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ABSTRACT

The current research primarily focuses on interference effects in rigid structures, with the omission of the feedback impact of structural
vibration on the flow field preventing the disclosure of the intrinsic mechanisms behind interference effects. Therefore, this study analyzed
the aerodynamic characteristics and flow field phenomena of the finite-length side-by-side square prisms under vibration through the large
eddy simulation, unveiling the flow field morphology and disturbance mechanisms. The results show that the three-dimensional effect of the
side-by-side square prisms effectively suppresses the deflection of the gap flow. Structural vibration increases the curvature of the shear layers
on both sides of the interfering structure, weakens its end effect, and destroys the integrity of the axial vortex in the wake region. With the
increase in the spacing between the side-by-side square prisms, the “narrow pipe effect” is weakened, the flow acceleration is relatively slowed
down, and interference of the vortices in the wake region is weakened. In addition, some typical flow field phenomena are observed, such as
gap flow instability, coupled vortex street, interaction of wakes, and different flow regimes. This study is of great significance for understand-
ing mechanisms of the flow interference around the finite-length side-by-side square prisms under fluid–structure interaction.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0210021

NOMENCLATAURE

Latin letter

Cp The mean pressure coefficient

Cs The Smagorinsky constant

D The edge length of the square structure
H The height of the square structure
Iu Turbulence intensity at x-direction
Iw Turbulence intensity at z-direction
Iref Turbulence intensity at the reference height
Iv Turbulence intensity at y-direction
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Lu Turbulent integral scale at x-direction
Lw Turbulent integral scale at z-direction
Lv Turbulent integral scale at y- direction
t� Dimensionless time step
U Wind profile
Ur The velocity at the reference height

ymax The maximum displacement
z Structural height

zref The reference height

Greek letters

a Surface roughness index
Dxmin Thickness of the first layer of the boundary layer

Dt The time step
l The fluid dynamic viscosity coefficient

lsgs The sub-grid viscosity
ru The root mean square of x-direction velocity
rv The root mean square of y-direction velocity
rw The root mean square of z-direction velocity

I. INTRODUCTION

Fluid–structure interaction (FSI) is a multidisciplinary research
field involving the complex multi-physics coupling between fluid and
structures. In FSI, the interaction between the fluid and the structure
commonly leads to changes in the overall behavior of the system,
exhibiting highly nonlinear and complex dynamic characteristics. This
is particularly common in fields such as aerospace,1 marine engineer-
ing,2 and wind engineering.3 Flow-induced vibration (FIV),4–7 a typical
issue of FSI, refers to the phenomenon that occurs when fluid flows
through a square structure, flow separation, the formation of Karman
vortex streets, and other phenomena around the structure. This results
in periodic vibrations of the structure, triggering a significant increase
in the unsteady aerodynamic force on the surface of the structure, lead-
ing to its deformation or damage.8–10 Therefore, revealing the intrinsic
mechanism of square structures under FSI is of great significance for
accurately assessing structural safety.

Currently, the flow around a single square prism has been exten-
sively studied.11–14 However, in practical engineering applications,
structures often exist in clusters. Compared with an isolated square
prism, multi-square prism systems are more susceptible to the influ-
ence of various interference factors. These interference factors may
cause changes in the flow field, thereby affecting the dynamic behavior
of the entire system.15–17 Side-by-side square prisms are a typical
model for studying aerodynamic interference, which can reveal the FSI
mechanism and aerodynamic interference effect of multi-square
prisms. Research on side-by-side square prisms studies can be roughly
divided into three categories: (1) the rigid model of infinite-length
side-by-side square prisms, (2) the vibration model of infinite-length
side-by-side square prisms under FSI, and (3) the rigid model of finite-
length side-by-side square prisms.

For the rigid model of infinite-length side-by-side square prisms,
to clarify their interference effects and mechanisms, numerous scholars
have conducted a substantial amount of experimental studies and
numerical simulations. For instance, Sau et al.18 conducted numerical
simulations to study the evolution of the vortex structure in the wake
region of side-by-side square prisms at a Reynolds number of 100 and

the flow separation patterns under different spacing ratios. It was
found that the flow under different spacing ratios exhibits phase syn-
chronization, symmetry, and stability characteristics. Subsequently,
Yen and Liu19 studied the boundary layer flow characteristics of side-
by-side square prisms under different Reynolds numbers and spacing
ratios. The smoke-wire scheme was used to visualize the flow structure,
which was divided into three modes: single mode, gap-flow mode, and
couple vortex-shedding. Simultaneously, a pressure transducer and a
hot-wire anemometer were used to measure the pressure distribution,
drag coefficient, and vortex shedding frequency on the surface of the
square prisms. The results showed that the drag coefficient and
Strouhal number were the lowest in the gap-flow mode. Alam et al.20

and Lee et al.21 utilized particle imaging velocimetry(PIV) to study the
flow structure of side-by-side square prisms, conducting experimental
measurements and numerical simulations at different spacing ratios. It
was found that there are four different flow regimes for side-by-side
square prisms, namely, the single-body regime, the two-frequency
regime, the transition regime, and the coupled vortex street (CVS)
regime. Then, the transition mechanism and characteristic parameters
were revealed. Alam and Zhou22 analyzed the special biased flow phe-
nomenon of side-by-side square prisms at small spacing ratios. The
flow characteristics under different spacing ratios were revealed,
including gap vortices, flow switch, stability, and merging of two streets
into one. The reasons for the gap flow bias were discussed, such as the
mechanism of the merging of two wakes and the factors that trigger
the switching of flow modes. Mizushima and Hatsuda23 used stability
analysis and numerical simulation to study the nonlinear interaction
between symmetric and antisymmetric perturbation modes when the
spacing ratio of the side-by-side square prisms was close to the critical
value. The results showed that three equilibrium solutions appear near
this critical value: a mixed-mode solution, symmetric and antisymmet-
ric single-mode solutions. Among them, the mixed-mode solution is
an asymmetric flow composed of the superposition of finite ampli-
tudes of two perturbation modes, while the single-mode solution is a
symmetric or asymmetric flow formed by one perturbation mode
dominating. However, the aforementioned studies mainly focus on the
analysis of rigid models of side-by-side square prisms. Ignoring the
mutual coupling between fluid and structure can significantly impact
the safety assessment of side-by-side square prisms.

Many researchers study the vibration model of infinite-length
side-by-side square prisms under FSI, analyzing the aerodynamic char-
acteristics and flow field phenomena. For example, Lu et al.24 exam-
ined the effects of factors such as the spacing ratio, vibration
frequency, and vibration amplitude on the mean and fluctuating drag
coefficient of side-by-side square prisms. Meanwhile, the flow field
characteristics, such as the vortex shedding frequency, vortex structure,
and pressure correlation, were also discussed. Liu and Jaiman25 ana-
lyzed side-by-side cylinders under different spacing ratios, Reynolds
numbers, and reduced wind speeds. The results showed that the gap
flow affects the vortex-induced vibration of the structure, narrowing
the lock-in region. Moreover, vortex-induced vibration also affects the
gap flow, causing the gap flow to deflect toward the vibrating cylinder
within the lock-in region. Guan et al.26 further investigated the
side-by-side square prisms under FSI and analyzed the influence of dif-
ferent spacing ratios and reduced wind speeds on the flow field and
vibration characteristics. The results indicated that the square cylinder
under vibration exhibits vortex synchronization, transitional kink, and
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galloping phenomena, while the square prism under the combined
vibration does not exhibit vortex synchronization. Kim and Alam27

conducted the wind tunnel experiment to study the flow-induced
vibration characteristics of side-by-side prisms. According to the vibra-
tion amplitude and phase difference, the flow-induced vibration was
divided into four patterns: symmetric vibration, antiphase vibration,
asymmetric vibration, and single-cylinder vibration. Xu et al.28 simu-
lated the flow-induced vibration phenomenon of two elastically
mounted side-by-side prisms. The amplitude response, frequency
response, trajectory, and flow field characteristics were analyzed, and
six different wake patterns were identified based on the flow field visu-
alization results. However, the above literature primarily focuses on
the idealized infinitely length side-by-side square prisms, ignoring the
three-dimensional effect of the prisms. This approach fails to effec-
tively analyze the evolution and stability of the vortex structure in the
wake region of prisms.

The rigid model of finite-length side-by-side square prisms has
an obvious three-dimensional effect, which substantially impacts the
formation and evolution of the vortex structure in the wake region.
Numerous scholars have carried out relevant research on it. For exam-
ple, Sohankar et al.29 conducted an experimental investigation on the
finite-length side-by-side square prisms, finding the four different flow
modes, which are the asymmetric flow, antiphase shedding flow, lead-
ing edge separated flow, and wedge flow. It is shown that the finite
length of the square prism leads to the formation of the tip vortex at
the free end and the base vortex at the bottom, making the wake flow
more complex and three dimensional. Subsequently, Sohankar et al.30

employed the large eddy simulation to study the wake dynamics of
side-by-side finite-length square prisms with different spacing
ratios categorizing them into two main flow modes: biased/flip-flop
flow (S/d¼ 2) and antiphase coupled vortex shedding flow (S/d� 3).
Zdravkovich31 carried out an experimental investigation to study the
pressure distribution and aerodynamic coefficients of finite-length
side-by-side prisms. The study found that there is also a bistable bias
flow phenomenon in the finite-length side-by-side prism, where the
flow between the two prisms alternately deflects to each side, resulting
in different aerodynamic loads on the prisms. Bhamitipadi Suresh
et al.32 investigated the wake characteristics and aerodynamic charac-
teristics of finite-length side-by-side square prisms under turbulent
boundary layer inflow using PIV and analyzed the effects of different
spacing ratios (T/d) on the mean and unsteady flow fields. The results
showed that reducing the spacing ratio can effectively delay the wake
recovery and suppress the downwash and upwash flow of the free end
and base of the square prism. The mean lift coefficient near the top
decreases with the increase in the spacing ratio, while the mean drag
coefficient remains unchanged. Park and Lee33 experimentally mea-
sured the wake velocity, the mean pressure distribution and flow field
phenomena of finite-length side-by-side square prisms with different
spacing ratios. The results showed that the increase in the spacing ratio
leads to an increase in the vortex shedding frequency and Strouhal
number. Additionally, a strong downwash flow is generated near the
free end of the finite-length prisms, forming a pair of counter-rotating
vortices.

For a rigid model of finite-length side-by-side square prisms, the
main focus is on the three-dimensional effect, which reveals the forma-
tion of downwash and upwash flows at the free end and base, as well
as the formation of vortex structures in the wake. However, the mutual

coupling between fluid and structure is ignored, leading to discrepancies
in the flow field morphology and aerodynamic characteristics compared
to real situations. In light of this, this study conducts research on the
finite-length side-by-side square prisms under FSI. Through large eddy
simulation, the flow field changes of the side-by-side square prisms
under vibration are studied, and the mean pressure coefficient, time-
averaged flow field, spanwise instantaneous vorticity, and instantaneous
vortex structure of the wake are analyzed, revealing the aerodynamic
characteristics and flow field morphology. In summary, the primary
objective of this study aims to (1) understand the fundamental behavior
of the wake behind finite-length side-by-side square prisms; (2) investi-
gate the effects of gap spacing and vibration on the wake morphology
(such as changes in gap flow); and (3) establish the relationship between
the aerodynamic characteristics and flow field characteristics of finite-
length side-by-side square prisms. The study is divided into five sections:
Sec. I introduces the research background. Section II describes numerical
simulation setting. Section III presents validation and aerodynamic char-
acteristics. Section IV analyzes the flow field mechanism. Finally, Sec. V
summarizes the main findings.

II. NUMERICAL SIMULATION SETTING
A. Computational meshing and boundary conditions

In this study, a rigid model pressure measurement experiment of
side-by-side square prisms is carried out in the wind tunnel laboratory
of Chongqing University. The details regarding the experiment, along
with the verification of the obtained results, are provided in Appendix.
Meanwhile, to analyze the flow field mechanism further, a large eddy
simulation is used to simulate the side-by-side square prisms. As
shown in Fig. 1, ANSYS ICEM 2020 R2 software is used to complete
the geometric modeling and flow field mesh division according to the
wind tunnel dimensions. The static prism is the principal structure,
and the vibrating prism, which is the interfering structure, can interfere
with the principal one. They have the same length (D), width (D), and
height (6.25D). The prism’s distance from the computational domain
inlet is 24.5D and 49.5D from the downstream outlet, with a lateral
distance of 11.5D on each side. After the prisms are arranged in the
computational domain, the maximum blockage ratio of the wind tun-
nel is 2.6%, which meets the requirement that the blockage ratio of the
numerical simulation is less than 3%.34,35 In this study, an O-block
method is employed to refine the mesh within a 0.5D radius surround-
ing the structure. The minimum mesh thickness is set to 0.0006m,
with an exponential growth rate of 1.05. This approach ensures that
the dimensionless wall distance (yPlus) remains below 1, ensuring
high-precision resolution of the boundary layer. Additionally, the
mesh in the structure is refined at both free end and bottom, with a
minimum mesh size of 0.00328m. The mesh growth in this region fol-
lows a biexponential pattern with a growth rate of 1.2, which enhances
the numerical resolution at both the free and fixed ends of the struc-
ture. According to these grid division rules, the total number of grids
in the computational domain amounted to 8� 106.

For the setup of boundary conditions, the boundary condition at
the inlet of the computational domain is set as a velocity inlet (veloc-
ity-inlet), and the outlet boundary condition is set as a fully developed
free outflow (outflow). The prism and the left, right, top, and ground
sides of the computational domain are set as no-slip walls (wall). For
the side-by-side square prisms under FSI, the interfering structure with
maximum vibration amplitude is ymax=D¼ 10%, where ymax

Physics of Fluids ARTICLE pubs.aip.org/aip/pof

Phys. Fluids 36, 075138 (2024); doi: 10.1063/5.0210021 36, 075138-3

Published under an exclusive license by AIP Publishing

 28 N
ovem

ber 2025 03:08:21

pubs.aip.org/aip/phf


represents the maximum displacement of the free end, and D is the
characteristic size of the prism. Four representative cases are selected
for analysis in this study, as shown in Table I.

B. Solution parameters and dynamic meshing setting

The settings for the large eddy simulation solution are detailed in
Table II. This study employs the SIMPLEC algorithm for the solution

method with the Smagorinsky–Lilly Model (Cs¼ 0.1). The pressure
discretization is performed using a Second-Order scheme, while the
time discretization adopts a Second-Order Implicit format. The gradi-
ent scheme is based on the Green-Gauss Node, and the momentum
equations are discretized using the Bounded Central Differencing. The
convergence criteria for the continuity equation and velocity compo-
nents are a residual of 10�5, with each computational iteration com-
prising 20 steps.

FIG. 1. Computational domain of side-by-side square prisms: (a) the computational domain, (b) the mesh of computational domain, and (c) the mesh of local domain.
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To ensure that the numerical solution of the Navier–Stokes equa-
tion does not diverge, the Courant–Friedrichs–Lewy (CFL) number is
usually set to 1.

CFL ¼ Dt � Uref

Dxmin
; (1)

where Dxmin is 0.0006m, Uref is 6m/s, and the time step Dt is deter-
mined to be 1� 10�4 s.

Moreover, the employment of a dynamic mesh in the study neces-
sitates the consideration of an additional parameter, known as the

“mesh Courant number.” The mesh Courant number essentially mea-
sures the ratio of the physical distance that a particle travels during one
time step to the spatial discretization size. It is a critical parameter in
determining the stability of the numerical simulations. Typically, the
mesh Courant number should be less than 1. This condition ensures
that the information does not travel more than one mesh per time step.

Cmesh ¼ umeshDt
Dxmesh

; (2)

where Cmesh represents mesh Courant number. umesh is the velocity at
the mesh, and Dxmesh is the characteristic length of the mesh (which
can be the mesh width or diameter depending on the mesh). The
“mesh Courant number” in this study remains below 1, which can
ensure numerical convergence and the simulation results are both reli-
able and robust.

Figure 2(a) presents the schematic diagram of forced vibration
numerical simulation. In this study, the motion mode of the interfering
structure is set through the Fluent UDF. Considering only the first-order
mode of the prism, in which the height is linearly related to the vibration
amplitude, it can be treated as a rigid body motion. The vibration prism
varies sinusoidally over time, with the maximum amplitude of 10% of
the structural width and the frequency of 7.5Hz. When configuring
parameters for dynamic mesh, structural movement inevitably causes
stretching, compression, and deformation of the mesh. The primary
methods for mesh reconstruction based on dynamic mesh are Spring
Smoothing, Layering, and Remeshing. Given the structural movement,
this study employs the Spring Smoothing method to maintain mesh
quality, with a spring constant factor set to 0.8, convergence precision set
at 1� 10�5, and the number of iterations set to 50. As shown in
Fig. 2(b), by placing a monitoring point at the top of the interfering
structure, the time–displacement curve of its top is monitored. It can be
found that the displacement curve satisfies the parameter setting of the
forced vibration, demonstrating the effectiveness of the Fluent UDF.

C. Narrow band synthesis random flow generation

In order to simulate the B-category wind field of the Chinese
standard in the wind tunnel, it is important to generate boundary

TABLE I. Settings of four representative cases.

Conditions Distance
Amplitude of

interfering structure Remark

Case 1 2D ymax=D¼0% Rigid; small distance
Case 2 3D ymax=D¼ 0% Rigid; large distance
Case 3 2D ymax=D¼ 10% Forced vibration;

small distance
Case 4 3D ymax=D¼ 10% Forced vibration;

large distance

TABLE II. The setting parameters of large eddy simulation.

Computational settings Parameter settings

Solution method SIMPLEC
Subgrid-scale model Smagorinsky–Lilly Model
Pressure discretization Second-Order
Time discretization Second-Order Implicit
Gradient scheme Green–Gauss Node Based
Momentum equations
discretization

Bounded Central Differencing

Max iteration 20
Convergence criteria 10–5

FIG. 2. Schematic illustration of the forced vibration: (a) diagram of the forced vibration And (b) the displacement curve at the top of the interfering structure.
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conditions with a realistic atmospheric boundary layer (ABL). This
study utilizes the Narrow Band Synthesis Random Flow Generation
(NSRFG)36 method, which stringently ensures that the inlet turbulence
meets continuity conditions. This method significantly enhances accu-
racy and efficiency compared to the previously used Random Flow
Generation (RFG) series methods.37,38 The NSRFG method36 recon-
structs the time series expression of the “harmonic unit,” providing a
theoretical foundation for the selection of parameters. The time
domain superposition method is employed to reconstruct the single-
point fluctuating velocity time series that meets the requirements. This
is then expanded from a single point to a three-dimensional space,
thereby constructing a fluctuating velocity field that satisfies the atmo-
spheric boundary layer’s zero divergence, spatial correlation, and fluc-
tuating velocity power spectrum, among other turbulence
characteristics. This approach leads to a more precise and efficient sim-
ulation of the large eddy simulation inlet turbulence velocity field, pro-
viding a solid foundation for the study of wind load assessment39 and
flow field phenomena40 in high-rise buildings under ABL inflow con-
ditions. Referring to the B-category wind field of the Chinese standard
in the wind tunnel experiment, the basic parameters of NSRFG are
shown in Table III.

III. VALIDATION AND AERODYNAMIC
CHARACTERISTICS
A. Grid resolution validation

The large eddy simulation quality index (LES_IQ) is utilized to
assess the applicability of grid resolution by evaluating the magnitude
of the turbulent kinetic energy in the flow field.41 If the grid resolution
is too low, it may not accurately simulate the small-scale structures of
the turbulent phenomenon, resulting in imprecise simulation results.
When the grid resolution is high enough, LES_IQ approaches 1, indi-
cating that the grid can effectively capture the details of turbulence,
thereby yielding accurate simulation results. Based on the recommen-
dations of Gousseau et al.34 and Celik et al.,41 LES_IQ range of
75%–85% is considered adequate for most engineering applications.
These applications typically involve high Reynolds numbers, where the
flow characteristics are complex and turbulent. The suggested range
ensures a balance between computational efficiency and accuracy in

capturing the essential flow dynamics. The calculation process of
LES_IQ is as follows:

LES IQ ¼ 1

1þ 0:05
lþ lsgs

l

� �0:53 ; (3)

where lsgs is the sub-grid viscosity and l is the fluid dynamic viscosity
coefficient. Figure 3 shows the distribution of LES_IQ on the Z¼ 1/2H
plane and the Y¼61.5D plane. The results show that more than 80%
of the resolution is achieved in the entire flow field, with the core area
grid (around the prism and the near-wake region) even achieving a
resolution of over 85%. However, the LES_IQ resolution is reduced in
the prism and wake region. This is due to the local acceleration caused
by the separation of the edge flow, and the velocity gradient suddenly
increases and typically requires an extremely fine grid resolution to
resolve. Overall, the LES_IQ resolution field is higher than 75% in the
flow field, indicating that the core area grid has a high resolution for
conducting subsequent research.

B. Wind field validation

The study employs the NSRFG method to generate the inlet tur-
bulent wind field. Then, by setting a row of vertical monitoring points
at the computational domain inlet (1D downstream from the inlet)
and the structure location (1D ahead of the gap of the prisms), the
velocity time series of each monitoring point can be collected, calculat-
ing the normalized wind profile U=Ur and turbulence intensity Iu. The
comparison of the experimental and simulated wind characteristics is
illustrated in Figs. 4–7. The simulation results of the wind field show
that the mean velocity and turbulence intensity obtained by the simu-
lation at the structure location and the inlet are almost consistent with
the wind tunnel measurements, demonstrating the reliability of the
large eddy simulation. However, the turbulence intensity and mean
velocity at the structure location are slightly smaller than the target val-
ues at the inlet position. This is due to the filtering effect of large eddy
simulation and the inherent characteristics of the NSRFG method,42,43

i.e., the decay of high-frequency small-scale turbulence, resulting in the
decay of turbulence intensity and wind profile from the inlet to the
structure location.

Figure 8 compares the error analysis of wind field characteristics
obtained from numerical simulations and experimental measurements.
The calculation process for Erroru and ErrorI is shown as follows:

Erroru ¼ ULES � U Exp

U Exp
� 100%; (4)

ErrorI ¼ ILES � IExp
IExp

� 100%: (5)

Here, Erroru represents the error in the wind profile, and ErrorI repre-
sents the error in turbulence intensity. ULES and ILES denote the wind
profile and turbulence intensity obtained from large eddy simulation,
respectively. U Exp and IExp denote the wind profile and turbulence
intensity obtained from wind tunnel experiments, respectively.

From Fig. 8, it can be observed that the error values for both the
wind profile and turbulence intensity are always less than 10%,
whether at the inlet or at the structure. Additionally, the error in turbu-
lence intensity is consistently greater than that in the wind profile. This

TABLE III. The flow parameters of the NSRFG method.

Parameters Definition

Type of wind field B-category wind field

Mean velocity UðzÞ ¼ Uref

� z
zref

�a

Uref ¼ 6m=s; Zref ¼ 0:6m; a ¼ 0:16

Turbulence intensity IuðzÞ ¼ Iref
� z
zref

��a

IvðzÞ ¼ IuðzÞ rvru ; IwðzÞ ¼ IuðzÞrwru
Turbulent integral scale LuðzÞ ¼ 300

� z
300

�0:46þ0:074 ln z0

LvðzÞ ¼ 0:5
� rv
ru

�3
LuðzÞ;

LwðzÞ ¼ 0:5
� rw
ru

�3
LuðzÞ
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discrepancy may be attributed to the dissipation of high-frequency
small-scale turbulence in the NSRFG method. Since the wind profile
averages the time-history velocities, the impact of small-scale eddy dis-
sipation on the wind profile is somewhat reduced.

C. Verification and analysis of aerodynamic
characteristics

By performing a time-averaging process on the time-history pres-
sure coefficients, the comparison of the mean pressure coefficients Cp

at different heights from large eddy simulation and wind tunnel
experiments for side-by-side square prisms with varying spacing is
illustrated in Fig. 9. As illustrated in Fig. 26(c), this study compares

levels 2, 4, 6, and 7 of the prisms. Observations indicate that the mean
pressure coefficients of case 1 and case 2 obtained from large eddy sim-
ulation and wind tunnel experiments are consistent at different heights
of the prism, indicating the effectiveness of the large eddy simulation
results in this study. Points 1–4 and 9–12 represent the windward and
leeward sides of the prism, while 5–8 and 13–16 are the right and left
sides, respectively.

When the spacing between the side-by-side square prisms is 2D
(i.e., case 1), as shown in Figs. 9(a) and 9(b), the mean pressure coeffi-
cients on the windward side of both the interfering structure and the
principal structure increase with the height, peaking at level 6. Due to
the end effect,44 the mean pressure coefficient at the top of the prism
decreases slightly. Meanwhile, the mean pressure coefficients on both

FIG. 3. LES_IQ of side-by-side square prisms: (a) LES_IQ of side-by-side square prisms at Z¼ 1/2H height (X–Y Plane); (b) longitudinal section of interfering structure (X–Z
Plane, Y¼ 1.5D); and (c) longitudinal section of the principal structure (X–Z Plane, Y¼�1.5D).
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sides of the interfering and principal structures are negative due to the
flow separation over the windward side, creating a negative pressure
region in the crosswind direction. Notably, there is a significant change
in the mean pressure coefficients on the left side of the interfering
structure (points 13–16) and the right side of the principal structure
(points 5–8). This change is attributed to the narrow pipe effect, which
causes the flow at the gap between the two prisms to accelerate.
According to Bernoulli’s principle, an increase in dynamic pressure
leads to a decrease in static pressure, hence the reduction in
pressure coefficients in the gap. In addition, an asymmetry in the

mean pressure coefficients on the left and right sides of the interfering
and principal structure is observed.

When the spacing between the side-by-side square prisms is 3D
(i.e., case 2), as shown in Fig. 9(c) and 9(d), with the increase in the
spacing, the mean pressure coefficient on the windward side does not
change significantly and shows a trend of increasing with the height.
The flow separation also causes negative pressure regions on both sides
of the prism and the leeward side. However, it is worth noting that
with the increased spacing, the negative mean pressure coefficient on
both sides of the gap decreases, which indicates the weakening of the

FIG. 4. Simulated and targeted wind characteristics for case 1: (a) inlet profile, (b) inlet profile, (c) structural profile, and (d) structural turbulence intensity.

FIG. 5. Simulated and targeted wind characteristics for case 2: (a) inlet profile, (b) inlet profile, (c) structural profile, and (d) structural turbulence intensity.
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interference effect. For the interfering structure, the negative mean
pressure coefficient on the left side (measurement points 13–16) is
greater than the mean pressure coefficient on the right side (measure-
ment points 5–8).

Figure 10 compares the mean pressure coefficients of the side-by-
side square prisms with different spacing, taking into account the FSI.
For the side-by-side square prisms with a spacing of 2D (i.e., case 3), it
can be observed from Fig. 10(a) that the mean wind pressure coeffi-
cient on the windward side of the interfering structure increases con-
tinuously along the height direction, with notable end effect at the top.

Due to the flow separation occurring on the windward side, the mean
pressure coefficients on both sides and the leeward side of the interfer-
ing structure are negative. Similarly, as shown in Fig. 10(b), for the
principal structure, its windward side, leeward side, and sides all show
a similar trend to the interfering structure. With the increase in the
spacing to 3D (i.e., case 4), as shown in Fig. 10(c), compared to the 2D
spacing, the mean pressure coefficients on the windward side, leeward
side, and right side of the interfering structure do not change signifi-
cantly. Similarly, as shown in Fig. 10(d), the change in the principal
structure’s mean pressure coefficient is consistent with the interfering

FIG. 6. Simulated and targeted wind characteristics for case 3: (a) inlet profile, (b) inlet profile, (c) structural profile, and (d) structural turbulence intensity.

FIG. 7. Simulated and targeted wind characteristic for case 4: (a) inlet profile, (b) inlet profile, (c) structural profile, and (d) structural turbulence intensity.
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structure. Additionally, it is also observed that the negative pressure on
both sides of the gap between the prisms abruptly decreases due to the
weakened interference effect with the increased spacing.

In addition to the influence of spacing on mean pressure coeffi-
cients, the vibration of the interfering structure also has an impact.
Compared to the stationary side-by-side 2D prism with the forced
vibration side-by-side 2D prism [Figs. 10(a) and 10(b)], the vibration
of the interfering structure has little effect on the mean pressure coeffi-
cient on its windward side. However, the negative pressure on the lee-
ward side increases, especially at the top. This is because the prism
vibrates periodically with an amplitude that increases with the height
of the prism. Thus, the top of the prism is most affected. Additionally,
the negative pressure on the right side of the interfering structure
under vibration increases slightly, while the negative pressure on the
left side increases significantly. For the principal structure, the wind-
ward and leeward sides remain largely unchanged, while the two sides
show an increasing trend.

As the spacing increases, the influence of structural vibration
gradually weakens. Specifically, by comparing the stationary side-by-
side square prisms with the forced vibration side-by-side square prisms
[Figs. 10(c) and 10(d)], for the interfering structure, the interference
effect between the two prisms gradually weakens under the 3D spacing,
but the influence of vibration still exists. To be specific, the negative
mean pressure coefficient by the left and right sides of the interfering
structure is noticeable greater than that of the stationary structure.
However, for the principal structure, there is a slightly increase in the
negative pressure on its left and right side, while the mean pressure
coefficients on the leeward sides do not change significantly.

IV. FLOW FIELD MECHANISM

In this study, the mechanism of the side-by-side finite-length
square prisms under rigid and vibration is investigated. By employing
the large eddy simulation, the flow field morphology of the side-by-
side square prisms at different spacing under FSI is revealed. Initially,
three specific positions at different heights of the side-by-side square
prisms are selected—Z¼ 1/6H, Z¼ 1/2H, and Z¼ 5/6H—and two

cross sections along the Y-direction. The specific flow field cross sec-
tion is shown in Fig. 11.

A. Time-averaged streamline characteristics

The aerodynamic characteristics and time-averaged streamlines
of the side-by-side square prisms are both responses to the time-
averaged characteristics of the structure and have a strong correlation.
By analyzing time-averaged streamlines, this study established a con-
nection between aerodynamic characteristics and flow field phenom-
ena, laying a foundation for further understanding the flow
mechanism in side-by-side square prisms.

Figure 12 shows the time-averaged streamlines and mean velocity
of the side-by-side square prisms at different heights. It can be
observed from the figure below that the time-averaged streamlines of
the side-by-side square prisms are symmetrically distributed. When
the flow reaches the interfering and principal structure, flow separation
occurs on both sides, resulting in small-scale leading-edge vortices on
both sides and large-scale trailing-edge vortices on the back. However,
the velocity in the gap between the interfering structure and the princi-
pal structure increases significantly. It can be observed from Fig. 12
that the streamlines converge in the gap, and the spacing between the
streamlines decreases, indicating an acceleration of the flow, which is
called the narrow pipe effect.

When the spacing between the side-by-side square prisms is 2D,
the flow morphology is expected to be in the two-frequency regime, as
mentioned by Alam et al.20 However, it can be observed from Figs.
12(a), 12(c), and 12(e) that there is no biased gap flow between the two
prisms, and the flow morphology tends to be the transition regime.
This is because, for finite-length side-by-side square prisms, the inflow
and the flow at the top of the prism are replenished into the gap, pro-
viding sufficient streamwise momentum to prevent deviation.
Additionally, due to the small spacing between the interfering structure
and the principal structure, the gap flow acceleration is more signifi-
cant, which in turn causes the leading-edge vortex to be squeezed and
disappear. Moreover, the time-averaged streamlines in the gap con-
verge, and the spacing between the streamlines decreases. The narrow

FIG. 8. Error analysis of wind characteristics: (a) calculated error value at the inlet and (b) calculated error value at the structure.
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gap forms a spatial constraint for the lateral expansion of the trailing
vortex, causing the trailing vortex to be “squeezed” and thus become
thinner, transforming the originally symmetric bi-vortex structure into
a slender vortex structure.

When the spacing between the side-by-side square prisms is 3D,
it can be observed from Figs. 12(b), 12(d), and 12(f) that the flow mor-
phology, which should be in the transition regime, also tends to be the
coupled vortex street (CVS) regime due to the replenishment of flow
at the top of the prisms. As the spacing increases, the flow acceleration
slows down relatively, no longer creating a sufficient pressure gradient

to inhibit the formation of a leading-edge vortex. The leading-edge
vortex, which had previously disappeared between the interfering and
principal structure, reappears. At the same time, the larger spacing
allows for better spatial development of the wake vortex. The con-
straining effect of vortex squeezing diminishes with increased spacing,
making the previously slender vortex structures in the gap more sym-
metric. In summary, due to the replenishment of flow at the top of the
finite-length side-by-side square prisms, the gap flow has enough
streamwise momentum to prevent deflection. At the same time, the
“squeezing” of the gap flow leads to the convergence of time-averaged

FIG. 9. Comparison of mean pressure coefficients for case 1 (stationary) and case 2 (stationary): (a) interfering structure in case 1, (b) principal structure in case 1, (c) interfer-
ing structure in case 2, and (d) principal structure in case 2.

Physics of Fluids ARTICLE pubs.aip.org/aip/pof

Phys. Fluids 36, 075138 (2024); doi: 10.1063/5.0210021 36, 075138-11

Published under an exclusive license by AIP Publishing

 28 N
ovem

ber 2025 03:08:21

pubs.aip.org/aip/phf


streamlines, internal compression, elongation at the rear, and changes
in the position and extent of the wake vortex. These changes directly
affect the pressure distribution on the surface of the structure, signifi-
cantly impacting lift and drag.

Figure 13 illustrates the time-averaged streamlines and mean
velocity of the side-by-side square prisms at different heights under
FSI, showing distinct regimes for different spacing. When the spac-
ing between the side-by-side square prisms is 2D, as shown in Figs.
13(a), 13(c), and 13(e), the structural vibration causes the gap flow
to deflect toward the side of the vibration, so that the gap flow
divides the wake into a narrow streets and a wide streets region, the
flow morphology should be the two-frequency regime. This is

because the structural vibration increases the curvature of the shear
layer of the interfering structure, and then the vortex separated from
the trailing edge of the structure has enough lateral momentum to
induce the gap flow toward the side of the structural vibration. As
pointed out by existing studies,20–22,24 the structural vibration causes
the gap flow to deflect, resulting in a narrower street width of the
interfering structure, a shorter recirculation region length, an
increased wake velocity, and thereby increasing the negative pres-
sure on the leeward side of the interfering structure. Additionally, as
the gap flow deflects to the interfering structure, the negative pres-
sure on the side of the interfering structure near the gap also
increases.

FIG. 10. Comparison of mean pressure coefficients for case 3 (vibration) and case 4 (vibration): (a) interfering structure in case 3, (b) principal structure in case 3, (c) interfering
structure in case 4, and (d) principal structure in case 4.
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When the spacing between the side-by-side square prisms contin-
ues to increase to 3D [as shown in Figs. 13(b), 13(d), and 13(f)], the
flow field remains symmetrically distributed due to the sufficient gap
between the prisms. Here, the gap flow, having enough streamwise
momentum from the inflow, is not sufficiently induced by the prism’s
vibration to deflect. However, the structural vibration increases the lat-
eral momentum of the gap flow, intensifying the compression of the
wake region between the two prisms. This compression shortens the
recirculation region and squeezes the leading edge vortices at the sides
of the gap, thinning or even disappearing, leading to an increase in
negative pressure on the inner sides of both structures. In summary,
the lateral vibration of the prism increases the lateral momentum of
the fluid around the prism. For 2D spacing, the gap flow with less
streamwise momentum is induced to deflect toward the side of the

FIG. 11. Schematic of flow field section of side-by-side square prisms.

FIG. 12. Time-averaged streamlines and mean velocity at different heights of side-
by-side square prisms (m/s): (a) Z¼ 1/6H plane in case 1, (b) Z¼ 1/6H plane in
case 2, (c) Z¼ 1/2H plane in case 1, (d) Z¼ 1/2H plane in case 2, (e) Z¼ 5/6H
plane in case 1, and (f) Z¼ 5/6H plane in case 2.

FIG. 13. Time-averaged streamlines and mean velocity at different heights when
side-by-side square prisms vibrate (m/s): (a) Z¼ 1/6H plane in case 3, (b)
Z¼ 1/6H plane in case 4, (c) Z¼ 1/2H plane in case 3, (d) Z¼ 1/2H plane in case
4, (e) Z¼ 5/6H plane in case 3, and (f) Z¼ 5/6H plane in case 4.

Physics of Fluids ARTICLE pubs.aip.org/aip/pof

Phys. Fluids 36, 075138 (2024); doi: 10.1063/5.0210021 36, 075138-13

Published under an exclusive license by AIP Publishing

 28 N
ovem

ber 2025 03:08:21

pubs.aip.org/aip/phf


vibration. For 3D spacing, the gap flow compresses the length of the
recirculation region and reduces the thickness of the leading edge vor-
tices on the inner sides of the structures.

Figure 14 shows the recirculation and mean velocity of the longi-
tudinal section of the side-by-side square prisms with different spacing.
The figure reveals that when the inflow reaches the windward side, a
stagnation point forms at 2/3 of the interfering and principal structure.
Above the stagnation point, the flow moves upward along the struc-
ture, crossing over its top. Due to the separation of the shear layer, a
small-scale vortex forms at the top and a large-scale vortex forms at

the back. Simultaneously, the large-scale vortex on the leeward side
creates a significant negative pressure at this location. The flow at the
upper part of the free end is drawn downward, forming a downwash
flow. Likewise, the flow at the base is drawn upwards, creating an
upwash flow.

For the spacing between side-by-side square prisms being 2D, it
can be observed from Figs. 14(a) and 14(b) that the space between the
two prisms is limited, which leads to the enhancement of the vortex
interaction between them. Such interaction promotes the reattachment
of inflow at the backside of the free end, more readily forming

FIG. 14. Time-averaged streamlines and mean velocity of the longitudinal section of the side-by-side square prisms (m/s): (a) Y1¼�1D plane in case 1, (b) Y2¼ 1D plane in
case 1, (c) Y1¼�1.5D plane in case 2, and (d) Y2¼ 1.5D plane in case 2.
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larger-scale vortices compared to a spacing of 3D. Moreover, a smaller
spacing means that the fluid flowing between the two prisms will gener-
ate more turbulence. Turbulence, a flow with a rotational characteristic,
transfers kinetic energy to the vortex, thereby enhancing the strength
and size of the vortex at the free end of the side-by-side square prisms.

For the spacing between side-by-side square prisms being 3D, as
observed from Figs. 14(c) and 14(d), as the spacing between side-by-
side square prisms increases, the velocity in the gap decreases. The
development and maintenance of the vortex is not interfered with by
the adjacent structure, which makes the vortex formed on the back of

the structure more independent. Compared to a spacing of 2D, the
strength and size of the vortex at the free end are smaller. Under the
larger spacing, the vortex from the back of the interfering structure
and the principal structure cannot exchange momentum, resulting in
weaker interactions between them at the free end, thereby decreasing
the size of the vortices formed at the back.

When the prism vibrates, the time-averaged streamlines of the
longitudinal section of side-by-side square prisms with a spacing of 2D
are shown in Figs. 15(a) and 15(b). Due to vibration, the wide and nar-
row streets in the longitudinal section can also be clearly observed. The

FIG. 15. Time-averaged streamlines and mean velocity of the longitudinal section when side-by-side square prisms vibrate (m/s): (a) Y1¼�1D plane in case 3, (b) Y2¼ 1D
plane in case 3, (c) Y1¼�1.5D plane in case 4, and (d) Y2¼ 1.5D plane in case 4.
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size of the recirculation region around the interfering structure is sig-
nificantly smaller than that of the principal structure’s recirculation
region. This might be because the downwash in the wake of the inter-
fering structure plays a more significant role. In other words, the vibra-
tion enhances the downwash intensity in the wake of the interfering
structure. Additionally, it can be observed that as the principal struc-
ture’s recirculation region increases, the saddle point in the recircula-
tion region (the point where no streamline passes, known as the saddle
point) increases from one to two.

As the spacing increases to 3D, as shown in Figs. 15(c) and 15(d),
the vibration can no longer divide the wake into wide and narrow
streets, and the influence of the vibration is weakened. However, com-
pared with the recirculation region of the stationary interfering struc-
ture [Fig. 14(c)], it can be seen that the size of the recirculation region
around the interfering structure is significantly smaller when vibrating.
This is likely because the vibration enhances the downwash in the
wake of the interfering structure, thereby reducing the size of its recir-
culation region. However, due to the larger spacing between the two
prisms, the vortices in the wake are less affected by the adjacent prism,
preventing the principal structure from developing into a wide street.

The mean pressure coefficient contours of the windward side of
prisms for the four cases are shown in Fig. 16. The figure reveals that
contours of both the interfering structure and the principal structure
are roughly symmetrical. The maximum mean pressure coefficient of

0.9 occurs around 0.7H (level 6), corresponding to the stagnation
region where the flow splits into upwash and downwash. Above and
below this height, the pressure slightly decreases due to flow separa-
tion. Moreover, the inner sides of the prisms [the right side of
Fig. 16(a) and the left side of Fig. 16(b)] are affected by high-speed
shear flow, resulting in a narrow pipe effect. The contours tend to shift
toward the outer sides [the left side of Fig. 16(a) and the right side of
Fig. 16(b)]. Additionally, when the spacing between the two prisms is
2D (cases 1 and 3), vibration causes a slight decrease in the pressure
coefficients on the windward side of the prisms. However, when the
spacing increases to 3D (cases 2 and 4), vibration has little effect on the
contour.

B. Time-averaged vortex structure in the wake

In this study, the time-averaged vortex structure of the wake flow
field is identified using the Q criterion45,46 value of 26 and is colored
by the mean � velocity. The time-averaged vortex structure of the
side-by-side square prisms under different spacing is shown in Fig. 17.
It can be observed from the figure that when the fluid flows through
the windward side, flow separation occurs, and two adjacent counter-
rotating dipole vortices are generated at the tail of each prism.
Simultaneously, these dipole vortices expand and extend downward
along the leeward direction, a process related to the downwash flow

FIG. 16. Mean pressure coefficient contours of the windward side of prisms: (a) principal structure and (b) interfering structure.
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from the prisms. The downwash flow also affects the generation and
development of the dipole vortex, thereby altering the characteristics
of the entire flow field.

For the spacing of 2D, as seen in Figs. 17(a), 17(c), and 17(e),
when the adjacent dipole vortices are closer, their interaction is
more significant, resulting in their merging. The size of the newly
merged vortex depends on the size of the two original vortices
and the interaction pattern. This merged phenomenon further

strengthens the development of the vortex structure and makes the
vortex structure in it more complex and chaotic. For the spacing of
3D, it can be observed from Figs. 17(b), 17(d), and 17(f) that the
merged dipole vortices separate into more independent vortex
structures. These independent dipole vortices exist relatively stable
in space, maintaining their individual motion characteristics. The
separated vortices no longer merge, forming a relatively stable flow
pattern.

FIG. 17. Comparison of time-averaged
vortex structures of side-by-side square
prisms: (a) a top view of case 1, (b) a top
view of case 2, (c) a lateral view of case
1, (d) a lateral view of case 2, (e) a side
view of case 1, and (f) a side view of
case 2.
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As shown in Figs. 18(a), 18(c), and 18(e), when the structure
vibrates at a small spacing, the dipole vortices at the free end of the
principal structure migrates toward the interfering structure, resulting
in a shortened dipole vortex length and increased lateral width.
Furthermore, the compression of the space at the trailing edge of the
interfering structure disrupts the formation of a complete dipole

vortices. When the spacing increases to 3D, as illustrated in Figs. 18(b),
18(d), and 18(f), the vibration causes originally independent vortex
structures to merge again. The length of the inner merged vortex struc-
ture is significantly shorter than that of the outer unmerged vortex
structure. This merging phenomenon facilitates the development of
the vortex structure, destabilizing the previously stable flow pattern.

FIG. 18. Comparison of time-averaged
vortex structures when side-by-side
square prisms vibrate: (a) a top view of
case 3, (b) a top view of case 4, (c) a lat-
eral view of case 3, (d) a lateral view of
case 4, (e) a side view of case 3, and (f) a
side view of case 4.
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C. Spanwise instantaneous vorticity

In this study, considering that the prism is under periodic forced
vibration, it is essential to carry out an instantaneous analysis of the flow
field phenomenon. The flow field phenomenon at key positions is col-
lected at a time interval of 1.25T, as shown in Fig. 19. The sampling
duration is at least four vortex shedding cycles, where ti represents the
sampling time point, and T represents the vibration period of the prism.

Figure 20 displays the instantaneous spanwise vorticity of the
side-by-side square prisms with a spacing of 2D under both stationary
and forced vibration. A slice is selected at the mid-span height of the
prisms, Z¼ 1/2H, where t1–t4 is the instantaneous spanwise vorticity
at different moments. Overall, the flow impacts the windward side of
the two prisms, causing flow separation at the leading edge and result-
ing in alternating shedding vortices. However, due to the interaction of
the wake between the two prisms, the flow field becomes complex and
unstable. Specifically, as observed from Figs. 20(a), 20(c), 20(e), and
20(g), when the flow impacts the interfering structure and the principal
structure, it creates shear layer separation, leading to alternating shed-
ding vortices generated at the trailing edges of the structures. The
proximity of the interfering structure and the principal structure
causes the merging of wake-shedding vortices, accompanied by a nar-
row pipe effect between the prisms, narrowing the shear layer between
them. This phenomenon reveals the impact of interaction between
side-by-side square prisms on the flow field. Additionally, the gap flow
between prisms tends to randomly favor one side or remain unde-
flected, indicating a transition regime.

Observations from Figs. 20(b), 20(d), 20(f), and 20(h) reveal that
when the prism vibrates, the curvature of the shear layer between the
two prisms increases and the momentum thickness decreases, resulting
in an accelerated vortex shedding frequency. Consequently, this leads
to a greater intensity of the vortices in the wake region of the interfer-
ing structure. A pair of cross-stream vortices in the interfering struc-
ture wake usually form a coupling, creating a low-pressure region
situated between the vortices and attract a gap vortex residing in the
principal structure wake. Under the combined effect of these three vor-
tex flows, the gap flow is deflected toward the side of the vibrating
prism, consistent with findings by Liu and Jaiman.25 Additionally, the
vibration of the interfering structure increases the turbulence intensity,
causing the wake vortices to become more fragmented.

As shown in Fig. 21, this study analyzes the instantaneous span-
wise vorticity of the side-by-side square prisms with a 3D spacing
under both stationary and forced vibration. For the stationary case at a
3D spacing, it can be observed from Figs. 21(a), 21(c), 21(e), and 21(g)FIG. 19. Sampling time of flow field data considering FSI.

FIG. 20. Comparison of spanwise instantaneous vorticity between case 1 (station-
ary) and case 3 (vibration): (a) case 1 t1, (b) case 3 t1, (c) case 1 t2, (d) case 3 t2,
(e) case 1 t3, (f) case 3 t3, (g) case 1 t4, and (h) case 3 t4.
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that as the spacing between the side-by-side square prisms increases,
the velocity at the gap decreases slightly. Compared with the instanta-
neous vorticity at 2D spacing, the shear layer shifts from being tightly
adjacent to the inner sides of the structures to being a certain distance

away, and the separation bubble gradually increases. However, it is still
observed that the thickness of the shear layer at the gap remains nar-
rower than that at the outer side, and the narrow pipe effect still exists.
Additionally, due to the sufficiently large distance between the two
prisms, the gap flow can obtain sufficient streamwise momentum from
the inflow and the flow over the top of the prisms to maintain stability.
Therefore, the gap flow is not deflected under the 3D case.

For the side-by-side square prisms with a 3D spacing under
forced vibration, it can be observed from Figs. 21(b), 21(d), 21(f), and
21(h) that when the interfering structure vibrates, it alters the separa-
tion distance between the prisms and increases the relative velocity
between the fluid and the structures. This increase in relative velocity
enhances the shear stress, leading to a thinner shear layer that is more
prone to instability and vortex formation. At the same time, the gap
flow intermittently deflects toward the interfering structure, interacting
with the unstable vortices in the wake, and accelerates the momentum
exchange between the wake and the gap flow, rapidly recovering the
wake to a stable state. According to the research by Alam et al.,20 for
the case without vibration (case 2), the wake flows between the two
prisms are symmetric, characterized as the CVS regime. For the vibrat-
ing case of case 4, the flow resembles the transition regime.

D. Instantaneous vortex structure in the wake

To further understand the spanwise instantaneous vorticity, Figs.
22–25 show the instantaneous vortex structure of the wake of cases
1–4. Figures 22 and 23 show the instantaneous vortex structure for
cases 1 and 3, respectively. Case 1 represents stationary side-by-side
square prisms with 2D spacing, while case 3 is forced vibration side-
by-side square prisms with the same spacing. The t1–t4 indicate four
different time instants. For the stationary side-by-side square prisms
with 2D spacing (i.e., case 1), in the absence of vibration, the flow
replenishing the gap between the prisms is observable due to the small
spacing, increasing the streamwise momentum of the gap flow. This
gap flow influences the wake region of the prisms, leading to irregular
vortex-shedding behavior. It can be observed that the vortices shed
from the inner side of the two prisms are coupled together, resulting in
a more complex vortex structure. Additionally, the vortex structures of
the two prisms exhibit a symmetrical form, which is mainly because
when the fluid separates, the velocity outside the boundary layer slows
down, implying an increase in pressure. The pressure upstream of the
gap between the two prisms may be higher than the pressure near the
gap, resulting in a pressure difference in the lateral direction of the two
prisms. This pressure difference may be symmetrical with respect to
the midpoint of the gap, suppressing antisymmetric vortex shedding
and causing symmetrical flow behavior. For the side-by-side square
prisms with 2D spacing under forced vibration (i.e., case 3), when the
interfering structure vibrates, it causes an earlier separation point at its
trailing edge, forming an hairpin vortex. The shedding frequency of
the hairpin vortex generated by the interfering structure is significantly
higher than the principal structure, resulting in the asymmetry of the
vortex structure in the wake region. At the same time, the vibration of
the interfering structure also affects the flow near its end, weakening
the end effect so that the integrity of the hairpin vortex is compro-
mised, resulting in the formation of more fragmented vortices. On the
other hand, the vibration of the interfering structure, coupled with
the three-dimensional effect, causes the downwash flow between the

FIG. 21. Comparison of spanwise instantaneous vorticity between case 2 (station-
ary) and case 4 (vibration): (a) case 2 t1, (b) case 4 t1, (c) case 2 t2, (d) case 4 t2,
(e) case 2 t3, (f) case 4 t3, (g) case 2 t4, and (h) case 4 t4.
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prisms to become more complex, further increasing the complexity
and instability of the flow.

Figure 24 presents a comparative top view of the instantaneous
vortex structure for case 2 and case 4. In the absence of vibration (i.e.,
case 2), the instantaneous vortex structure in the wake region of the
side-by-side square prisms exhibits a symmetrical distribution pattern.
This symmetry arises because the spacing between the side-by-side
square prisms is sufficiently large, the interference effect of the two
prisms is weakened, reducing the interaction of vortex structures in
the wake region, thus forming a symmetrical vortex structure. In the
case of vibration (i.e., case 4), there is a notable change in the curvature
of the shear layer of the interfering structure. Compared with the case
without vibration, the curvature of the shear layer increases

significantly, indicating that the separation point has moved upstream.
This shift shortens the wake region width of the interfering structure.
Observing cases 2 and 4 at moment t1, it is evident that the vibration
of the structure leads to a reduction in the thickness of the shear layer,
consequently diminishing its influence in the crosswind direction.

Figure 25 compares the side view of the instantaneous vortex
structure for cases 2 and 4. The observations reveal that for stationary
side-by-side square prisms with a 3D spacing (i.e., case 2), the flow at
the leading edge of the structures is blocked by the prisms, causing
flow separation and forming an hairpin vortex structure with a certain
curvature. These hairpin vortices, driven by the downwash flow and
interacting with the gap flow, eventually lead to the dissipation and
merging of the vortices. When the interfering structure vibrates (i.e.,

FIG. 22. Comparison of top view of instantaneous vortex structure between case 1 (stationary) and case 3 (vibration): (a) case 1 t1, (b) case 1 t2, (c) case 1 t3, (d) case 1 t4,
(e) case 3 t1, (f) case 3 t2, (g) case 3 t3, and (h) case 3 t4.

FIG. 23. Comparison of lateral view of instantaneous vortex structure between case 1 (stationary) and case 3 (vibration): (a) case 1 t1, (b) case 1 t2, (c) case 1 t3, (d) case 1 t4,
(e) case 3 t1, (f) case 3 t2, (g) case 3 t3, and (h) case 3 t4.
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case 4), the fluid dynamic behavior of the interfering structure changes
significantly, mainly manifested in the following aspects: first, the
vibration weakens the end effect of the interfering structure; second,
the vibration disrupts the integrity of the axial vortices in the wake
region of the interfering structure, resulting in the formation of more
fragmented vortices. These findings are crucial for understanding the
flow behavior of side-by-side square prisms and the influence mecha-
nism of structural vibration on the flow field.

V. CONCLUDING REMARKS

This study utilizes NSRFG as the inlet turbulence generation for
the finite-length side-by-side square prisms. Then, it conducts large
eddy simulation of both rigid models and forced vibration models at
various spacing. The study involves analyzing the aerodynamic charac-
teristics of the side-by-side square prisms as well as the time-averaged
streamlines, time-averaged wake vortex structures, spanwise instanta-
neous vorticity, and instantaneous vortex structure in the wake. This

FIG. 24. Comparison of top view of instantaneous vortex structure between case 2 (stationary) and case 4 (vibration): (a) case 2 t1, (b) case 2 t2, (c) case 2 t3, (d) case 2 t4,
(e) case 4 t1, (f) case 4 t2, (g) case 4 t3, and (h) case 4 t4.

FIG. 25. Comparison of lateral view of instantaneous vortex structure between case 2 (stationary) and case 4 (vibration): (a) case 2 t1, (b) case 2 t2, (c) case 2 t3, (d) case 2 t4,
(e) case 4 t1, (f) case 4 t2, (g) case 4 t3, and (h) case 4 t4.
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reveals the flow field morphology under vibration and varying spacing,
establishing a relationship between aerodynamic characteristics and
flow field phenomena. The main conclusions are as follows:

(1) The three-dimensional effect of the side-by-side square prisms
effectively suppresses the deflection of the gap flow. The inflow
and the flow at the top of the prism are induced to supplement
the gap so that the gap flow has sufficient streamwise momen-
tum and is difficult to deflect. At the same time, due to the
three-dimensional effect, the flow on the upper part of the free
end is drawn downward to form a downwash flow, while the
flow at the base is drawn upward, creating an upwash flow.

(2) The narrow pipe effect accelerates the flow in the gap, leading to a
reduction in the pressure coefficient at the gap of the side-by-side
square prisms. Additionally, the narrow pipe effect causes the shear
layer between the two prisms to narrow. The streamlines in the gap
converge, reducing the spacing between them. This “squeezing” of
the flow results in the congregation and inward compression of the
time-averaged streamlines, elongation toward the rear, and changes
in the position and extent of the wake vortices.

(3) Structural vibration increases the curvature of the interfering
structure shear layer. In the case of the side-by-side square
prisms with 2D spacing, the vortex separating from the trailing

FIG 26. Details of the wind tunnel experiment: (a) inside direct flow wind tunnel laboratory of Chongqing University, (b) the side-by-side square prisms arrangement, and (c) the
size of the test model and the locations of the pressure measurement points.
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edge of the structure has sufficient lateral momentum. This
induces the gap flow to deflect toward the interfering structure,
significantly increasing the negative pressure on the leeward
side of the interfering structure. At the same time, structural
vibration weakens the end effect of the interfering structure.
This destroys the integrity of the axial vortices in the wake,
resulting in a more fragmented vortex formation.

(4) In the case of the side-by-side square prisms with 3D spacing,
the narrow pipe effect is effectively weakened, the flow accelera-
tion is relatively slowed down, and the constraining effect of
vortex squeezing is also reduced. The time-averaged vortex
structure becomes more symmetric, and the merged dipole vor-
tex is also separated into a more independent vortex structure.
The shear layer separating from the leading edge of the struc-
ture, instead of clinging closely to the inner sides of the struc-
tures, now maintains a certain distance from the sides. The
separation bubbles gradually enlarge, and the instantaneous
vorticity exhibits a symmetrical distribution pattern.
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APPENDIX: VALIDATION OF WIND TUNNEL
EXPERIMENT

Figure 26 displays the details of the wind tunnel experiment,
where (a) is the inside direct flow wind tunnel laboratory of
Chongqing University, (b) is the figure of the side-by-side square
prisms in the wind tunnel, and (c) is the size of the test model and
the locations of the pressure measurement points. Figure 27 shows
the wind field validation of the wind tunnel experiment, where (a)
shows the velocity profile and (b) shows the turbulence intensity.
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