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ABSTRACT

A rectangular cylinder, with an aspect ratio of 5, is a widely used bluff body in engineering practice. It undergoes intricate dynamical
behavior in response to minute alterations in the flow angle of attack (a). These modifications invariably precipitate the failure of wake
control for classical flow control methods with various a values. In this study, global linear instability, adjoint method, and sensitivity analysis
are employed to identify the optimal position for flow control. It is found that the sensitive region gradually transitions from the leeward side
to the downwind side of the model as a and Reynolds number (Re) increase. So, we set up airflow orifices for flow control in both positions.
Jet flow control on the leeward side effectively inhibits vortex shedding (a � 2�). High-order dynamic mode decomposition is employed to
reveal the inherent mechanism of control. Suction control on the downside effectively mitigates the shear layer separation phenomenon
induced by the altered spatial structure associated with higher a. A novel zero-net-mass-flux wake control, bionics-based breathe-valve con-
trol (BVC), is proposed to optimize the control effect. BVC is applicable for various a and Re, with optimal effectiveness achievable through
jet velocity adjustments. The prediction-control approach in this investigation provides a targeted method to mitigate flow-induced vibration.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0202168

I. INTRODUCTION

As a classical structural configuration, the blunt body has gar-
nered considerable attention in civil and marine engineering, such as
high-rise buildings, long-span bridges, and offshore platforms.1,2 As
the fluid flows past the blunt body, its significant drag effect causes
asymmetric periodic vortex shedding. Alternating vortex shedding not
only reduces the stability of the near wake, but generates unsteady
forces on the blunt body. This phenomenon contributes to flow-
excited vibration problems.3–8 Flow-induced vibrations tend to change
the flow structure around the blunt body, which can lead to potential
structural fatigue and engineering accidents.9 Controlling vortex shed-
ding is a crucial method for mitigating flow-induced vibrations.

Flow control methods are typically categorized into two types:
passive flow control and active flow control.10 Passive flow control

requires no external energy input and usually only requires changing
the shape of the object or installing additional facilities to change flow
structure, such as surface protrusions, grooves, and splitter plates con-
trol rods.11–14 Nevertheless, the simple passive control method exhibits
a limited capacity to regulate and adapt to intricate changes and other
challenges. Active flow control (AFC) has been proposed to change the
flow development path to a more desirable state.15 AFC can harness
the intrinsic characteristics of the flow based on the specific external
conditions of the object, employing minor localized power inputs for
flexible control adjustments.16 Also, AFC with energy input can signifi-
cantly improve aerodynamic stability. The classical forms of blunt bod-
ies are usually cylinders, square cylinders, etc., and their AFCs are also
widely studied. Among these methods, suction and blowing represent
the most widely employed techniques in active flow control.17
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Delaunay and Kaiktsis investigated the effect of base suction and blow-
ing on the stability and dynamics of a cylindrical wake at low Reynolds
number conditions (Re� 90) by numerical simulation and stability
analysis. It is found that a slight blowing can stabilize the wake when
Re> 47 and a high enough suction momentum can reduce the abso-
lute instability of the near wake.18 Fransson et al. conducted an analysis
on vortex shedding frequency, and wake flow behind a porous circular
cylinder under the influence of continuous suction or blowing through
the cylinder walls. The findings reveal that even modest levels of suc-
tion/blowing exert a significant influence on the flow around the cylin-
der.19 Chen et al. employed the suction flow method to manage the
vortex-induced vibration of a cylinder. The study reveals the effective-
ness of suction flow control in dampening vortex-induced vibrations,
particularly when the suction flow velocity is below the head-on flow
velocity.20 Gao et al. conducted an experimental investigation to
explore the effectiveness and mechanism of a bluff-body control con-
cept characterized by combined windward suction and leeward blow-
ing (WSLB). Experimental findings illustrate that the application of
WSLB control reduces sectional drag at the midspan and diminishes
the fluctuating amplitudes of dynamic wind loads acting on the cylin-
der.21 Fan et al. applied deep reinforcement learning to investigate the
most effective active control method in the flow around a cylinder.22

Square cylinders deserve attention due to their pronounced blunt body
characteristics.23–26 Gao et al. effectively suppressed the instability of
vortex shedding in the wake through experiments using the jet method
at the stagnation points before and after the square cylinder.27 Ran
et al. further verified by means of numerical simulation that the wind-
ward control can effectively reduce the drag coefficient of the square
column, while the leeward control significantly suppresses the fluctuat-
ing lift coefficients.28 Extending the square cylinder to practical engi-
neering, Zhang et al. arranged three parallel rows of suction holes
along the bridge spreading direction to trigger or amplify mode A
destabilization to suppress the trailing-edge vortices, and then suppress
the vortex-induced vibration.29 Chen et al. designed leading-edge suc-
tion and trailing-edge jet (LSTJ) to control the unsteady flow structure
around the bridge. Through surface pressure and particle image veloc-
imetry (PIV) measurements, it was observed that LSTJ diminished the
intensity of wake vortices and efficiently mitigated the effects of
vortex-induced vibrations.30

In the field of mechanical engineering, the blunt body problem is
specifically found in aircraft wings, gas pipes, radiator panels, etc.31–35

The practical components of the project will assume varying sizes
based on their intended functions, simplifying to rectangles with dis-
tinct aspect ratios. The aerodynamic characteristics of the simplified
rectangular structure can be categorized into three states according to
its aspect ratio: separated state, intermittent reattachment state, and
complete reattachment state.36,37 The Rectangular Cylindrical
Aerodynamic Benchmark (BARC) was introduced during the sixth
International Colloquium on Bluff Body Aerodynamics and
Applications in 2008.38 Its purpose was to examine the flow character-
istics of the short side of a rectangular cylinder with an aspect ratio of
5 (Ar¼ 5).39–41 Based on this criterion, numerous wind-tunnel and
water-tunnel experiments42 have been carried out on rectangular cylin-
ders with Ar¼ 5 to investigate the associated flow structure and vortex
dynamics.43,44 The majority of the aforementioned investigations con-
centrate on turbulent flows, specifically at higher Reynolds numbers,
with a limited number of studies conducted at low Reynolds

numbers.45 In laminar flows at low Reynolds numbers, the complica-
tions arising from high Reynolds numbers, such as Carmen’s vortex
shedding influence, can be excluded. This allows for an intuitive analy-
sis of the dominant factors in flow phenomena.46–50 Simultaneously,
fluids frequently alter the direction of their flow in response to envi-
ronmental influences.51 Most current research has concentrated on
higher angles of attack, which are more prone to induce flow separa-
tion.52,53 Examining smaller angle of attack contributes to compre-
hending the behavior and interaction of fluids within the boundary
layer, enhancing the theoretical understanding of hydrodynamic
phenomena.54

Hence, the objective of this investigation is to mitigate the poten-
tial impact of vortex shedding on the flow structure of a rectangular
cylinder with Ar¼ 5 at low Reynolds numbers under various angles of
attack through the application of active control. However, most of the
active flow control methods in the current research are energy-
consuming and complex, and are mostly suggested by trial-and-error
methods through experiments and numerical simulations.55 Sensitive
analysis-based control offers a theoretical framework for predicting the
optimal location for placing control elements to mitigate global insta-
bility, facilitating the design of effective controls. Global linear instabil-
ity and receptivity analysis using the adjoint method are performed.
The sensitivity map to localized feedback is subsequently acquired,
providing information on the optimal location for placing the jet
flow.56–60 In this study, based on the application of sensitivity analysis,
active flow control measures are laid out in a targeted manner, and
conclusions on control measures with generalizability are summarized.
Simultaneously, higher-order dynamic mode decomposition
(HODMD) is employed to scrutinize the nuanced alterations in the
flow structure during the establishment of the control solution.61

HODMD facilitates the categorization of modes based on their
dynamic activity, identifies predominant modes, and has the capability
to mitigate specific perturbative factors.62–65 The implementation of
active flow control often focuses solely on the control effect while
neglecting the flow input considerations.28,66,67 Additional mass source
inputs are frequently required for wind-tunnel experiments and practi-
cal engineering.19,20,68,69 It increases the cost and complexity of both
scientific research and engineering applications. In this study, the con-
cept of bionics-based respiratory motion is introduced, and the breath-
valve control (BVC) method is proposed to ensure unobstructed flow.
BVC is a combination of suction and jet, which ensures the control
effect without adding additional mass sources and exhaust means.
BVC effectively simplifies system design and reduces energy costs.

In this article, Sec. II provides the details of simulation methods,
computational strategies, and sensitive analysis methods; Sec. III intro-
duces the validation of simulation methodology; Sec. IV introduces lin-
ear stability and sensitivity analysis and compares the control effect of
normal AFC and BVC. The simulation exclusively contemplates the
incoming flow from the left side and a positive angle of attack.
Consequently, the analysis performed is limited to the present scope.
The research process of this paper has been summarized in a graphical
abstract as shown in Fig. 1.

II. NUMERICAL METHODOLOGY AND SURROGATE
MODEL

This section commences with an introduction to the linear stabil-
ity and sensitivity analysis methods employed to identify the optimal
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location to control the flow. Then, the details of the simulation meth-
odology and computational strategy of this study are shown.

A. Linear stability and sensitive analysis method

To improve the sensitivity to local momentum-forcing feedback,
acquiring both direct and concomitant modes is a prerequisite. The
flow stability and instability of rectangular cylinders (AR¼ 5) are
examined through linear stability analysis.

Initially, the instantaneous flow u; pð Þ can be decomposed into the
sum of baseflow Ub; Pbð Þ and infinitesimal perturbations ~u; ~pð Þ. Then,
the incompressible Navier–Stokes equations can be linearized. In this
context, the base flow is selected as the time-averaged or steady-state
flow computed through the nonlinear Navier–Stokes equations. In the
linear stability analysis, perturbations can be expressed in the form of
normal modes ~u x; y; tð Þ; ~p x; y; tð Þ� �T ¼ û x; yð Þ; p̂ x; yð Þ

� �Texp rtð Þ
with r ¼ kþ ix, where the real part k and the imaginary part x are
the growth rate and frequency of the mode, respectively. The Navier–
Stokes equations linearized around the base flow Ub; Pbð Þ can then be
written as

rû þrû � Ub þrUb � û ¼ �rp̂ þ 1
Re

r2û; r � û ¼ 0: (1)

The boundary conditions for Eq. (1) align with those found in
the nonlinear Navier–Stokes equations, differing only in the inlet
boundary condition involving û ¼ 0.

The adjoint method serves as a powerful tool in the realms of
flow control and form optimalization. The adjoint equation of the line-
arized Navier–Stokes equations can be expressed as

r�ûþ � rûþ � Ub þ rUbð ÞT � ûþ ¼ �rp̂þ þ 1
Re

r2ûþ;

r � ûþ ¼ 0;
(2)

where ûþ and p̂þ are the adjoint vectors to û and p̂, respectively. The
boundary conditions for Eq. (2) are ûþ ¼ 0 at the inlet and walls,

p̂þn� Re�1ðrûþÞ � n ¼ ðUb � nÞûþ at the outlet. However, the spec-
tral element method is difficult to apply to such boundary conditions.
Instead, identical boundary conditions as those at the inlet ûþ ¼ 0 are
employed. It is rational as the adjoint mode rapidly decays away from
the bluff bodies.

Regarding sensitivity to local feedback, Giannetti and Luchini57

introduced the concept of the “wavemaker” to denote regions where
generic structural alterations in the stability problem cause the most
significant shift in the leading eigenvalue. To identify the wavemaker
region, they examined variations in the leading eigenvalue arising from
spatially localized feedback in the momentum equations. Assuming
the feedback process is concentrated at the station x0; y0ð Þ. The intro-
duction of a force, denoted as f x; yð Þ, into Eq. (2) and proportionate to
the global mode velocity, can be expressed by

f̂ ¼ C0d x � x0; y � y0ð Þû; (3)

where C0 is a matrix operator and d x � x0; y � y0ð Þ is the Kronecker
symbol. The variations dr can be expressed by

dr x0; y0ð Þ
�� �� � C0k k � kû x0; y0ð Þk � kûþ x0; y0ð Þk: (4)

Observe that the adjoint global mode requires normalization with
hû; ûþi ¼ 1. In Eq. (4), the principal eigenvalue is responsive to local
feedback solely within the overlapping domain of the direct and
adjoint global modes. Hence, Eq. (4) serves to identify locations with
stronger feedback, delineating regions where the instability mechanism
operates.

B. Direct numerical simulation (DNS)

Simulating the flow dynamics surrounding a rectangular cylinder
with (Ar¼ 5) entails solving the time-dependent two-dimensional
Navier–Stokes equations within a Cartesian reference frame. The flow
is considered incompressible, Newtonian, laminar, and unstable. As a

FIG. 1. Graphical summary of the research process.
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result, the governing equations for the flow dynamics in this configura-
tion are expressed as follows:

@u
@t

¼ � u � rð Þu�rpþ 1
Re

r2u; (5)

r � u ¼ 0: (6)

In the equation, p represents the pressure, and u represents the
instantaneous velocity vector. To maintain dimensionlessness, the
physical quantities are normalized by inlet velocity (U) and rectangular
cylinder width (D) of the system.

Figure 2(a) illustrates the boundary conditions, layout position,
and fixation of the computational model. The length of the rectangular
cylinder (AR¼ 5) is set to B, the width is set to D, and AR¼B/D¼ 5.
The length of the computational domain in the x-axis direction is
15B¼ 75D, and the velocity inlet is 25D from the midpoint of the
model; The length of the computational domain in the y-axis direction
is 40D, with symmetric boundary conditions on the upper and lower
sides, with a distance of 20D from the midpoint of the model. The rect-
angular cylinder model is set to wall for fixed form. The variation in
the flow angle of attack (a) is simulated by adjusting the angle between
the model’s horizontal axis and the x axis. The overall mesh is con-
structed using the open source software “Gmsh” and is set up as a

structured mesh.70 As shown in Fig. 2(b), the boundary layers of the
model are meshed with a resolution of 0.01D along the x and y direc-
tions, and the length of the mesh elements is uniformly distributed
around the model. The mesh stretch ratio in the wall boundary layer is
set to equal 1.05, and 25 layers are encrypted. The resolution is coarse
to a maximum of 0.04D away from the boundary layer, maximum
Dx=B ¼ 0:006 and maximum Dy=B ¼ 0:001. The Navier–Stokes
equation is solved by the finite volume method using the implicit pres-
sure solver in ANSYS Fluent 19.2. In this context, the convective term
is discretized using the second-order upwind scheme, while the time-
ahead term is treated with the implicit bounded second-order scheme.
At the entrance to the calculation domain, a Dirichlet boundary condi-
tion (u¼U, v¼ 0) is imposed, and at the outlet, the pressure outlet
condition with zero static gauge pressure is imposed. The variables u
and v denote the velocity components in the x and y directions, respec-
tively, and U represents the inflow flow rate, which is set to 1m/s.
Symmetric boundary conditions were applied to the upper and lower
sides, and no-slip wall boundary conditions (u¼ 0, v¼ 0) were
adopted on the surface of twin cylinders. The settings related to BVC
will be explained at Sec. IV.

III. GRID SENSIBILITY ANALYSIS

The results of the comparisons in this section are summarized in
Table I. To ensure the precision of the numerical simulations, varying
mesh densities are employed in this section to verify mesh indepen-
dence. Grid volumes of 29 306, 48 708, and 79 786 are employed for
comparison. To conserve computational resources while maintaining
numerical simulation accuracy, a configuration with a grid volume of
48708 is employed. The results are also compared with other experi-
mental results and numerical simulations on rectangular cylinders
(AR¼ 5). The drag coefficient CD, the lift coefficient CL, and the
Strouhal number St are defined as follows:

CD ¼ FD
0:5qU2D

; (7)

CL ¼ FL
0:5qU2D

; (8)

CL
0 is the fluctuation value of CL,

St ¼ fD=U ; (9)

where FD and FL are the measured drag and lift forces, respectively; q
is the fluid density; U is the free-stream velocity. The outcomes of

FIG. 2. (a) The schematic diagram of computational domain and boundary condi-
tions. (b) Computational domain and mesh.

TABLE I. Tests of independence of rectangular cylinder meshes (AR¼ 5) and com-
parison with earlier literature.

Grid Re St CD

Present stationary
case (a¼ 0�)

29 306 150 0.1105 1.023 3
48 708 0.1199 1.090 8
76 786 0.1232 1.097 6

Hourigan et al.71 � � � 400 � � � 1.089 0
Nakamura et al.72 � � � 5500–55 000 �0.1150 � � �
Schewe et al.44 (Experiments) 20 000 0.1110 1.029
Zhu et al. 82 792 400 0.1020 1.012
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crucial parameters, St and CD, demonstrated a strong correspondence,
thereby reinforcing the accuracy and feasibility of this investigation.

IV. RESULTS AND DISCUSSION
A. Summary and selection of baseline cases

In this section, the root mean square of CL (CL-RMS) and power
spectral density (PSD) peak values are first analyzed. For the bluff bod-
ies, C0

L is always served as an indicator of wake fluctuation. Thus, the
evaluation of the control effectiveness hinges on scrutinizing altera-
tions in the C0

L magnitude. The variation of the mean drag coefficient
(�CD) is also presented to demonstrate the optimization of the hydrody-
namic effect. Thus, in this section, C0

L and �CD are presented here. As
shown in Fig. 3(a), the CL-RMS at all Re shows an increasing trend as
the a increases. It is also noticeable that the higher the Re (Re ¼ UL

�
where U is the incoming flow velocity, � is the coefficient of kinematic
viscosity, and L is the height of the surface facing the flow), the greater
the amplitude of the elevation. The effect of Re on CL-RMS is observed,
and it is found that an increase in Re is accompanied by an increase in
CL-RMS. Meanwhile, the larger the a, the more significant the effect of
Re, i.e., the growth gradient of CL-RMS increases accordingly. The
increasing CL-RMS implies an enhanced interaction of the flow field
with the model. As shown in Fig. 3(b), the PSD peak value correspond-
ing to the primary vortex shedding frequency for each case has the
same trend as the CL-RMS. The pinnacle in the PSD typically indicates
the magnitude of vortex energy. A rise in this peak value denotes a
heightened complexity in the flow structure, accompanied by a more
pronounced and intensified vortex shedding phenomenon. Figure 3(c)
also directly confirms this point. The low angle-of-attack cases have no
strong vortex shedding at low Re due to the stable space structure. This
responds as a sudden decrease in St, but fades as the flow angle of
attack increases. Flow structures characterized by elevated energy value
are frequently associated with potential loading effects. These effects,
in turn, may indirectly instigate flow-induced vibrations, thereby aug-
menting the risk of engineering accidents. Therefore, from the consid-
eration of two sensitive parameters for a and Re, representative cases
are selected to be analyzed. The vortices for the selected cases are
shown in Fig. 4 as the baseline case for the analysis. Illustrated in Figs.
4(a), 4(b), and 4(d), while maintaining a constant Re, an elevation in
the a induces premature separation of the shear layer on the model’s
lower side. This phenomenon changes the flow structure near the
model and accelerates the generation of vortex shedding, that is, St
improves. Similarly, the same effect is observed when the a is main-
tained constant as shown in Figs. 4(c), 4(d), and 4(e). The alternating
impacts of the shear layer on the trailing edge of the model resulted in
vortex shedding, which reflects the instability of the shear layer. The
vortex shedding pattern shows a 2S pattern.

B. Linear stability and sensitivity analysis

Linear stability and sensitivity analyses were conducted to identify
the wavemaker regions associated with the rectangular cylinder.
Identified wavemaker regions have the potential to serve as optimal
locations for implementing flow control. The baseline case was defined
using the time-averaged flow state. Significantly, the time-averaged
flow field demonstrates superior predictive capability for the vortex
shedding frequency compared to the steady flow field obtained
through the selective frequency damping method. However, our

emphasis remains solely on the identification of the wavemaker region,
a task achievable through the analysis of direct/adjoint modes.

Figures 5 and 6 illustrate the leading direct/adjoint global mode
for each baseline case of Fig. 4, respectively. For the leading direct

FIG. 3. (a) CL-RMS, (b) PSD peaks value, and (c) St for rectangular cylinder
(AR¼ 5) at various a and Re.
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global mode, the modes show symmetric characteristics when a¼ 0�.
The real part of the modes bears resemblance to the imaginary coun-
terpart, featuring a certain phase shift (not depicted here). The leading
direct global mode is only observed in the wake region at the trailing
edge of the model when a¼ 0�. As depicted in Figs. 5(a), 5(b), and
5(d), the modes exhibit a tilt as a increases. The modal boundaries
between the upper and lower sides become progressively indistinct,
and the modes of the upper side and the middle part gradually amal-
gamate. This process is accelerated by the increase in Re. Illustrated in
Figs. 5(c), 5(d), and 5(e), the modes within the wake region have
completely amalgamated, signifying the initiation of the separation

state for the subsequent cycle. Moreover, the increase in a and Re
drives the leading direct global mode on the lower side of the model to
become more pronounced and complex. This implies that global insta-
bility is primarily governed by leeward regional flow and downside
flow.

FIG. 4. Vorticity of the baseline case at (a) a¼ 0�, Re¼ 200, (b) a¼ 2�,
Re¼ 200, (c) a¼ 5�, Re¼ 150, (d) a¼ 5�, Re¼ 200, and (e) a¼ 5�, Re¼ 250.

FIG. 5. The leading direct global mode at (a) a¼ 0�, Re¼ 200, (b) a¼ 2�,
Re¼ 200, (c) a¼ 5�, Re¼ 150, (d) a¼ 5�, Re¼ 200, and (e) a¼ 5�, Re¼ 250.
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FIG. 6. The adjoint mode at (a) a¼ 0�, Re¼ 200, (b) a¼ 2�, Re¼ 200, (c)
a¼ 5�, Re¼ 150, (d) a¼ 5�, Re¼ 200, and (e) a¼ 5�, Re¼ 250.

FIG. 7. Sensitivity map to a local feedback at (a) a¼ 0�, Re¼ 200, (b) a¼ 2�,
Re¼ 200, (c) a¼ 5�, Re¼ 150, (d) a¼ 5�, Re¼ 200, and (e) a¼ 5�, Re¼ 250.
The blue dot lines are the dividing streamline delimiting the recirculation flow.
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Regarding the adjoint modes, they serve as a direct reflection of the
receptivity of flow structures to momentum forcing. Similar to the direct
instability modes, the adjoint modes of the downstream velocity at
a¼ 0� exhibit symmetric modes. Here, the adjoint modes are evident all
around the model, indicating that the model is surrounded by regions
that will affect the flow structure. Alike the leading direct global mode,
the raising of a and Re in Fig. 6 gradually concentrates the adjoint modes
below the leeward side of the model as well as on the downside.

Figure 7 outlines the sensitivity map (directly reflecting the wave-
maker region) to local feedback for each baseline case of Fig. 4, respec-
tively. Structural sensitivity discloses the spatial region most responsive
to flow perturbation. Like the adjoint modes, the elevation of a causes
the otherwise symmetrical sensitive region at the leeward side to grad-
ually evolve to concentrate toward the lower right. At high a, the
increase in Re makes the sensitive region below the model more pro-
nounced, tending to the lower left side. The above linear stability and
sensitivity analysis offer the direction and foundation for subsequent
flow control strategies.

C. Active flow control

In this section, the effect of active flow control on rectangular cyl-
inders (AR¼ 5) is systematically investigated. The fluctuation of the
lift coefficient (C0

L) is usually directly related to the instability and tur-
bulence of the flow. We established two active control zones, informed
by the sensitivity regions delineated in the summary provided in Fig. 7
for each baseline case. As shown in Fig. 8, following the definition of
Zhou et al.60 the jet momentum coefficient is defined as Cq¼Ujetd/
UD¼ 0.1Uj. The lower side of the sensitivity map has a larger range
when the flow angle of attack is higher. To enlarge the control area, set
airflow orifice B to twice the size of A. The airflow orifice A of length
L1¼ l1/D¼ 0.1 is set below the leeward side of the model, and the
upper part of the orifice is located at the distance of D1¼ d1/D¼ 0.25
from the midpoint. The airflow orifice B of length L2¼ l2/D¼ 0.2 is set
on the left side of the lower side of the model, and the right side of the
orifice is located at the distance of D2¼ d2/D¼ 0.5 from the midpoint.

FIG. 8. Two specific locations for the suction/jet control device.

TABLE II. Parameters for each case of flow control via airflow orifice A.

Case
Flow angle of
attack (a) (deg) Re

Airflow orifice A

Flow control Uj

Case 1 0 200 Jet 1
Case 2 2 200
Case 3 5 150
Case 4 5 200
Case 5 5 250 FIG. 9. Vorticity for each case after flow control by airflow orifice A: (a) case 1,

(b) case 2, (c) case 3, (d) case 4, and (e) case 5.
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The suction flow velocity is Us¼ us/U, and the jet flow velocity is
Uj¼ uj/U, where d1, d2, l1, and l2 are the actual lengths, as well as us
and uj are the actual velocities. The above definitions are dimension-
less. The control method uses the common suction and jet method,
airflow orifice A and B form the BVC. The specific application of
which is described in detail later.

1. Airflow orifice A jet and HODMD

In this section, flow control is accomplished by adjusting airflow ori-
fice A. As depicted in Fig. 7, the leeward facet of the model consistently
emerges as a region sensitive to flow structure changes. Jets are employed
to retard the separation of the shear layer. This measure can influence the
formation of vortex core and the evolution of vortices in the flow field,
which can contribute to delaying or inhibiting vortex shedding. Specific
control measures for each case are listed as shown in Table II.

Figure 9 shows the vortices after control for each case. In compar-
ison with Fig. 3(a), after the implementation of flow control (case 1),

the flow structures on the upper and lower sides no longer interfere
with each other, and vortex shedding in the wake is absent. The phe-
nomenon is the same as the laminar flow phenomenon at extremely
low Reynolds number. This suggests that the jet is effectively regulated
to suppress the ongoing separation of the shear layer and maintain the
stability of the flow field structure consistently. The situation in case 2
is consistent with case 1, with only slight fluctuations in the wake. This
implies that rectangular cylinders (AR¼ 5) at low flow angle of attack
can be constrained by implementing jets at the leeward end to inhibit
vortex shedding.

To elucidate the restraining impact of the jet from a mechanistic
perspective, higher-order dynamic mode decomposition (HODMD) is
employed to contrast the baseline scenario of case 1 with the jet flow
control. The data were collected after the full development of the flow.
The dataset comprises 40 oscillation cycles, with each cycle consisting
of 25 samples and an interval period of T/25. This section delineates
the principal features of coherent modes, encompassing global mode
energy and local mode form, through the simultaneous decomposition

FIG. 10. Ritz eigenvalues for (a) baseline case and (b) case 1.

FIG. 11. Mode energy as a function of frequency for (a) baseline case and (b) case 1.
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of vorticity fields. As depicted in Fig. 10, the eigenvalues of the princi-
pal Ritz mode are predominantly clustered around the unit circle,
indicative of a limit cycle oscillation (LCO) state. This clustering phe-
nomenon serves as indirect evidence that this methodology adeptly
captures the characteristic frequencies of system dynamics and profi-
ciently approximates the system’s vibration modes. In Fig. 11(a), the
highest mode energy in each scenario is observed at fD/U¼ 0, aligning
with the time-averaged mode denoted as M0. Simultaneously, the ini-
tial three dynamic modes manifest elevated energy levels in compari-
son with other modes, as ascertained through their dimensionless
frequency, denoted as fD/U (M1, M2, and M3: fD/U¼ St, 2 St, and
3 St). Thus, the wake is consisted by the primary mode (M1) and two
superharmonic modes (M2, M3), with the energy of M2 and M3 nota-
bly inferior to that of M1. After flow control, the energy of the corre-
sponding order is substantially reduced as shown in Fig. 11(b). The
decrease in dynamic mode energy reflects the stability of the flow field.
Figure 12 shows the first three orders of vorticity modes for both the
baseline case and the jet flow control. Illustrated by Figs. 12(a)–12(c),
the vorticity exhibits symmetry for odd orders and antisymmetry for
even orders. Since the same color in the vorticity modes represents the
same direction of rotation, the anti-symmetric vorticity forms in the
even order modes imply that the torque effects cancel each other out.
Odd-order modes significantly contribute to the overall activity of the

flow field. Figures 12(d)–12(f) show the first three orders of vorticity
modes after jet flow control. Corresponding to Fig. 10(b), it can be
found that there is no significant vorticity distribution for the odd-
order modes of its contributing action. This indicates that the addition
of the jet dramatically reduces the complexity of the flow structure and
creates a stable flow field.

For cases 3–5, as depicted in Fig. 8(c)–8(e), a pronounced vortex
shedding phenomenon persists. It is evident that the jet only partially
suppresses the formation of vortices on the upper side of the model.
The vortex distribution on the lower side is affected by the jet to a
decreasing extent as the Re increases. The C0

L for cases 1–5 and the cor-
responding baseline cases are shown in Fig. 13. The C0

L exhibits an
upward trend in correspondence with both a and the Re.
Corresponding to the vortices in Fig. 9, the C0

L of cases 1 and 2 are
reduced by 99.6% and 99.1%, respectively, which achieves a desirable
control effect, while cases 3–5 are reduced by 93.1%, 80.2%, and
44.1%, respectively. As depicted in Fig. 7, the flow state on the lower
side of the model is not considered, resulting in insufficient control of
the flow field. In practical engineering applications, drag reduction typ-
ically stands as a primary concern. The drag coefficients are usually
large and the average value represents static force acting on the bluff
body. The (�CD) mean drag coefficient is decreased, which reflects that
the jet contributes to the stabilization.

FIG. 12. Vorticity modes for the baseline case and controlled case, where (a)–(c) are the baseline cases and (d)–(f) are the controlled cases.
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2. Suction/jet control of airflow orifice B

As depicted in Sec. IVC1, the effectiveness of cases 3–5 in flow
control is suboptimal, attributed to the omission of the influence stem-
ming from the downward sensitive region. This section compares and
analyzes the impacts of jet and suction control techniques on the lower
flow field of the model. Airflow orifice B is mainly controlled for the
lower side flow structure. The implementation of a jet control in air-
flow orifice B induces an acceleration in the separation of the shear
layer on the lower side of the model (Table III). The jet flow control is
aimed at accelerating the reattachment process after shear layer separa-
tion, crossing the zone where vortex shedding occurs. In contrast, suc-
tion control is applied to suppress the separating effect of the shear
layer and defer the initiation of vortex shedding.

Figures 13 and 14 show the vortices after jet and suction control.
Compared with Figs. 4(c)–4(e), the jet impedes the normal develop-
ment of the fluid on the lower side, serving as a deceleration mecha-
nism for the separation of the shear layer on the lower side. However,
a significant effect of accelerated shear layer attachment has not been
achieved. The suction influence, in turn, achieved the intended

outcome, with a noticeable suppression of shear layer separation. The
flow field following suction control resembles the baseline scenario of
case 1, suggesting that suction control efficiently alleviates the impact
of the flow angle of attack on the flow structure. The comparison
shows that the vortex shedding after jet control is more intense than
suction control. As shown in Fig. 16, compared with the baseline case,
the jet control reduces the C0

L by 12.4%, 20.6%, and 16.7%; the suction
control reduces them by 83.7%, 83.3%, and 78.2%. Meanwhile, the jet

FIG. 13. Comparison of (a) C0
L (fluctuating lift coefficients) and (b) �CD (mean drag

coefficients) for the baseline cases and controlled cases corresponding to cases
1–5.

TABLE III. Parameters for each case of flow control via airflow orifice B.

Case Flow angle of attack (a) (deg) Re

Airflow orifice B

Flow control Us/Uj

Case 6 5 150 Jet 1
Case 7 200
Case 8 250
Case 9 150 Suction
Case 10 200
Case 11 250

FIG. 14. Vorticity for each case after jet flow control by airflow orifice B: (a) case 6,
(b) case 7, and (c) case 8.
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control reduces the �CD by 1.1%, 0.7%, and 2.1%; the suction control
reduces them by 9.9%, 13.5%, and 15.8%. This indicates that suction
control is superior to jet control at the same flow rate. The same
applies to the mean drag coefficient. However, the controlled fluctua-
tion values are still not completely suppressed, and the higher the Re,
the less significant the suppression effect. The results show that flow
control for high angle of attack cases only through airflow orifice B is
not sufficient.

3. BVC and the effects of jet flow velocity

In Secs. IVC1 and IVC2, it becomes evident that the control of
individual air orifices alone is inadequate to attain the desired outcomes
at high angle of attack. This section combines airflow orifice A and B to
form breath-valve control (BVC), utilizing airflow orifice A for jet flow
control and airflow orifice B for more potent suction flow control. The
control results are shown in Fig. 17, similar to Figs. 8(a) and 8(b). The
issue of excessive separation of the shear layer on the lower side is
addressed through suction control at airflow orifice B when solely man-
aged by the jet flow from airflow orifice A. Conversely, when controlled
exclusively by suction at airflow orifice B, the vortex shedding phenome-
non is mitigated by the jet flow from airflow orifice A. In Figs. 19(a) and
19(b), it can be seen that the C0

L are reduced by 99.8% and 99.5%,
respectively. It is also compared with existing studies, such as Chen
et al.30 The results of the wind-tunnel experiments on the bridge model
show that the magnitude of the reduction in �CD is in the range of 5%.

By our BVC method, the reduction amplitude of �CD can be stabilized at
10% or even higher, and the C0

L is almost reduced to 0. This fully con-
firms the rationality and efficiency of combined flow control. The same
BVC settings are also applied to the low attack (cases 17 and 18), and it
is found that the results are still significant.

However, when a is set at 5� and Re is 250, discernible vortexes
persist at the trailing edge. As depicted in Fig. 18(a), insufficient energy
in the jet flow hinders its effective interference with the generation of
vortex shedding. Therefore, the kinetic energy input is enhanced by
increasing the jet flow velocity. All the combined control cases are
shown in Table IV.

When Uj¼ 2, there is a dense vortex shedding at the wake, after
which the wake becomes smooth. This indicates that the increase in jet
flow energy disrupts the original flow structure. The disorganized flow
structure accelerates the vortex shedding process and allows the trans-
fer of vortex structure energy into the flow field. The wake flow field
quickly enters a state of no vortex shedding. When Uj¼ 3, the jet has

FIG. 16. Comparison of (a) C0
L (fluctuating lift coefficients) and (b) �CD (mean drag

coefficients) for the baseline cases and controlled cases corresponding to cases
6–11.

FIG. 15. Vorticity for each case after suction flow control by airflow orifice B: (a)
case 9, (b) case 10, and (c) case 11.
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taken the dominant position in controlling the wake flow field. At this
point, the jet has completely suppressed the vortex shedding of the
baseline case, and only the weak vortex shedding phenomenon gener-
ated by the self-generation of the jet occurs. Corresponding to Figs.
18(d)–18(f), the velocity gradient of the mean flow velocity in the X
direction also increases rapidly with the increase in Uj, and the region
of variation gradually narrows. Flow rates exhibiting rapid variation
within a limited range signify the high efficiency of flow control. As
shown in Fig. 19, the C0

L are reduced by 95.5%, 96.1%, and 99.7%,
respectively. An elevated jet velocity has a marginal impact on the con-
trol of �CD while exerting no discernible influence on the overall

control. Therefore, increasing the wake flow velocity can effectively sti-
fle the potential flow-induced vibration.

To intuitively observe the variation in vortex shedding, PSD for
controlled cases is acquired and compared with those under different
flow rates. The vortex shedding frequency can directly reflect the con-
trol effect. As shown in Fig. 20(a), the relevant cases are taken with
a¼ 5�, Re¼ 150: baseline case, case 3, case 6, case 9, and case 12. The
primary vortex shedding frequencies corresponding to the above cases
are 0.1162, 0.0694, 0.0677, and 0.0851, respectively (case 12 has no
obvious vortex shedding phenomenon). Case 3 effectively retards the
initiation of vortex shedding in the wake, resulting in a reduction in
both frequency and peak value. In contrast, case 6 introduces a sub-
stantial amount of kinetic energy into the lower shear layer, leading to
a decrease in frequency and an increase in peak value. Case 9 delayed
the separation of the lower shear layer due to the suction control of air-
flow orifice B, but still produced a vortex shedding at the wake similar
to the no-angle of attack case. Thus the vortex shedding frequency of
case 9 is closer to the baseline case. Figure 20(b) reflects the vortex
shedding for various flow velocity controls, and the primary vortex
shedding frequencies corresponding to the four cases are 0.1142,
0.1008, 0.2165, and 0.3428, respectively. Case 14 exhibited negligible
alteration in the flow state, exerting only a subtle influence, conse-
quently leading to a slight reduction in the frequency of vortex shed-
ding. In contrast, cases 15 and 16 change the wake flow structure due
to the increased jet flow energy. The dense vortex shedding phenome-
non illustrated in Fig. 18 corresponds to an increased vortex shedding
frequency, as well as a reduced peak value.

V. CONCLUSIONS

In this study, two-dimensional numerical simulations are first
carried out in a rectangular cylinder (AR¼ 5) with flow angle of attack
(a) in the range of 0�–5� and the Reynolds number (Re) in the range
of 100–300. Five representative cases are selected from the simulation
results. Global linear instability, adjoint mode, and sensitivity analysis
are performed to identify the optimal location for introducing the jet/
suction flow. Then, higher-order dynamic mode deception
(HODMD), lift coefficient fluctuation C0

L

� �
value comparison, and

power spectral discipline (PSD) are employed to validate the rationality
and effectiveness of the active flow control.

(1) The elevation of both flow angle of attack and Re results in an
augmentation of CL-RMS for rectangular cylinders (AR¼ 5), with
the impact of a being more pronounced. The PSD peak value
corresponding to the primary vortex shedding frequency for
each case shows that higher Re corresponds to higher energy at
high a. The instantaneous vorticity further demonstrates that
the escalation of both a and Re gives rise to more pronounced
vortex shedding phenomena. The increase in a accelerates the
separation of the shear layer in the spatial structure, which is
exacerbated by the increase in the Re.

(2) The leading direct/adjoint global modes (a¼ 0�, Re¼ 200;
a¼ 2�, Re¼ 200; a¼ 5�, Re¼ 150; a¼ 5�, Re¼ 200; and a¼ 5�,
Re¼ 250) are extracted for representative cases. The mode char-
acteristics progressively transition from a symmetric configura-
tion to a downwind-inclined form with the augmentation of a
and Re. Concurrently, the direct modes reveal a more intricate
and well-defined mode distribution beneath the model, while
the adjoint modes display a clustering of mode distribution

FIG. 17. Vorticity for each case after BVC: (a) case 12, (b) case 13, (c) case 17,
and (d) case 18.

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

Phys. Fluids 36, 043617 (2024); doi: 10.1063/5.0202168 36, 043617-13

Published under an exclusive license by AIP Publishing

 21 M
ay 2025 00:59:02

pubs.aip.org/aip/phf


toward the leeward and downwind sides of the model. The sen-
sitivity map visualizes that when a¼ 0�, the sensitive region
exists only at the leeward side. As a is raised to 5�, the sensitive
region gradually shifts from the leeward to the downwind side.
The increase in the Re makes the sensitive region on the down-
side wider and more pronounced. Therefore, the region of flow
control is determined on the leeward and downwind side of the
model.

(3) The leeward side is always a sensitive region, so flow control
at the leeward side is considered separately first. A jet is

employed to impede the separation of the shear layer, and air-
flow orifice A is configured with a jet velocity (Uj) of 1. The
results show that case 1 and case 2 are highly effective in sup-
pressing the vortex shedding phenomenon, and the C0

L are
reduced by 99.6% and 99.1%, respectively. Meanwhile, higher-
order dynamic mode decomposition (HODMD) is employed
to elaborate the mechanism of case 1 and its corresponding
baseline case. Odd-order modes, exhibiting symmetric forms
in the vorticity, contribute significantly to the overall activity
of the flow field. The odd-order modes exhibit no notable vor-
tex shedding distribution following jet control, and the energy
of each order is effectively suppressed to a very low state.
Therefore, the jet control on the leeward side at low a is
significant.

(4) Cases 3–5 experience reductions of only 93.1%, 80.2%, and
44.1%, respectively, as flow control in the sensitive region on
the lower side is not considered. Active flow control is per-
formed at airflow orifice B using jet and suction, respectively
(cases 6–11). The jet flow control aims to accelerate the separa-
tion of the shear layer and advance the reattachment process.
The suction is to avoid accelerated shear layer separation due to
the spatial structure caused by the a. The results show that the
jet control reduces the C0

L by 12.4%, 20.6%, and 16.7%, while
the suction control reduces it by 83.7%, 83.3%, and 78.2%.
Suction flow control is far superior to jet flow control.

FIG. 18. Vorticity and mean flow velocity
in x direction for cases 14–16, where
(a)–(c) are the vorticity and (d)–(f) are the
x-direction mean flow velocity.

TABLE IV. Parameters for each case of BVC.

Case
Flow angle of
attack (deg) Re

Orifice A Orifice B

Flow control Uj Flow control Us

Case 12 5 150 Jet 1 Suction 1
Case 13 200 1
Case 14 250 1
Case 15 250 2
Case 16 250 3
Case 17 0 200 1
Case 18 2 200 1
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(5) Breath-valve control (BVC) method is proposed to achieve
more desirable results (cases 12–18). BVC aims to achieve a
process of flow recirculation without adding additional mass
sources and exhaust measures. This methodology simplifies the
control system design, guaranteeing the comprehensive utiliza-
tion of flow within the system for flow control, thereby enhanc-
ing energy efficiency. The C0

L of case 12 and case 13 reduces by
99.8% and 99.5%, and �CD of them reduces by 9.7% and 18.1%.
The substantial decrease in drag also indicates a reduction in
the flow disturbance experienced by the model. At a¼ 5� and
Re¼ 250, the control effect is enhanced through the augmenta-
tion of flow velocity on the leeward side. The mean flow velocity
in the X direction elucidates the predominant influence of the
high-velocity jet in disrupting the formation of wake vortices.
C0
L decreases by 95.5%, 96.1%, and 99.7% for cases 14–16 setting

various jet flow velocities. The change in jet velocity mitigates
the instability caused by the elevated Re. Concurrently, imple-
menting suction control on the lower side of the model when

fluid flows in the positive a direction effectively mitigates the
issue of excessively rapid shear layer separation induced by a.
To explore the universality of BVC, cases 1 and 2 are also con-
trolled with BVC (cases 17 and 18). Individual leeward jet con-
trol is only slightly better than the BVC, suggesting that the
BVC still performs well at low angle of attack. The BVC effec-
tively achieves the outcomes initiated by traditional suction or
jet flow across all angle of attack. Optimal control can be
accomplished by adjusting the flow rate.

This paper describes the prediction of flow control regions by lin-
ear stability and sensitivity analysis. Two active control methods, jet and
suction, and BVC are also compared. This study aims to provide mean-
ingful insights into flow control strategies for common mechanical com-
ponent forms to reduce the potential risk of flow-induced vibrations.
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