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ABSTRACT
A numerical investigation of the active flow control mecha-

nism of flow over a stationary circular cylinder using a flapping
rod was conducted at low Reynolds number. The Galerkin-least-
square (GLS) stabilized Finite Element formulation in Arbitrary
Lagrangian-Eulerian (ALE) description is employed to investi-
gate the fluid dynamics and structural motions in the simulations.
A rotating dynamic mesh model is utilized to precisely trace the
flapping dynamics of the control rod in the wake downstream. A
control rod of very small diameter (d=0.1) is used as an active
flow control mechanism and flaps behind a cylinder (D=1.0) in
an orbital manner at a range of frequencies, amplitudes, and
distance. The primary objective of this study is to investigate the
effectiveness of this flapping rod to enhance the structural stabil-
ity of the cylinder subject to hydrodynamic forces. The results
show that this active flow control mechanism, flapping control
rod, can effectively change the wake modes downstream and en-
hance the structural stability by minimizing the fluctuation of lift
force.
Keywords: Active Flow Control, Flapping control rod,
Galerkin-least-square (GLS) stabilized FEM, Lift Suppres-
sion

NOMENCLATURE
VIV Vortex-induced vibration
GLS Galerkin-least square
PSPG Pressure Stabilizing Petrov Galerkin
FEM Finite element method
ALE Arbitrary-Lagrangian-Eulerian
Re Reynolds number
APG Adverse presure gradient
VG Vortex generator
ODE Ordinary differential equation
LBB Ladyzhenskaya-Babuska-Brezzi
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1. INTRODUCTION

Boundary layer transition and separation phenomena have
been researchable topics for over 100 years, but there are still
many open essential issues and practical challenges containing
their controls. It is predicted that the fuel cost of a commercial
aircraft could be saved to 8% if the transition phenomenon over
its wing could be delayed to 50% [1]. These flow phenomena
commonly occur at low Reynolds numbers (Re) at which laminar
flow is dominant. A laminar boundary layer can separate from the
solid surface when the adverse pressure gradients (APGs) play
a preponderant role. It is believed APG is one of the important
driving force of flow separation and manifests the fundamental
mechanism of hydrodynamic instabilities developed in the bound-
ary layer. Subsequently transition phenomenon in the separated
region is caused by the separated shear layer, and then the tur-
bulent reattachment starts to occur because of energized vortical
structures.

The flow separation generally implies a bad sign of hydrody-
namic stability and induces the chaotic nature of fluid dynamics,
e.g., loss of lift & increased drag, stalling, vortex shedding and
buffeting, reduced efficiency (large energy dissipation), and in-
duced structural instability, e.g., vortex-induced vibration (VIV),
galloping and fluttering, for the submerged bluff bodies. To deal
with these critical issues of hydrodynamic/structural stability, a
number of flow control mechanisms were developed over decades.
Nonetheless the flow control methods can still be broadly cate-
gorized into passive and active approaches. The passive flow
control mechanism, such as the use of dimples on golf balls or
vortex generators on aircraft wings, rely on structural modifica-
tions to influence flow characteristics. On the other hand, active
flow control mechanism involves the input of energy into the sys-
tem, such as through the use of jets, suction/blowing, or structural
dynamics, to manipulate the topology of velocity field associated
with flow features. The choice between passive and active meth-
ods depends on the application, desired outcomes, and resource
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availability.
The passive flow control mechanism usually manipulates the

flow characteristics in the boundary layer and delay the occur-
rence of boundary layer separation and control mixing in the
separated shear layer. The vortex generator (VG) [2] is one of the
most effective and simplest passive flow control device that are
widely used on wind turbine blades by aerodynamic researchers
in order to prohibit and suppress flow separation caused by APGs.
VG examples are not limited to airfoil [3], and they can also uti-
lize the devices such as bluff bodies [4], noise reduction [5],
wind turbines [6], swept wings [7], and heat exchangers [8, 9],
just to name a few. Other well-established passive flow control
mechanism include leading edge vanes [2], leading-edge serra-
tions [10, 11], slotted airfoil [12], splitter plates [13, 14] and
roughness material [15].

Active flow control mechanism involves actuators to con-
sume power [16] to inject momentum targeted at the boundary
layer to control separation and reduce drag [17]. An actuator’s
control authority is often highly correlated with its momentum
flux or thrust. This contrasts with the passive flow control mech-
anism, which relies on structural modifications. active flow con-
trol techniques are diverse, ranging from the use of synthetic jets,
fluidic oscillators, to boundary layer suction and blowing. The
primary objective is to delay flow separation, reduce drag, con-
trol vortex shedding, and enhance lift. It has emerged as a pivotal
area of research in fluid dynamics, offering innovative ways to
manipulate flow behavior for enhanced performance in aerospace,
automotive, and energy sectors. Some of the most popular ac-
tive flow control mechanism include synthetic jet actuators [18],
plasma actuators [19], rotating control rod [20, 21], flapping
plate [22–24], thermal effect [25], and magnus effect [26, 27].

In many engineering applications, the vortex shedding is one
of the primary causes inducing the vibrations of the submerged
offshore and aeronautical structures. The periodic and alternative
shedding vortices from either side of the structure causes a signif-
icant fluctuation of hydrodynamic forces, lift and drag. As long
as the frequency of these forces get close to the natural frequency
of the submerged structure, the resonance may happen eventually,
e.g., onset of lock-in in VIV and galloping due to the asymmetric
hydrodynamic forces at high reduced velocities. It is known that
the vortex shedding of a circular cylinder can be suppressed by
the appropriate positioning of a smaller control rod in the near
wake [28], though only at very low Reynolds numbers. At higher
Reynolds numbers, the flow past bluff shapes, as well as lifting
airfoils, can be effectively controlled for drag reduction by adding
small control cylinders that are rotated rapidly [29]. The control
cylinders, when placed in close proximity to a bluff body and ro-
tated at high rates, interact with the separating boundary layer to
cause it to reattach and reduce pressure drag. The drag reduction
is sensitive to the control cylinder position, diameter, and normal-
ized surface speed, 𝜉 = 𝑢𝑠𝑢𝑟 𝑓 /𝑈∞. Here, 𝑢𝑠𝑢𝑟 𝑓 is the tip speed
of the control cylinder and 𝑈∞ is the free-stream velocity. Wu
and Shu (2011) [22] found that by attaching a flapping rigid plate
behind a circular cylinder, the drag force exerted on the cylinder
can be reduced effectively and the vortex shedding process can be
significantly alleviated and suppressed. They also identified two
distinct vortex interaction modes-constructive interaction and de-

structive interaction. These modes offer insights into the complex
dynamics of fluid flow in the presence of a flapping plate. On
the other hand, besides a splitter plate, Strykowski & Sreenivasan
(1990) [28] and Dipankar & Sengupta, etc. (2004) [30] also found
that by placing a control rod in the wake behind a cylinder can
significantly suppress the vortex shedding and formation. More
recently, the flow control mechanism using vibrating, rotating,
or stationary control rod(s) in the vicinity of cylinder has gain
significant attention in the community of fluid dynamics. For
instance, Wu & Wang (2020) [31] conducted numerical simula-
tion of VIV of circular clyinder with two control rods and found
that the rods suppress and enhance VIV if the position angle 𝛼 is
less or greater than 90◦, respectively. Increasing number of con-
trol rods can improve VIV suppression effectiveness. Song et al.
(2017) [32] conducted numerical simulations of the suppression
of VIV of a circular cylinder surrounded by three control rods in
an equilateral triangle arrangement and found that the best VIV
suppression occurred when the arrangement angle was 𝛼 = 45◦,
a slightly oblique attack case. Liu et al. (2022) [33] conducted
numerical simulation of VIV of a circular cylinder and increase
the number of control rods to 6 in a hexagon arrangement.

In this study, combining the features of both flapping plate
and stationary control rod, a flapping control rod is proposed as
an active flow control mechanism. In contrast to the flapping
rigid plate, the flapping control rod is much more smaller in
size and consume less energy during actuation. The primary
objective is to allow the flapping motion of the control rod to
influence the frequency and fluctuation of hydrodynamic forces.
The numerical study is conducted at Reynolds number 100. The
size of the control rod is chosen as 1/10 of the cylinder. The
control rod flaps at a range of frequency, amplitude and distance
behind the cylinder.

The structure of this article is arranged as follow: The for-
mulations of numerical method are presented in Section 2. The
description of computational domain and validation cases are
provided in Section 3. The numerical results are presented and
discussed in Section 4. Finally, the conclusions are drawn in
Section 5.

2. NUMERICAL METHODS
2.1 Governing equations

The governing equations of unsteady incompressible Navier-
Stokes equation are written in Equation (1).

𝜌
(︁
𝜕𝑡𝒖 + (𝒖 · ∇)𝒖

)︁
= ∇ · 𝝈{𝒖, 𝑝} ∀𝒙 ∈ Ω 𝑓 (𝑡) (1a)

∇ · 𝒖 = 0 ∀𝒙 ∈ Ω 𝑓 (𝑡) (1b)

𝒖 = �̃� ∀𝒙 ∈ Γ
𝑓

𝐷
(𝑡) (1c)

𝝈{𝒖, 𝑝} · 𝒏 = �̃� ∀𝒙 ∈ Γ
𝑓

𝑁
(𝑡) (1d)

𝒖 = �̃�0 ∀𝒙 ∈ Ω 𝑓 (0) (1e)

where 𝜌, 𝒖, 𝒖0, �̃�, �̃� and 𝒏 are respectively the fluid den-
sity, the fluid velocity vector, the initial fluid velocity vector, the
prescribed fluid velocity, the prescribed fluid traction force and
the outward normal vector of fluid domain. The superscript ( 𝑓 )
refers to the quantity related to the fluid flow. Based on the
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kinematics of continuum mechanics, the left-hand-side of Equa-
tion (1a) can be written as the material time derivative 𝐷𝑡 (𝜌𝒖).
It describes the kinematics of a fluid particle in Lagrangian de-
scription. The term 𝜕𝑡 (·) refers to the time derivative of a variable
with respect to the spatial coordinates (𝒙). On the other hand,
in accordance to the Newton’s second law, the right-hand-side of
Equation (1a) represents the total external force exerted on this
fluid particle. The gravitational field is a conservative poten-
tial field, 𝒈 = −∇𝜙 = [0,−𝑔, 0]𝑇 = [0,−9.81, 0]𝑇 . Hence it is
combined with the hydrostatic pressure (𝑝𝑠𝑡𝑎𝑡 ) to form a modi-
fied pressure field, 𝑝 = 𝑝𝑠𝑡𝑎𝑡 + 𝜌𝜙, in Equation (1a). It should
be noted that the hydrostatic pressure is equivalent to thermody-
namic pressure for incompressible Newtonian fluid flow. In other
word, the gravitational effect, e.g, fluid free interface, and other
non-conservative external forces are out of the scope of discus-
sion. In the rest of this article, the modified pressure is simply
referred to as fluid pressure. Consequently, the fluid particle is
assumed to be driven merely by the viscous stresses, ∇ ·𝝈{𝒖, 𝑝},
in this article, where the Cauchy stress tensor (𝝈) is defined as

𝝈{𝒖, 𝑝} = −𝑝𝑰 + 2𝜇𝜖 (𝒖) (2a)

𝜖 (𝒖) = 1
2

[︂
∇𝒖 + (∇𝒖)′

]︂
(2b)

where 𝑝, 𝑰, 𝜇 and 𝜖 (𝒖) respectively are the fluid pressure, the
identity matrix, the dynamic viscosity and the strain rate tensor.

2.2 GLS-stabilized finite element formulation
First of all, the numerical formulation is derived by spatially

discretizing the governing equations of their primitive variables
in Equation (1) using a GLS-stabilized and Pressure Stabiliz-
ing Petrov Galerkin (PSPG) [34] finite element formulation [35]
to minimize the spurious oscillations (caused by the nonlinear
advection term) in fluid velocity field by introducing numerical
diffusion and circumventing the Ladyzhenskaya-Babuska-Brezzi
(LBB) condition of coupled velocity-pressure field, in which the
velocity and pressure fields are approximated using the same
order of polynomials. The spatial discretization results in a semi-
discrete ordinary differential equation (ODE) in time. In finite
element formulations, we define appropriate sets of finite trial
solution spaces (𝑆ℎ𝑢 and 𝑆ℎ𝑝) for fluid velocity and pressure, and
the corresponding finite test function spaces (𝑉ℎ

𝑢 and 𝑉ℎ
𝑝 ) respec-

tively, where the superscript (ℎ) indicates a finite function space,
e.g., 𝑆ℎ𝑢 ⊂ 𝑆𝑢. Hence the stabilized finite element formulation of
Equation (1) can be written as: for all 𝝍ℎ

𝑢 ∈ 𝑉ℎ
𝑢 , 𝜓

ℎ
𝑝 ∈ 𝑉ℎ

𝑝 , find
𝒖ℎ ∈ 𝑆ℎ𝑢 , 𝑝

ℎ ∈ 𝑆ℎ𝑝 such that Equation (3) is satisfied.
The B𝐺 ( [𝝍ℎ

𝑢 , 𝜓
ℎ
𝑝], [𝒖ℎ, 𝑝ℎ]) term is derived from the un-

steady and incompressible Navier-Stokes equation based on the
standard Galerkin method in finite element framework. The
B𝑆 ( [𝝍ℎ

𝑢 , 𝜓
ℎ
𝑝], [𝒖ℎ, 𝑝ℎ]) is the stabilization term based on the

GLS and PSPG formulations. The term 𝜕𝜏 (·) |X refers to the
spatial time derivative with respect to the fixed referential coordi-
nates (X) and the dimensionless time (𝜏) in ALE description. In
Equation (3), the nonlinear incompressible Navier-Stokes equa-
tion is linearized by Newton linearization to achieve quadratic
convergence, and the solution at each time step is updated in it-
erations until convergence. The variable 𝒖ℎ

𝑛 refers to the solution

of velocity field in the last iteration. Upon convergence, the term(︁
(𝒖ℎ

𝑛 − 𝒖ℎ
𝑚) · ∇

)︁
𝒖ℎ +

(︁
(𝒖ℎ − 𝒖ℎ

𝑚) · ∇
)︁
𝒖ℎ
𝑛 −

(︁
(𝒖ℎ

𝑛 − 𝒖ℎ
𝑚) · ∇

)︁
𝒖ℎ
𝑛

reduces to
(︁
(𝒖ℎ − 𝒖ℎ

𝑚) · ∇
)︁
𝒖ℎ. The stabilization parameters (𝜏𝑚

and 𝜏𝑐) are defined as

𝜏𝑚 =

[︂(︂ 2
𝑑𝑡

)︂2
+
(︂2| |𝒖 | |

ℎ𝑒

)︂2
+ 9

(︂ 4
𝑅𝑒ℎ2

𝑒

)︂2]︂−1/2
(4a)

𝜏𝑐 =
ℎ𝑒

2
| |𝒖 | |𝛾 for 𝛾 =

{︃
𝑅𝑒𝑢/3 0 < 𝑅𝑒𝑢 ⩽ 3
1 3 < 𝑅𝑒𝑢

(4b)

where 𝑅𝑒𝑢 and ℎ𝑒 respectively are the local Reynolds number
and the size of element. The value of 𝒖𝑚 is the dimensionless
mesh velocity in the (rotational) dynamic mesh modal. The
second-order accurate and unconditionally stable generalized-
𝛼 time integration scheme [36–39] is employed to march the
numerical solution of Navier-Stokes equation in time.

2.3 Dynamic mesh model
The fluid solver is coupled with the structural solver by sat-

isfying the kinematic and dynamic constraints along the fluid-
structure interface (Γ 𝑓 𝑠), as presented in Equation (5).

𝒖 (𝚽(X, 𝜏), 𝜏) = 𝜕𝜏𝚽(X, 𝜏) ∀X ∈ Γ 𝑓 𝑠 (𝜏) (5a)

𝒉(𝚽(X, 𝜏), 𝜏) = −𝒉𝑐𝑦𝑙 (𝚽(X, 𝜏), 𝜏) ∀X ∈ Γ 𝑓 𝑠 (𝜏) (5b)

where 𝒉 and 𝒉𝑐𝑦𝑙 = [ℎ𝑐𝑦𝑙𝑥 , ℎ
𝑐𝑦𝑙
𝑦 ] respectively are the dimension-

less fluid and structural stresses along the fluid-structure interface.
The value of 𝚽 is the dimensionless location of the structure,
which is defined in Equation (6), where 𝜼 is the dimensionless
displacement of structure at time 𝜏. In this investigation, the
referential coordinates can be taken as the initial position of the
rigid circular cylinder. The values of 𝜕𝜏𝚽 and 𝜕2

𝜏𝚽 are defined
as the structural velocity and acceleration respectively.

𝚽(X, 𝜏) = 𝜼(X, 𝜏) +X ∀X ∈ Ω𝑠 (𝜏) (6)

where the superscript (𝑠) indicates the structural variables. In
this study, the no-slip boundary condition is imposed along the
cylinder. The flapping control rod is under forced motion, in
which its angular displacement (flapping angle) and angular ve-
locity in Equation (7) are imposed along the control rod. The A,
T, and 𝜏 refers to the maximum flapping angle, flapping period,
and dimensionless time, respectively.

𝜃 = A 𝑠𝑖𝑛( 2𝜋
T

𝜏) (7a)

𝜔 =
𝜕𝜃

𝜕𝜏
= A

2𝜋
T

𝑐𝑜𝑠( 2𝜋
T

𝜏) (7b)

In this ALE formulation, the nodal coordinates of dynamic
mesh are mapped using a popular bi-harmonic model [40, 41],
whose strong form reads as

−∇ · (𝛼𝑒∇𝒅) = 0 ∀𝒙 ∈ Ω 𝑓 (𝜏) (8)
𝒅 = 𝜼 ∀𝒙 ∈ Γ 𝑓 𝑠 (𝜏)
𝒅 = 0 ∀𝒙 ∈ Γ 𝑓 (𝜏)/Γ 𝑓 𝑠 (𝜏)

where 𝒅 are the dimensionless grid displacement with respect to
the fixed referential framework X. The value of 𝛼𝑒 is a "stiffness
parameter" of the mesh.

3 Copyright © 2024 by ASME

D
ow

nloaded from
 http://asm

edigitalcollection.asm
e.org/O

M
AE/proceedings-pdf/O

M
AE2024/87844/V006T08A017/7361559/v006t08a017-om

ae2024-120822.pdf by N
ew

castle U
niversity user on 05 N

ovem
ber 2024



∫
Ω 𝑓

[︂
𝝍ℎ
𝑢 ·

(︂
𝜕𝜏𝒖

ℎ |X +
(︁
(𝒖ℎ

𝑛 − 𝒖ℎ
𝑚) · ∇

)︁
𝒖ℎ +

(︁
(𝒖ℎ − 𝒖ℎ

𝑚) · ∇
)︁
𝒖ℎ
𝑛

]︂
𝑑Ω 𝑓⏞ˉ̄ ˉ̄ ˉ̄ ˉ̄ ˉ̄ ˉ̄ ˉ̄ ˉ̄ ˉ̄ ˉ̄ ˉ̄ ˉ̄ ˉ̄ ˉ̄ ˉ̄ ˉ̄ ˉ̄ ˉ̄ ˉ̄ ˉ̄ ˉ̄ ˉ̄ ˉ̄ ˉ̄ ˉ̄ ˉ̄ ˉ̄ ˉ̄ ˉ̄ ˉ̄ ˉ̄ ˉ̄ ˉ̄ ˉ̄ ˉ̄ ˉ̄ ˉ̄ ˉ̄ ˉ̄ ˉ̄ ˉ̄ ˉ̄ ˉ⏟⏟ˉ̄ ˉ̄ ˉ̄ ˉ̄ ˉ̄ ˉ̄ ˉ̄ ˉ̄ ˉ̄ ˉ̄ ˉ̄ ˉ̄ ˉ̄ ˉ̄ ˉ̄ ˉ̄ ˉ̄ ˉ̄ ˉ̄ ˉ̄ ˉ̄ ˉ̄ ˉ̄ ˉ̄ ˉ̄ ˉ̄ ˉ̄ ˉ̄ ˉ̄ ˉ̄ ˉ̄ ˉ̄ ˉ̄ ˉ̄ ˉ̄ ˉ̄ ˉ̄ ˉ̄ ˉ̄ ˉ̄ ˉ̄ ˉ̄ ˉ⏞

B𝐺 ( [𝝍ℎ
𝑢 ,𝜓

ℎ
𝑝 ], [𝒖ℎ , 𝑝ℎ ] )∫

Ω 𝑓

[︂
𝝍ℎ
𝑢 ·

(︂
−
(︁
(𝒖ℎ

𝑛 − 𝒖ℎ
𝑚) · ∇

)︁
𝒖ℎ
𝑛

)︂
+ 𝜖 (𝝍ℎ

𝑢 ) : 𝝈{𝒖ℎ, 𝑝ℎ}
]︂
𝑑Ω 𝑓⏞ˉ̄ ˉ̄ ˉ̄ ˉ̄ ˉ̄ ˉ̄ ˉ̄ ˉ̄ ˉ̄ ˉ̄ ˉ̄ ˉ̄ ˉ̄ ˉ̄ ˉ̄ ˉ̄ ˉ̄ ˉ̄ ˉ̄ ˉ̄ ˉ̄ ˉ̄ ˉ̄ ˉ̄ ˉ̄ ˉ̄ ˉ̄ ˉ̄ ˉ̄ ˉ̄ ˉ̄ ˉ̄ ˉ̄ ˉ̄ ˉ̄ ˉ̄ ˉ̄ ˉ̄ ˉ⏟⏟ˉ̄ ˉ̄ ˉ̄ ˉ̄ ˉ̄ ˉ̄ ˉ̄ ˉ̄ ˉ̄ ˉ̄ ˉ̄ ˉ̄ ˉ̄ ˉ̄ ˉ̄ ˉ̄ ˉ̄ ˉ̄ ˉ̄ ˉ̄ ˉ̄ ˉ̄ ˉ̄ ˉ̄ ˉ̄ ˉ̄ ˉ̄ ˉ̄ ˉ̄ ˉ̄ ˉ̄ ˉ̄ ˉ̄ ˉ̄ ˉ̄ ˉ̄ ˉ̄ ˉ̄ ˉ⏞

B𝐺 ( [𝝍ℎ
𝑢 ,𝜓

ℎ
𝑝 ],[𝒖ℎ , 𝑝ℎ ] )

−
∫
Γ
𝑓

𝑁

𝝍ℎ
𝑢 · �̃�ℎ 𝑑Γ +

∫
Ω 𝑓

[︁
𝜓ℎ
𝑝∇ · 𝒖ℎ

]︁
𝑑Ω 𝑓⏞ˉ̄ ˉ̄ ˉ̄ ˉ̄ ˉ̄ ˉ̄ ˉ̄ ˉ̄ ˉ̄ ˉ̄ ˉ̄ ˉ̄ ˉ̄ ˉ̄ ˉ̄ ˉ̄ ˉ̄ ˉ̄ ˉ̄ ˉ̄ ˉ̄ ˉ̄ ˉ̄ ˉ⏟⏟ˉ̄ ˉ̄ ˉ̄ ˉ̄ ˉ̄ ˉ̄ ˉ̄ ˉ̄ ˉ̄ ˉ̄ ˉ̄ ˉ̄ ˉ̄ ˉ̄ ˉ̄ ˉ̄ ˉ̄ ˉ̄ ˉ̄ ˉ̄ ˉ̄ ˉ̄ ˉ̄ ˉ⏞

B𝐺 ( [𝝍ℎ
𝑢 ,𝜓

ℎ
𝑝 ], [𝒖ℎ , 𝑝ℎ ] )

+
𝑛𝑒𝑙∑︂
𝑒=1

∫
Ω 𝑓

𝜏𝑚

[︂ (︁
(𝒖ℎ

𝑛 − 𝒖ℎ
𝑚) · ∇

)︁
𝝍ℎ
𝑢 − 1

𝑅𝑒
∇2𝝍ℎ

𝑢 + ∇𝜓ℎ
𝑝

]︂
·⏞ˉ̄ ˉ̄ ˉ̄ ˉ̄ ˉ̄ ˉ̄ ˉ̄ ˉ̄ ˉ̄ ˉ̄ ˉ̄ ˉ̄ ˉ̄ ˉ̄ ˉ̄ ˉ̄ ˉ̄ ˉ̄ ˉ̄ ˉ̄ ˉ̄ ˉ̄ ˉ̄ ˉ̄ ˉ̄ ˉ̄ ˉ̄ ˉ̄ ˉ̄ ˉ̄ ˉ̄ ˉ̄ ˉ̄⏟⏟ˉ̄ ˉ̄ ˉ̄ ˉ̄ ˉ̄ ˉ̄ ˉ̄ ˉ̄ ˉ̄ ˉ̄ ˉ̄ ˉ̄ ˉ̄ ˉ̄ ˉ̄ ˉ̄ ˉ̄ ˉ̄ ˉ̄ ˉ̄ ˉ̄ ˉ̄ ˉ̄ ˉ̄ ˉ̄ ˉ̄ ˉ̄ ˉ̄ ˉ̄ ˉ̄ ˉ̄ ˉ̄ ˉ̄⏞
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𝑢 , 𝜓

ℎ
𝑝] ∈ 𝑉ℎ

𝑢 ×𝑉ℎ
𝑝 (3)

FIGURE 1: Schematic diagram and mesh discretization

FIGURE 2: Validation of a cylinder with stationary control rod

3. PROBLEM SETUP AND VALIDATION
3.1 Problem setup and boundary conditions

In this study, a circular computational domain is used, as
shown in Figure 1. The cylinder is placed on the center of the
computational domain, which is also the origin of coordinate
system (𝑥, 𝑦) = (0, 0). The control rod is initially placed along
the center of the cylinder downstream at 𝒙 = (𝑙, 0), where 𝑙 is the
gap between the cylinder and control rod. The left-half boundary
of the circular domain is the inlet. On the other hand, the right-
half boundary is the outlet. The fluid flows over the cylinder and
control rod from the left to the right. In the proposed active flow
control mechanism, the control rod flaps behind the cylinder at a
particular frequency (T) and amplitude (A). During flapping, the
(radial) gap distance between the cylinder and control rod retains
constant and the cylinder remains stationary.

The radial distance (the radius) of the circular computational
domain is 50D, where D refers to the diameter of the cylinder.
Following literature [28, 30, 42] in which the suppression was
found phenomenal, the diameter of the control rod is chosen
as 0.1𝐷. The inlet velocity is 𝒖 = (𝑈∞, 0) and the referential
pressure is pinned at a point along the outer boundary of the
computational domain, 𝑝𝑜 = 0.

There are totally 140 and 50 elements along the surfaces of
cylinder and control rod, respectively. The height of first layer
of boundary layer mesh is below 𝑦+ = 1 to ensure the accuracy
of calculated hydrodynamic forces. For the elements further
away from the cylinder and control rod, their growth rate is well
controlled below 1.1 to alleviate the skewness of the element’s
shapes and distortion.

3.2 Validation and convergence analysis
The numerical results from the implemented GLS-stabilized

finite element formulation have been validated and verified using
the canonical cases [43–47], e.g., flow over a stationary cylinder.
In this study, a validation is also conducted in the cases of a cylin-
der with stationary control rod and compared with literature [30],
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(a) (b)

FIGURE 3: Time history of hydrodynamic forces exerted on cylinder with a stationary control rod at l = 0.5

(a) (b)

FIGURE 4: Time history of hydrodynamic forces exerted on cylinder with a stationary control rod at l = 1
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(d) l = 1

FIGURE 5: Instantaneous contour of vorticity and streamline for the cases at Re = 100, and τ = 400: (a, b) vorticity contour and (c, d)
streamline
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(a) A= 0.1 (b) A= 0.2

(c) A= 0.3 (d) A= 0.4

FIGURE 6: Comparison of mean drag forces for the cases with a flapping control rod at Re = 100 and l = 0.5
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TABLE 1: Flow over a cylinder with stationary control rod at
Reynolds number 100, l = 1.0, and different mesh resolutions

MESH NODES 𝐶𝑑 𝐶𝑟𝑚𝑠
𝑙

M3 2.5 × 104 1.345
(0.5%)

0.1075
(1.9%)

M2 4.9 × 104 1.279
(0.0%)

0.1092
(0.4%)

M1 9.4 × 104 1.279 0.1096

as shown in Figure 2. The convergence analysis is shown in Ta-
ble 1, in which the drag and lift forces refer to the hydrodynamic
forces exerted along the cylinder. For all the cases presented in
this study, the total number of elements are chosen to be 50000
approximately, and the time step is set at 𝑑𝑡 = 0.02.

4. RESULTS AND DISCUSSION
4.1 Effects of a stationary control rod in wake

Strykowski & Sreenivasan (1990) [28] and Dipankar & Sen-
gupta, etc. (2004) [30] noticed that by simply placing a stationary
control rod in the wake, the vortex shedding behind a cylinder
can be significantly suppressed. This phenomenon is also found
in this study. As shown in Figure 3 and Figure 4 respectively,
the fluctuation of lift forces are effectively suppressed to 0.16 by
placing a stationary control rod at the cylinder-to-rod distance
𝑙 = 0.5 and 1.0. The amplitude of fluctuation of life force in the
case of stationary circular cylinder at 𝑅𝑒 = 100 is 0.313 [39], so
a 47% reduction of the lift force can be achieved in those cases.
Similar to the lift forces, Figure 3a and Figure 4a also show an
obvious suppression of fluctuation of the drag force, albeit the
mean value of the drag almost remains the same to the case of
a cylinder without a control rod in wake, which is 𝐶𝑑 ≈ 1.32 at
𝑅𝑒 = 100.

As the control rod is placed at different locations, 𝑙 = 0.5 and
𝑙 = 1.0, the control rod affects the vortex shedding at different
phases of this process. As shown by the case of 𝑙 = 0.5 in
Figure 5a, since the control rod is placed too close to the cylinder,
it is completely encapsulated in the low-pressure re-circulation
region. In the case of 𝑙 = 0.5, it is also found that the shape
and stretching of the vorices shed downstream are still intact and
regular, similar to what has been reported in the case of stationary
cylinder without a control rod, except that vortex formation length
is relatively longer. The vortex formation length, the distance
from the cylinder surface to the vortex-shedding location in wake,
of a circular cylinder at 𝑅𝑒 = 100 is about 1.0𝐷; where as this
distance becomes 1.5D approximately in the case with a control
rod at 𝑙 = 0.5 as shown in Figure 5c. Because the topology
(stretching) of vortices is closely related to its strength (shear
stresses), it is believed that the presence of a control rod at this
location modulates and minimized the shed vortices and reduced
the amplitude of lift force exerted on the cylinder. On the contrary,
as we place the control rod further downstream 𝑙 = 1.0, it can
be clearly observed 2 facts: (a) shape (stretching) of the shed
vortices is obviously modulated as shown in Figure 5b; (b) the
vortex formation length becomes shorter instead, 1.0D at 𝑙 = 1.0

in Figure 5d. On the other hand, based on the observation in
Figure 3b and Figure 4b, the resultant lift force (red color line)
is stronger than that on the cylinder (the blue color line) in the
case 𝑙 = 0.5 and vice versa in the case of 𝑙 = 1.0. In means that
the shedding of vortices from the control rod is approximately
in-phase with the vortex shedding from the cylinder in the case of
𝑙 = 0.5; whereas it is generally anti-phase in the case of 𝑙 = 1.0.

4.2 Effect of a flapping rod on drag forces
If the control rod is allowed to move and flap in wake at a

particular frequency and amplitude, it is believed that the strength
and shape of the vortices shed downstream are going to be mod-
ulated severely. To study its influence on drag force, the mean
and fluctuation of drag force are defined in Equation (9) and the
results are shown in Figure 6, 7, 8 and 9.

𝐶𝑑 =
1
𝑛

𝑛∑︂
𝑖=1

𝐶𝑑; 𝐶𝑟𝑚𝑠
𝑑 =

⌜⎷
1
𝑛

𝑛∑︂
𝑖=1

(𝐶𝑑 − 𝐶𝑑)2

𝛿𝐶𝑑 =
√

2 𝐶𝑟𝑚𝑠
𝑑 (9)

In vortex shedding, a dimensionless frequency, Strouhal
number (𝑆𝑡), is proposed to describe the vortex shedding fre-
quency in flow over a cylinder. In the canonical case of flow over
a circular cylinder, it was recorded that the frequencies of lift and
drag forces are 𝑆𝑡 = 0.165 and 𝑆𝑡 = 0.33, respectively, where
the frequency of lift force fluctuation is also a manifest of the
vortex-shedding frequency. In this study, the dimensionless fre-
quency describing the flapping dynamics of control rod is defined
as 1/T, where T refers to the dimensionless period of flapping
motion.

By comparing the mean drag force at 𝑙 = 0.5 in Figure 6,
it is found that the value of mean drag forces are insensitive to
the changes in flapping frequency and flapping amplitude: the
mean drag force exerted on the control rod (green lines) are
almost zero and the mean drag force exerted on the cylinder does
not changes obviously. This is expected, as the control rod at
𝑙 = 0.5 is completely encapsulated inside the low-pressure re-
circulation region of the cylinder, the form drag on the control
rod should be negligible in those cases. Nonetheless, in the case
of large flapping amplitude (A ⪆ 0.3), as the flapping frequency
increases, a thrust force is observed on the control rod and the
drag forces on the cylinder increases instead. Two distinct cases
are worth studying: they are 1/T≈ 0.165 and 1/T≈ 0.33, since
they match perfectly with the frequencies of lift and drag forces
of cylinder. It can be noticed that when the flapping frequency
matches that of lift force (1/T≈ 0.165), the mean drag force of
cylinder increases abruptly; on the other hand, when the flapping
frequency matches that of drag force of cylinder (1/T ≈ 0.33),
the mean drag force of cylinder reaches its minimum.

Analogous to the trend in mean drag force of cylinder, by
placing the control rod at 𝑙 = 0.5, the fluctuation of cylinder’s
drag force also increase significantly at 1/T ≈ 0.165 and is
suppressed to its minimum at 1/T≈ 0.33, as shown in Figure 7.
This suppression of fluctuation of drag force is enormous and
almost reaches zero. It means that by flapping the control rod
(at 𝑙 = 0.5) at a frequency of drag force, the fluctuation of drag
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(a) A= 0.1 (b) A= 0.2

(c) A= 0.3 (d) A= 0.4

FIGURE 7: Comparison of drag forces fluctuation for the cases with a flapping control rod at Re = 100 and l = 0.5
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(a) A= 0.1 (b) A= 0.2

(c) A= 0.3 (d) A= 0.4

FIGURE 8: Comparison of mean drag forces for the cases with a flapping control rod at Re = 100 and l = 1
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(a) A= 0.1 (b) A= 0.2

(c) A= 0.3 (d) A= 0.4

FIGURE 9: Comparison of drag forces fluctuation for the cases with a flapping control rod at Re = 100 and l = 1
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(a) A= 0.1 (b) A= 0.2

(c) A= 0.3 (d) A= 0.4

FIGURE 10: Comparison of lift forces fluctuation for the cases with a flapping control rod at Re = 100 and l = 0.5
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(a) A= 0.1 (b) A= 0.2

(c) A= 0.3 (d) A= 0.4

FIGURE 11: Comparison of lift forces fluctuation for the cases with a flapping control rod at Re = 100 and l = 1
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(d) A= 0.2 and T= 3

FIGURE 12: Instantaneous contour of vorticity for the cases at Re = 100, l = 0.5, and τ = 400
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FIGURE 12: Instantaneous contour of vorticity for the cases at Re = 100, l = 0.5, and τ = 400
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FIGURE 13: Instantaneous contour of vorticity for the cases at Re = 100, l = 1, and τ = 400
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FIGURE 13: Instantaneous contour of vorticity for the cases at Re = 100, l = 1, and τ = 400
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force can be suppressed completely. The same conclusions can be
drawn for the cases of a flapping control rod at 𝑙 = 1.0, as shown
in Figure 8 and Figure 9. For instance, the mean drag force of
cylinder is generally insensitive to the flapping frequency and
amplitude, except for the cases of very large flapping amplitude.
When the flapping frequency matches with that of lift force, a
sudden jump of the mean and fluctuation of lift force can be
found; whereas when the flapping frequency matches with that of
drag force, the mean and fluctuation of drag force are minimized.

4.3 Effect of a flapping rod on lift forces

By simply placing a stationary control rod in wake,
Strykowski & Sreenivasan (1990) [28] and Dipankar & Sengupta,
etc. (2004) [30] have found that there is a significant suppression
of lift forces over the cylinder. In this study, we found that by
placing a stationary control at distance 𝑙 = 0.5 or 𝑙 = 1.0 for the
case of 𝑅𝑒 = 100, the lift force can be suppressed by 47%. In this
section, it is found that a further suppression of lift force fluctu-
ation can be achieved by flapping the control rod at a particular
frequency and amplitude.

In this study, it is found that the fluctuation of lift coefficient
of cylinder with a stationary control rod at 𝑙 = 0.5 is about
𝐶𝑙 = 0.17. By allowing the control rod to flap, Figure 10 and
Figure 11 shows that the lift force can be further suppressed if the
control rod flaps at 1/T= 0.33, approximately the dimensionless
frequency of drag force of an isolated cylinder at 𝑅𝑒 = 100.
While flapping at 1/T = 0.33, the suppression of lift force can
reach about 57% in the case of 𝑙 = 1.0. Most importantly, this
remarkable results of lift suppression can be achieved at very
small flapping amplitude A = 0.1 and consumes a very small
amount of actuation energy compared with the setup of flapping
plate. A much better result of lift suppression can be achieved by
flapping the control rod at 1/T= 1.0, in which the efficiency of
lift suppression becomes 61%. This efficiency of 61% in the case
of 𝑅𝑒 = 100, 𝑙 = 1.0, A = 0.1 and 1/T = 1.0 is the best result
that can be found in this study, which is also phenomenal.

The vorticity contour also shows lots of insight of this ac-
tive flow control mechanism. Figure 12 shows the instantaneous
vorticity contour for the case of 𝑙 = 0.5. It can be seen in
Figure 12b, 12e, and 12f that the vortex shedding is effectively
suppressed. Although the flapping control rod is completely
encapsulated inside the low-pressure re-circulation region be-
hind the cylinder, as flapping amplitude increases, the strength or
shape of the shed vortices are significantly modulated, as shown
in Figure 12e, 12f, 12g and 12h.

By placing the control rod further downstream at 𝑙 = 1.0,
where the control rod is partially outside the re-circulation re-
gion, the effect on suppressing vortex shedding becomes more
prominent. While the flapping amplitude A ⪆ 0.2, Fig-
ure 13b, 13d, 13e, 13f, 13g,and 13h show that either the vortex
shedding process is completely suppressed or the strength of shed
vortices are significantly weakened. It is also found that at this
distance, 𝑙 = 1.0, if the flapping amplitude and frequency are
large enough, the separated shear layers from the cylinder are
completely cut off by the control rod in Figure 13e and 13f.

5. CONCLUSIONS
An active flow control mechanism, flapping control rod, was

proposed in this study. The effectiveness of this flow control
mechanism was numerically investigated at low Reynolds. It was
found that by simply placing a stationary control rod at distance
of 𝑙 = 0.5 and 𝑙 = 1.0, the lift force exerted on the cylinder can
be reduced by about 47%. If the control rod is allowed to flap
in wake, the efficiency of lift suppression could reach 61% in
the case of 𝑅𝑒 = 100, 𝑙 = 1.0, A = 0.1 and 1/T = 1.0. The
advantage is that such a significant lift suppression effect can be
achieved at a very small flapping amplitude, which consumes
much less actuation power than the setup of flapping plate. It was
also noticed that fluctuation of both lift and drag were excited at
1/T≈ 0.165, which is about the dimensionless frequency of lift
force; and the fluctuation of both lift and drag were minimized
at 1/T ≈ 0.33, which is close to the dimensionless frequency
of drag force. In particular, the lift force is further suppressed
at a higher frequency 1/T ≈ 1.0, A = 0.1, and 𝑙 = 1.0, until
𝛿𝐶𝑙 ≈ 0.122.
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