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Abstract: A large-eddy simulation analysis technique is introduced in this paper to determine the
interference effect of chamfered square cylinders, which is crucial to predict the impact of wind
pressure and load on chamfered high-rise buildings. Based on the grid convergence analysis of the
model and the validation of its accuracy, the aerodynamic interference effect, including the flow field
distribution of parallel and tandem square cylinders with different spacing ratios has been compared
and analyzed. The influence regulation and formation mechanism of the wind pressure interference
effect have been explored. For side-by-side chamfered corners square cylinders, the average drag
coefficient mainly shows an amplification effect, and the fluctuating lift coefficient mainly shows a
reduction effect. When B/L = 1.5, the interference factor of the disturbed square cylinder reaches a
maximum, which is located at the back flow field on the adjacent side. There is a clear critical spacing
ratio for tandem double-cut square cylinders. When the spacing ratio exceeds the critical value,
significant changes are observed in the aerodynamic performance. These include wind pressure
distribution, non-Gaussian characteristics, and the interference effects of structures.

Keywords: large eddy simulation; side-by-side chamfered square cylinders; tandem chamfered
square cylinders; aerodynamic coefficient; wind pressure coefficient; interference effect; non-Gaussian
characteristics of wind pressure

1. Introduction

The interference effect has been one of the most important issues for aerodynamic
studies of chamfered square cylinders. Under unfavorable high Reynolds number wind
conditions, different arrangements and combinations cause dramatic changes in the wind
pressure distribution on the building surface. For instance, the damage to the England
bridge thermal power plant in 1965 [1] and the detachment of the building envelopes of
the Hancock Building in the United States [2] were both caused by a disturbance in the
wind field from surrounding buildings. Consequently, frequent interference with wind
conditions may affect the safety of the retaining system and can even lead to the overall
collapse of the structure.

The wind tunnel test showed the aerodynamic interference effect and the flow field
distribution of parallel and tandem square cylinders with different spacing ratios. Early
research involving wind load was mainly based on a single building [3–12], and was
gradually extended to the research on the interference effect between multiple buildings.
Due to the low testing costs, simple technology and flexible design, the wind tunnel test
effectively promotes research on the interference effect between buildings. Gu et al. [13]
studied the wind pressure interference effect of buildings under different arrangements.
The results of the study showed that the amplification effect of parallel arrangement is
significant. Mara et al. [14] summarized the aerodynamic interference effects of two high-
rise buildings in different spatial positions based on the high-frequency force balance
wind tunnel test. The study was accompanied by the building disturbance envelope and
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disturbance factor regular curve results. Long et al. [15] studied the influence of the flow
around the top of a square high-rise building on the disturbed building passing the wind
tunnel test. The results show that the flow around the top increases the average pressure
coefficient of the windward side of the disturbed building by 46% and causes a small
vortex-induced resonance response of the disturbed building when the distance is small.
Wind tunnel tests have problems such as boundary effects and bracket interference, which
often need to be studied in combination with numerical simulations.

Investigating the influence regulation and formation mechanism of the wind pressure
interference effect is another important aspect of studying the interference effect on high-
rise buildings with cut corners. Lo et al. [16] analyzed the influence of speed on the
interference effect by using a wind tunnel test combined with a numerical simulation
system of CFD (Computational Fluid Dynamics), and analyzed the interference effect
between two square buildings when the disturbing building was either located upstream
or located downstream. Yu et al. [17,18] and Kim et al. [19] systematically compared the
torsional interference effect and acceleration interference effect between two high-rise
buildings with different heights. The results revealed that the foundation bending moment
of the disturbed building had the most significant effect. Kataoka et al. [20] used numerical
simulation of CFD to compare the wind-induced vibration obtained by two methods and
discussed the position along which the motion-induced aerodynamic force acted along its
axis. Hui et al. [21,22] investigated the interference effect between a square building and a
rectangular building. The average and pulsating torque of the square building could reach
3 times and 1.6 times that of the single-body state. The minimum extreme pressure at the
corner of the building was found to be 40% higher than that of a single square cylinder.
Yan et al. [23] employed the numerical simulation on the CFD method to study the wind
load, wind-induced vibration, and aerodynamic interference effect between high-rise twin
towers in the city center. As a result, an analytical framework for wind effect and comfort
evaluation of high-rise buildings based on a stiffness mapping algorithm was proposed.

The above studies were mostly focused on the aerodynamic characteristics as well
as the wind loads of square cylinders. However, fewer studies on wind-induced vibra-
tion were carried out. In fact, when the cylinder had a flexible or an elastic support,
Vortex-included vibration (VIV) was stimulated under the complex interaction between the
shedding vortex and the elastic structure [24]. VIV was also a hot topic for square cylinder
wind-induced vibration. Flexible structures immersed in flowing fluids might exhibit
vortex-induced vibrations, and nonlinear energy sinks were used by Zhang et al. [25,26]
to deal with multimode coupled VIV. This could determine the dimensionless parame-
ters that dominate the VIV response, as well as understand and model the complicated
fluid-structure interaction phenomenon.

Considering the interference effect between square and rectangular buildings, scholars
have achieved certain research results, but less consideration has been given to buildings
with chamfered sections. In practical projects, buildings with chamfered sections are not
uncommon. Literature reveals that chamfering can greatly improve the aerodynamic per-
formance of the structure [27,28]. Hayashida et al. [29] proposed that rounded corners can
effectively reduce the cross-wind aerodynamic spectrum of square-section high-rise build-
ings. The wind characteristics and response characteristics of buildings with chamfered and
open square faces were studied in slight of wind tests by Miyashita et al. [30]. The study
proposed that when the chamfered ratio is 10%, which refers to the removal of 10% of the
length of both sides of the corner, the wind-induced displacement response of the building
in the cross-wind and down-wind directions can be reduced by about 35% [31,32]. The
number, shape, and size of the separation vortices around the chamfered buildings change
significantly, which further leads to differences in the aerodynamic interference effects
and wind pressure interference effects between buildings [33–35]. Although the above
discussion has investigated the effects of wind load, wind-induced vibration, and aerody-
namic interference on square buildings, there are still some deficiencies in the interference
between cut-angle buildings and irregular buildings.
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The object of this study is to adopt the large eddy simulation method to analyze the
grid convergence and to verify the simulation method for the three-dimensional square
cylinder under the uniform flow field. Additionally, based on the aerodynamic coefficients
and wind pressure distribution characteristics, the relationship between the aerodynamic
disturbance and the spacing ratio of the tangential square cylinders under parallel and
tandem has been given. The reason for the aerodynamic disturbance regulation has been
explained by analyzing the flow field. The characteristics of aerodynamic coefficients and
the distribution of interference factors to parallel double-cut square cylinders with different
spacing have been analyzed, and the position and value of the maximum interference
have been clarified. The generation mechanism of interference effect on chamfered square
cylinders with different permutations and combinations has also been examined. The
influences on aerodynamic coefficients and wind pressure distribution characteristics as
well as the distribution of interference factors in terms of contribution of the spacing ratio
have been investigated.

2. Large Eddy Simulation and Data Processing Methods
2.1. Large Eddy Simulation

Large-eddy simulation (LES) has become a powerful tool for the assessment of wind
pressures and loads on buildings and other structures. The physical properties of the fluid
are regarded as viscous and incompressible according to the results of structural wind load
studies. Assuming that the filtering process and the derivation process are interchangeable,
an equation of motion (N-S equation) describing the momentum conservation of a viscous
incompressible fluid is filtered [12]. The governing equations for the large eddy simulation
are obtained as follows.

∂ui
∂xi

= 0 (1)

∂ui
∂t

+
∂

∂xj
(uiuj) = −

1
ρ

∂p
∂xi

+ ν
∂2ui

∂xj∂xj
−

∂τij

∂xj
(2)

τij = uiuj − uiuj (3)

where, ρ is the air density; t is the time; ν is the air kinematic viscosity coefficient; p is the
filtered pressure; ui,uj indicates the filtered speed; xi, xj is the spatial coordinate component;
τij is subgrid-scale stress. In order to implement large eddy simulations, a closed format
for sublattice stresses must be constructed. This paper adopts the dynamic Smagorinsky
sublattice model [36]:

τij −
1
3

δijτkk = 2C∆2∣∣S∣∣Sij (4)

Sij =
(
∂ui/∂xj + ∂uj/∂xi

)
/2 (5)∣∣S∣∣ = √2SijSij (6)

In the formula, Sij and
∣∣S∣∣ are calculated according to Equations (5) and (6), respectively.

Where τkk is the isotropic part of the subgrid stress, which is included in the filtered pressure
term; δij is the Kronecker delta function; C is the dynamic Smagorinsky constant ranging
from 0 to 0.23; ∆ is the filter length of one filter, which is the spatial grid scale.

2.2. Numerical Details

The continuity and N-S equations are solved with the ANSYS Fluent package, Re-
lease 19.2. The spatial discretization is based on the finite volume method (FVM). The
gradients are obtained by applying the least squares cell-based gradient evaluation. The
calculation domain and model size of side-by-side and tandem square cylinders are shown
in Figure 1a,b, respectively. The side length of the square cylinder is L = 0.1 m, the ver-
tical height is 4 L, and the cut angle corresponds to the right-angle side length D = λL,
λ = 0.1. The size of the computational domain of the parallel case is 40 L (flow direction x)
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× (20 L + B) (span direction y) × 4 L (vertical z), and B is the distance between the centers
of the two square cylinders. The size of the computational domain of the tandem case
is 40 L + C (flow direction x) × (20 L) (span direction y) × 4 L (vertical z), and C is the
distance between the centers of the two square cylinders. The grid adopts a non-uniform
structured grid, and the near-wall grid using the encryption treatment is shown in Figure 2.
The minimum grid height is 5 × 10−4 L, and the total number of grids is controlled at
1.5 million to 2 million. The boundary conditions of the computational domain are shown
in Figure 3 (Parallel square cylinders). The inlet is a velocity-inlet with the uniform flow,
and the wind speed is U0 (U0 = 3.214 m/s). The outlet is a pressure-outlet, the upper
and lower surfaces and both sides use symmetry boundary conditions to simulate no-slip
wall. The pressure-velocity coupling is solved using the SIMPLEC method, which is a
semi-implicit method for solving the mass/momentum/energy transfer equations for the
pressure coupling. The momentum equation is in a second-order discrete format. The
convergence residual is controlled to 5 × 10−4, and the time step is set to 0.0005 s.

Buildings 2022, 12, x FOR PEER REVIEW 4 of 21 
 

constant ranging from 0 to 0.23; Δ is the filter length of one filter, which is the spatial grid 
scale. 

2.2. Numerical Details 
The continuity and N-S equations are solved with the ANSYS Fluent package, Re-

lease 19.2. The spatial discretization is based on the finite volume method (FVM). The 
gradients are obtained by applying the least squares cell-based gradient evaluation. The 
calculation domain and model size of side-by-side and tandem square cylinders are 
shown in Figure 1a,b, respectively. The side length of the square cylinder is L = 0.1 m, the 
vertical height is 4 L, and the cut angle corresponds to the right-angle side length D = λL, 
λ = 0.1. The size of the computational domain of the parallel case is 40 L (flow direction x) 
× (20 L + B) (span direction y) × 4 L (vertical z), and B is the distance between the centers 
of the two square cylinders. The size of the computational domain of the tandem case is 
40 L + C (flow direction x) × (20 L) (span direction y) × 4 L (vertical z), and C is the dis-
tance between the centers of the two square cylinders. The grid adopts a non-uniform 
structured grid, and the near-wall grid using the encryption treatment is shown in Figure 
2. The minimum grid height is 5 × 10−4 L, and the total number of grids is controlled at 1.5 
million to 2 million. The boundary conditions of the computational domain are shown in 
Figure 3 (Parallel square cylinders). The inlet is a velocity-inlet with the uniform flow, 
and the wind speed is 0U  ( 0U  = 3.214 m/s). The outlet is a pressure-outlet, the upper 
and lower surfaces and both sides use symmetry boundary conditions to simulate no-slip 
wall. The pressure-velocity coupling is solved using the SIMPLEC method, which is a 
semi-implicit method for solving the mass/momentum/energy transfer equations for the 
pressure coupling. The momentum equation is in a second-order discrete format. The 
convergence residual is controlled to 5 × 10−4, and the time step is set to 0.0005 s. 

  
(a) The size of side-by-side square cylinder calculation domain (b) The size of tandem square cylinder calculation domain 

Figure 1. The size of calculation domain. 

 
Figure 2. Near-wall mesh generation. 

Figure 1. The size of calculation domain.

Buildings 2022, 12, x FOR PEER REVIEW 4 of 21 
 

constant ranging from 0 to 0.23; Δ is the filter length of one filter, which is the spatial grid 
scale. 

2.2. Numerical Details 
The continuity and N-S equations are solved with the ANSYS Fluent package, Re-

lease 19.2. The spatial discretization is based on the finite volume method (FVM). The 
gradients are obtained by applying the least squares cell-based gradient evaluation. The 
calculation domain and model size of side-by-side and tandem square cylinders are 
shown in Figure 1a,b, respectively. The side length of the square cylinder is L = 0.1 m, the 
vertical height is 4 L, and the cut angle corresponds to the right-angle side length D = λL, 
λ = 0.1. The size of the computational domain of the parallel case is 40 L (flow direction x) 
× (20 L + B) (span direction y) × 4 L (vertical z), and B is the distance between the centers 
of the two square cylinders. The size of the computational domain of the tandem case is 
40 L + C (flow direction x) × (20 L) (span direction y) × 4 L (vertical z), and C is the dis-
tance between the centers of the two square cylinders. The grid adopts a non-uniform 
structured grid, and the near-wall grid using the encryption treatment is shown in Figure 
2. The minimum grid height is 5 × 10−4 L, and the total number of grids is controlled at 1.5 
million to 2 million. The boundary conditions of the computational domain are shown in 
Figure 3 (Parallel square cylinders). The inlet is a velocity-inlet with the uniform flow, 
and the wind speed is 0U  ( 0U  = 3.214 m/s). The outlet is a pressure-outlet, the upper 
and lower surfaces and both sides use symmetry boundary conditions to simulate no-slip 
wall. The pressure-velocity coupling is solved using the SIMPLEC method, which is a 
semi-implicit method for solving the mass/momentum/energy transfer equations for the 
pressure coupling. The momentum equation is in a second-order discrete format. The 
convergence residual is controlled to 5 × 10−4, and the time step is set to 0.0005 s. 

  
(a) The size of side-by-side square cylinder calculation domain (b) The size of tandem square cylinder calculation domain 

Figure 1. The size of calculation domain. 

 
Figure 2. Near-wall mesh generation. Figure 2. Near-wall mesh generation.

Buildings 2022, 12, x FOR PEER REVIEW 5 of 21 
 

  
(a) Computational domain grids and boundary conditions (b) Model grid 

Figure 3. Grid parameters.  

2.3. Data Processing Method 
In order to facilitate the comparison of the results, the surface wind pressure, lift and 

drag appearing in the paper are processed. The specific expression is as follows: 

1/ 2p 2
0

PC
ρU

=  
(7)

1/ 2p 2
0

PC
ρU

=  
(8)

'
'

1 / 2p 2
0

PC
ρU

=  (9)

1/ 2
D

D 2
0

FC
ρU LH

=  
(10)

1/ 2
D

D 2
0

FC
ρU LH

=  
(11)

1/ 2
L

L 2
0

FC
ρU LH

=  
(12)

'
'

1/ 2
L

L 2
0

FC
ρU LH

=  (13)

where, P is the wind pressure at the measuring point; FD, FL are the drag and lift, respec-
tively; ρ is the air density; 0U  is the incoming wind speed; L, H are the width and height 
of the windward surface of the square cylinder respectively; pC , 

pC , '
pC  represent the 

wind pressure coefficient, the average wind pressure coefficient and the pulsating wind 
pressure coefficient of the measuring point, respectively; DC , DC  represent the drag 
coefficient and the average drag coefficient, respectively; LC , '

LC  are the lift coefficient 
and the pulsating lift coefficient. 

Estimating the extreme wind pressure coefficient of each measuring point by using 
the crest factor method, the specific expression is as follows: 

ppp gσCC ±=ˆ  (14)

where, σp represents the standard deviation of the wind pressure coefficient at the 
measuring point; g is the peak factor. For the value of peak factor, assuming that the 
structure satisfies Gaussian distribution, it is recommended in GB50009-2012 “Code for 
Structural Loads of Buildings” that g is taken as 2.5, and the confidence rate can reach 
99.38%. In fact, there are non-Gaussian regions in the structure, and the peak factor 

Figure 3. Grid parameters.



Buildings 2022, 12, 2125 5 of 20

2.3. Data Processing Method

In order to facilitate the comparison of the results, the surface wind pressure, lift and
drag appearing in the paper are processed. The specific expression is as follows:

Cp =
P

1/2ρU2
0

(7)

Cp =
P

1/2ρU2
0

(8)

C′p =
P′

1/2ρU2
0

(9)

CD =
FD

1/2ρU2
0 LH

(10)

CD =
FD

1/2ρU2
0 LH

(11)

CL =
FL

1/2ρU2
0 LH

(12)

C′L =
F′L

1/2ρU2
0 LH

(13)

where, P is the wind pressure at the measuring point; FD, FL are the drag and lift, respec-
tively; ρ is the air density; U0 is the incoming wind speed; L, H are the width and height of
the windward surface of the square cylinder respectively; Cp, Cp, C′p represent the wind
pressure coefficient, the average wind pressure coefficient and the pulsating wind pressure
coefficient of the measuring point, respectively; CD, CD represent the drag coefficient and
the average drag coefficient, respectively; CL, C′L are the lift coefficient and the pulsating
lift coefficient.

Estimating the extreme wind pressure coefficient of each measuring point by using
the crest factor method, the specific expression is as follows:

Ĉp = Cp ± gσp (14)

where, σp represents the standard deviation of the wind pressure coefficient at the mea-
suring point; g is the peak factor. For the value of peak factor, assuming that the structure
satisfies Gaussian distribution, it is recommended in GB50009-2012 “Code for Structural
Loads of Buildings” that g is taken as 2.5, and the confidence rate can reach 99.38%. In fact,
there are non-Gaussian regions in the structure, and the peak factor value will increase
under the guarantee rate as required by the specification. In this paper, the observation
extremum method and the total probability iteration method are used to calculate the peak
factor, and the confidence rate is 99.50%.

In order to more intuitively represent the interference effect between the square
cylinders, each facade of the square cylinder is divided into 9 areas according to the wind
pressure distribution, and the cut angles are numbered from a to d, as shown in Figure 4.
The maximum value of the extreme wind pressure coefficient of each area is used as the
extreme wind pressure coefficient of each area. For side-by-side square columns, due
to the adjacent facade interference effect, the value is larger, while for the other facades,
the interference effect is smaller. This was done in order to simplify and clearly show
the interference effect. The block interference factor (BIF) was employed to describe the
interference effects on the mean and peak wind pressure distributions [37]. Among them,
Ĉpx represents the extreme wind pressure coefficient of each area of the disturbed square
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cylinder, and Ĉpy represents the extreme wind pressure coefficient of each area of the single
square cylinder. The specific expression is as follows:

BIF =
Ĉpx

Ĉpy
(15)
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Considering that the distribution of corner cutting points is lower, the use of BIF
cannot accurately describe the distribution law of corner interference. Therefore, the wind
pressure coefficient interference factor IF of measuring points is further used for analysis.
Where, Ĉpi represents the extreme wind pressure coefficient of the disturbed square cylinder
measuring point, Ĉpj represents the extreme wind pressure coefficient of the single square
cylinder measuring point, and the specific expression is as follows:

IF =
Ĉpi

Ĉpj
(16)

3. Mesh Convergence Analysis and Result Verification

The density of the computational domain grid affects the accuracy and efficiency
of numerical simulation calculations. This paper adopts four grid forms from sparse to
dense, namely Case 1~Case 4. Under the working condition of a high Reynolds number
Re = 22,000, the grid convergence analysis and numerical model verification are carried
out by taking the bypass flow around a single-sided column as an example. Table 1 shows
the comparison results of average drag coefficient, pulsating lift coefficient, and Strouhal
number in four grid schemes with the experimental values of literature [3–6] and the
simulated values of literature [7–9]. The y+ value in the table represents the dimensionless
distance from the grid of the first layer to the surface of the square cylinder, y+ =µy/ν, where,
µ is the friction velocity and y is the mesh size near the wall. The Strouhal numbers of
the four grid schemes are basically the same and are all within the range of the literature
results. Compared to the literature results, the average drag coefficient and pulsating
lift coefficient of Case 1 are far behind, and the results do not meet the requirements of
numerical simulation accuracy. The simulation results of Case 2~Case 4 differ by no more
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than 5% and are all within the range of the literature results. In the case of ensuring the
calculation accuracy, comprehensive cost and efficiency, the subsequent grid scheme in this
paper refers to Case 3.

Table 1. Analysis of grid convergence and comparison of results.

Program First Layer
Grid Size Wall y+ Number of

Grids
Average Drag

Coefficient
Pulsating Lift

Coefficient
Strouhal
Number

Case 1 1 × 10−2 L <10 5.6 × 105 2.058 0.842 0.132
Case 2 1 × 10−3 L <2.5 9.5 × 105 2.272 1.339 0.130
Case 3 5 × 10−4 L <1 1.4 × 106 2.269 1.428 0.131
Case 4 1 × 10−4 L <0.25 1.8 × 106 2.372 1.365 0.132
Exp [3] — — — 2.210 1.260 0.130
Exp [4] — — — 2.100 1.600 0.132
Exp [5] — — — — 1.200 0.130
Exp [6] — — — 2.050 1.220 0.120
CFD [7] — — — 2.300 1.150 0.130
CFD [8] — — — 2.110–2.300 1.260–1.540 0.130–0.140
CFD [9] — — — 2.020–2.270 1.150–1.790 0.090–0.150

Note: Exp represents the wind tunnel experimental value of the flow around a single square cylinder, and CFD
represents the numerical simulation value of the flow around the single square cylinder.

To further verify the accuracy of the Case 3 grid, the average wind pressure coefficient
was compared (Figure 5) and the fluctuating wind pressure coefficient (Figure 6) curves
between the simulation results of Case 3 were analyzed. The results of literature [5,6,11,12],
showed that the simulation results are consistent with the curves of the literature results.
The maximum deviation of the average wind pressure coefficient of the numerical simula-
tion from the literature value is not more than 5%.
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In case of the fluctuating wind pressure coefficient, the simulation results on the
windward and leeward sides in this paper are not more than 8% different from those in the
literature. However, the average value of the simulation results of the side elevation of the
square cylinder is 13% larger than the experimental value of the literature [11]. The reason
for these differences is that the numerical simulation is carried out under ideal conditions.
In the test process, there are factors that affect the test results such as model scale ratio, the
accuracy of the inflow wind field, etc. Based on the above comparison results, the overall
large eddy simulation results accurately reflect the aerodynamic values and wind pressure
results of the square cylinder, indicating that the grid model and parameter values in this
paper have good accuracy and reliability.

4. Aerodynamic Interference Effects
4.1. Pneumatic Interference Effect of Side-by-Side Square Cylinders

Figure 7 shows the change curve of the aerodynamic coefficient of square cylinder 1
and square cylinder 2 with the spacing ratio. When 1.2 ≤ B/L < 2.5, the average resistance
coefficients of the two square cylinders fluctuate irregularly and the values differ greatly,
indicating that the flow field is still in a biased flow state at this time. When B/L = 1.5, the
difference between the coefficients of the two square cylinders is the largest, reaching 18%,
and when the spacing ratio is close to 2.5, the coefficient tends to the single value. When
2.5 ≤ B/L ≤ 8.0, the average resistance coefficient of the two square cylinders is basically
the same, and the deviation from the value of the single square bar is no more than 2%.
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When 1.2 ≤ B/L < 2.5, the pulsating lift coefficient of the two square cylinders grad-
ually increases, but the pulsating lift coefficient at this time is smaller than that of the
undisturbed square cylinder. When 2.5 ≤ B/L < 6.0, the pulsating lift coefficient of the
two square cylinders first decreased and then increased, and the minimum value was
0.42, which appeared at B/L = 4.0. In this scenario, the pulsating lift coefficient was still
a decreasing effect. When 6.0 ≤ B/L ≤ 8.0, the pulsating lift coefficient of the two square
cylinder approaches the value of the single square cylinder, and the maximum error is 3%.
In general, the difference between the pulsating lift coefficients of the two square cylinders
is slight, and the change laws are consistent.

4.2. Interference Effect of Aerodynamic Coefficients of Tandem Square Cylinders
4.2.1. Interference Effect of Average Drag Coefficient

Figure 8a shows the variation curve of the average resistance coefficient of square
cylinder 1 and square cylinder 2 with spacing. With the increase of the spacing ratio, the
average resistance coefficient of square cylinder 1 (upstream square cylinder) is close to the
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value of the single square cylinder, and the deviation is not more than 5%. The average
resistance coefficient of square cylinder 2 (downstream square cylinder) has an obviously
stepped distribution. When 1.2 < C/L < 2.5, the average drag coefficient of the square
cylinder decreases gradually with a negative value, and the decreasing speed is positively
correlated with the distance. The relationship obtained by fitting data is:

CD = 0.28685(C/L)− 1.01233 (17)
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Figure 8. Variation curve of aerodynamic coefficient of tandem square cylinder with spacing ratio.

The equation fits the data well (coefficient of determination R2 = 0.98484). When
2.5 ≤ C/L < 3.0, the downstream square cylinder appears aerodynamic jump, and the
average drag coefficient suddenly changes from a negative value to a positive value. This
spacing ratio is the critical spacing ratio. When 3.0≤ C/L≤ 8.0, the average drag coefficient
for the square cylinder is basically the same, at around 0.65.

4.2.2. Interference Effect of Pulsating Lift Coefficient

Figure 8b shows the variation curve of the pulsating lift coefficient of square cylinder
1 and square cylinder 2 with spacing. The values of the two square cylinder curves are
close and both show a step-like change. When 1.2 ≤ C/L < 2.5, the value of square cylinder
1 is slightly smaller than the value of square cylinder 2, and the pulsating lift coefficient
of the two square cylinders increases gradually. The pulsating lift coefficient is smaller
than that of the single square cylinder, showing a decreasing effect. When 2.5 ≤ C/L < 3.0,
the pulsating lift coefficients of the two square cylinders both increase suddenly, and the
critical spacing ratio appears. When 2.5 ≤ C/L < 8.0, the pulsating lift coefficients of the
two square cylinders fluctuate around the pulsating lift coefficients of the undisturbed
single square cylinder.

5. Non-Gaussian Characteristics of Wind Pressure

At present, the judgment standard of the non-Gaussian region is mainly determined
in the form of structure. Kumar et al. [38] took low-rise houses as the research object, and
declared that the criterion of a non-Gaussian region is that the skewness is greater than 0.5
and the kurtosis is greater than 3.5. Sun et al. [39] analyzed the non-Gaussian characteristics
of large-span roofs, and proposed that the boundary between Gaussian and non-Gaussian
is when the absolute value of skewness is greater than 0.5 and the kurtosis is greater than
3.7. Lou et al. [40] gave the standard of a skewness greater than 0.2 and a kurtosis greater
than 3.5 through the study of high-rise buildings with cut corners. Han et al. [41] also
conducted research on high-rise buildings and found that it is unreasonable to limit the
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judgment scale of kurtosis and skewness at the same time. The invention proposes three
conditions in which the skewness is greater than 0.25 and the kurtosis is greater than 3.2, or
the skewness is greater than 0.45, or the kurtosis is greater than 4.0. In this paper, high-rise
buildings with cut corners are taken as the research object, and the references [40] and [41]
are combined. It is considered that the standard for delimiting non-Gaussian regions is that
the absolute value of the skewness is greater than 0.2 and the kurtosis is greater than 3.5,
or the skewness is greater than 0.45, or the kurtosis is greater than 4.0. The formula is as
follows, where S represents skewness and K represents kurtosis.

S =

1
n

n
∑

i=1
(xi − x)3

(
1
n

n
∑

i=1
(xi − x)3

) 3
2

(18)

K =

1
n

n
∑

i=1
(xi − x)4

(
1
n

n
∑

i=1
(xi − x)2

)2 (19)

non−Gaussian characteristics =


|S| > 0.2, K > 3.5
|S| > 0.45

K > 4.0
(20)

5.1. Non-Gaussian Characteristics of Wind Pressure in Parallel Square Cylinders

Figure 9 shows the non-Gaussian area distribution of the disturbed square cylinder for
typical spacing ratios. When 1.2 ≤ B/L < 4.0, the structure is affected by the interference
square cylinder, and the non-Gaussian region has no obvious features. When B/L ≥ 4.0,
the windward side shows a Gaussian distribution, and the leeward side, left and right
facades are non-Gaussian areas, which are consistent with the non-Gaussian area division
of a single square cylinder.
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5.2. Non-Gaussian Characteristics of Wind Pressure in Tandem Square Cylinders

Figure 10 shows the non-Gaussian area distribution of the downstream and down-
stream square cylinders with the typical spacing ratio of the tandem square cylinders. When
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C/L = 1.5, the windward and leeward sides of the structure are both non-Gaussian regions,
the non-Gaussian regions of the left and right facades are distributed symmetrically, and the
windward sides of the two facades are Gaussian. When C/L = 2.5, the non-Gaussian area
on the windward side of the structure decreases. The left and right facades show obvious
symmetry. The non-Gaussian area moves down, and the Gaussian area increases. When
C/L > 3.0, the structure exceeds the critical spacing ratio, the non-Gaussian mutation of the
structure. The windward side shows a Gaussian distribution, and on the leeward side, left
and right facades are non-Gaussian areas, which are consistent with the non-Gaussian area
division of a single square cylinder.
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6. Interference Effect of Wind Pressure
6.1. Interference Effect of Wind Pressure on Side-by-Side Square Cylinders with Cut Corners

Due to the symmetry of the parallel double chamfered square cylinders along the flow
direction, considering square cylinder 1 as the disturbing building, and square cylinder 2
as the disturbed building, the positional relationship between square cylinder 1 and square
cylinder 2 is shown in Figure 1.

6.1.1. Adjacent Elevation (Left Elevation)

The left facade of square cylinder 2 is the adjacent facade of the disturbing building.
The interference factor (IF) distribution of the left facade with distance is shown in Figure 11.
When B/L = 1.2, the average wind pressure IF value and extreme wind pressure IF value of
the left facade are 1.01 and 0.73, respectively, and the overall performance is a reduction
effect. The reason for this phenomenon may be due to the existence of cut corners, which
enhances the fluid reattachment. The reattachment of the fluid leads to an increase of the
wind pressure on the facade. This, in turn, weakens the negative wind pressure on the
facade (expressed as wind suction), which finally results in a reduction effect.

When B/L = 1.5, due to the increase of the spacing ratio, the ability to interfere with
the flow field is reduced, the fluid reattachment effect of the cut angle is weakened, and the
interference effect is amplified. During this time, the maximum value of the average wind
pressure IF is 3.31 and the maximum value of the extreme wind pressure IF is 2.39. When
1.5 ≤ B/L < 6.0, the average wind pressure IF value shows an obvious regular distribution.
From the windward side of the facade (the right side of the facade) to the leeward side (the
left side of the facade), the interference factor gradually decreases. The law of extreme wind
pressure IF value is similar to the law of average wind pressure IF value, and the maximum
value of IF under each spacing ratio is located on the windward side of the facade. When
6.0 ≤ B/L ≤ 8.0, the average wind pressure IF value and the extreme wind pressure IF
value decrease slowly. When B/L = 8.0, there is still a 28% amplification interference effect
on the adjacent facade of the two corner square cylinders.

6.1.2. Right Facade, Windward, and Leeward Sides

For other facades of square cylinders, the block interference factor (BIF) is used
to describe the interference size of different areas of the facade. Figure 12 shows the
distribution of block interference factors at different distances between the three facades.
When B/L = 1.2, the BIF value of the windward side changes in blocks. The areas numbered
1, 4, and 7 on the left show an amplification effect. Located in the No. 1 area, the maximum
amplification effect is 45%. The areas 3 and 6 on the right side, the leeward side, and the
right facade all show a reduction effect. The BIF value of the right facade is the smallest,
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only 0.74. When B/L = 1.5, this is the critical spacing ratio, after the flow field large-scale
vortex in back flow field begins to fall off into a small-scale vortex. In comparison to other
conditions, the vortex development is the most intense. The interference effects of all the
three facades reached their peak values, and the BIF value of the side close to the left facade
(adjacent facade) on the windward side and the leeward side was the largest. Both values
crossed 2.00. When B/L≤ 2.5, the BIF value of each region has a small change range, which
gradually approaches 1.
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Figure 11. IF contours of the north facade. 

6.1.2. Right Facade, Windward, and Leeward Sides 
For other facades of square cylinders, the block interference factor (BIF) is used to 

describe the interference size of different areas of the facade. Figure 12 shows the distri-
bution of block interference factors at different distances between the three facades. 
When B/L = 1.2, the BIF value of the windward side changes in blocks. The areas num-

Figure 11. IF contours of the north facade.
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6.1.3. Corner Cutting

Based on the interference results of each facade of the square cylinder, the interference
effects of the adjacent facade and the adjacent sides of the windward and leeward sides
are more obvious. Therefore, the interference effect of the cut angles c and d located on the
adjacent sides of the two square cylinders are studied. Figure 13 shows the distribution
results of the extreme wind pressure IF values of the two cut angles with height (please
refer to Figure 4 for the elevation).
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When B/L = 1.2, the two chamfers show a significant reduction effect, and the chamfer
d interference factor is negative, when compared to the single chamfered square cylinder.
In this case, the wind suction is transformed into the wind pressure. This is because the two
square cylinders are too close, and the wind interacts when entering the canyon (the gap
between the two square cylinders), generating wind pressure and changing the force at the
cut corner. This also explains the magnification effect on the adjacent side of the windward
side. When B/L = 1.5, the cut angle d at the front flow field still shows a reduction effect,
but the interference factor changes from negative to positive, indicating that the interaction
between the two square cylinders is weakened at this time. The wind pressure generated
by the interaction is inadequate to offset the wind suction. As a result, it shows a positive
reduction effect. This interaction gradually disappears as the subsequent distance increases.
The chamfered angle c of the back flow field shows an obvious amplification effect. The
maximum value of the interference factor is 2.58, which appears in the top area of the
chamfered angle. When B/L≥ 4.0, the interference factor does not change with the increase
of the spacing, and the interference at the chamfer gradually disappears.

6.2. Interference Effect of Tandem Square Cylinder with Chamfered Angle

Based on the crest factor data, the interference effect of the downstream square cylinder
was studied, and the square cylinder interference factor distribution was obtained, as shown
in Figure 14. The distribution of disturbance factors on the windward side is similar to the
distribution of wind pressure; the middle is layered to both sides and gradually increases.
The interference in the middle of the windward side is relatively small, and it is mostly
manifested as a reduction effect. The two sides are amplification effects, and the maximum
value of the interference factor can reach 2.890. When 1.2 ≤ C/L ≤ 3.0, the interference
factor on the windward side of the square cylinder is negative. This is due to the blocking
effect of the disturbing building. The wind pressure on the windward side is expressed as
wind suction, and the windward side of the single square cylinder is the wind pressure.
When C/L > 3.0, the disturbance factor on the windward side did not change much, and
there was still a maximum amplification effect of 2.390 on both sides. There is a clear
symmetry between the left and right facade. When 1.5 ≤ C/L ≤ 2.5, both facades show a
reduction effect, and the maximum interference factor is only 0.706. When 2.5 ≤ C/L ≤ 3.0,
which is exactly the critical spacing ratio, the interference effect changes suddenly from a
reduction effect to an amplification effect. The maximum value of the interference factor
is located on the windward side of the facade. When C/L ≥ 3.0, the amplification effect
of the facade fluctuates with the spacing. The amplitude is only 5%, and the maximum
interference factor is 2.235. The leeward side of the square cylinder is less disturbed, and
the interference factor increases significantly at the critical spacing ratio, and then gradually
decreases to 1.
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7. Conclusions

In a uniform flow field with a Reynolds number of 22,000, large eddy simulation
calculations were carried out for double-cut square cylinders (10% chamfered ratio) with
different spacing ratios, respectively. The flow field distribution characteristics of parallel
and tandem square cylinders with tangential angles under different spacing ratios, and the
changing laws of aerodynamic coefficients and interference coefficients were studied. The
conclusions are as follows:

• The aerodynamic interference effect of the square cylinder is sensitive to the change
of the chamfer. Compared with the standard square cylinder, the aerodynamic coeffi-
cient of the chamfered square cylinder is significantly reduced. When 1.5 ≤ B/L < 2.5,
the aerodynamic coefficients of the perturbed square cylinders in tandem mode are
reduced, the mean drag coefficients in juxtaposition mode are magnified, and the pul-
satile lift coefficients are reduced. When 2.5 ≤ B/L ≤ 8.0, the aerodynamic coefficients
in all modes show a decreasing effect. The critical spacing ratio of the aerodynamic
coefficients of the tandem square cylinders after chamfering is 2.5~3.0, which is smaller
than the critical spacing ratio of 3.0~4.5 for standard square cylinders.

• Based on other literature, a criterion for the division of non-Gaussian regions is defined
in this paper. This is when the absolute value of skewness is greater than 0.2, the
absolute value of kurtosis is greater than 3.5, the absolute value of skewness is greater
than 0.45, and the absolute value of kurtosis is greater than 4.0. The juxtaposed square
cylinders have no obvious characteristics and tend to be single square cylinders when
the spacing ratio gradually increases. When the spacing ratio of the tandem square
cylinders is less than the critical spacing ratio, the non-Gaussian area of the structure
gradually decreases. Additionally, the non-Gaussian region division undergoes abrupt
changes when the spacing ratio reaches the critical spacing ratio. Finally, the windward
surface shows a Gaussian distribution, and the leeward, left, and right facades all
appear in the non-Gaussian regions.

• Chamfering magnifies the wind pressure interference effect between square cylinders
and makes the interference spread more widely. For juxtaposed square cylinders,
when B/L = 1.2, the upwind face shows a magnifying effect, while the other facades
and tangential angles show a decreasing effect. When B/L = 1.5, the interference
factor of the disturbed square cylinder reaches a maximum of 2.58, which is located at
the tangent angle c of the rear flow field on the adjacent side. When B/L ≥ 2.5, the
interference effects of other facades and tangent angles tend to disappear, except for
the left facet. The left facet still has a large interference effect. When B/L = 8.0, there
is still a 28% interference effect on the adjacent facades of two square cylinders. For
tandem square cylinders, the downstream square cylinder is affected by the “Shelter
effect” of the upstream square cylinder. The windward surface wind pressure is the
wind suction. The interference factor in this case is negative, and the maximum value
is 2.31. When 1.5 ≤ C/L ≤ 2.5, the leeward, left, and right elevations all show a
significant reduction effect. When the spacing ratio reaches the critical spacing ratio,
the interference factor increases suddenly, but there is still a decreasing effect.
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