-0.9H, with the minimum pressure at the corner of flow
separation.

Among the 24 tested wind directions, 90° was the most unfavorable wind direction, as the
maximum positive pressure and extreme negative pressure occur at this wind incident angle. The
magnitude of the fluctuating pressure coefficients depend largely on the motion status of flow field.
Flow with strong and orderly vortex motion yields larger fluctuating pressure, such as those on the
side faces and especially at the corner of flow separation. On the contrary, irregular and random
vortex motion results in smaller fluctuating pressure on the leeward faces.

The interaction and obstruction effect on the shape coefficients of the double tower building
were mainly due to the interference disturbance between the main and sub-main towers, and the
surrounding buildings. The interference effects of the surrounding buildings on the fluctuating
pressure of the double tower building were found to be smaller than that of the main and sub-main
towers. The interference is composed of three effects: a shielding effect, a channeling effect and a
re-circulating effect. As discussed in this study, the shielding effect reduces the shape coefficient
on the front faces greatly, especially when the main tower was upwind of the sub-main tower.

The lateral spatial correlations of fluctuating pressure on the front and side faces were relatively
stronger than those on the back faces. Strong spatial correlation was found at the corner between
the front and side faces. The vertical correlation decreases with increasing distance between two
pressure taps. Strong vertical spatial correlations were observed for the spacing in the range of
0-30m and were substantially reduced when distance became larger than 50 m.
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