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Numerical study of the effect of periodic jet excitation
on cylinder aerodynamic instability
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Abstract. Numerical simulations based on the ALE finite element method are carried out to exa
the aerodynamics of an oscillating circular cylinder when the separated shear flows around the c
are stimulated by periodic jet excitation with a shear layer instability frequency. The excitation is a
to the flows from two points on the cylinder surface. The numerical results showed that the exc
with a shear layer instability frequency can reduce the negative damping and thereby stabili
aerodynamics of the oscillating cylinder. The change of the lift phase seems important in stabilizi
cylinder aerodynamics. The change of lift phase is caused by the merger of the vortices induced
periodic excitation with a shear layer instability frequency, and the vortex merging comes from the
growth rate, the rapid increase of wave number and decrease of phase velocity for the periodic ex
in the separated shear flows.

Key words: ALE; aerodynamic instability; circular cylinder; finite element method; periodic excitati
separated shear layer; shear layer instability; vortex-induced vibration.

1. Introduction

It is known that the vortex-induced vibration of an elastically supported body in a flow is ca
by the interaction between the body motion and the unsteady separated shear flows arou
These flows are aerodynamically unstable and hence sensitive to the external disturbances 
acoustic excitation. Nishioka et al. (1990) reported that strong velocity fluctuations induced 
acoustic excitation in the shear flow around an airfoil can suppress the flow separation from the
airfoil surface. Similar acoustic excitation techniques have been applied to control the sep
shear flow around an airfoil (Ahuja et al. 1983, Ahuja and Burrin 1984, Zaman et al. 1987, Hsiao et al.
1990, Zaman and McKinzie 1991, Zaman 1992) or to change the flow characteristics around a
stationary circular cylinder (Peterka and Richardson 1969, Okamoto et al. 1981, Hsiao et al. 1989,
Zobnin and Sushchik 1989, Hsiao and Shyu 1991, Sheridan et al. 1992). These studies show tha
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the acoustic excitation with the shear layer instability frequency (fSL) (Bloor 1964) is most effective
in controlling the separated shear flows around a body. This type of excitation is mostly unsta
and can therefore produce strong velocity fluctuations in the separated shear flows.

The previous experimental study conducted by the authors (Hiejima et al. 1995, 1996) has shown
that stimulation of separated shear flows around a circular cylinder by acoustic excitation suppres
the vortex-induced vibration if the excitation has the frequency of fSL, which was much higher than
the Karman vortex-shedding frequency. In a previous numerical study (Hiejima et al. 1997), where
the periodic jet excitation applied from a cylinder surface was employed for stimulating the shear
flows, the excitation with fSL is most effective in changing the surrounding flows due to its h
growth rate in the shear flows. However, the suppression mechanism of the vortex-induced vi
by the periodic excitation with a frequency of fSL is still not clarified.

The purpose of this study is to examine the effect of periodic jet excitation with fSL on cylinder
aerodynamic instability through numerical simulations. The suppression mechanism of vort
induced vibration is also addressed. In order to simulate the incompressible viscous flow aro
oscillating rigid cylinder, we employed a finite element method based on the arbitrary Lagrangia
Eulerian (ALE) formulation (Nomura et al. 1992, Nomura 1993, 1994).

2. Computational method

2.1. ALE description of the Navier-Stokes equations

The ALE formulation is based on a mixture of the classical Lagrangian and Eulerian description
motion of the mesh for the fluid analysis is prescribed corresponding to the cylinder motion. The N
Stokes equations based on ALE formulation with an incompressibility constraint are expressed as f

(1)

(2)

where ρ is the density, ui is the material velocity,  is the mesh velocity to describe me
motion, τij is the stress tensor, fi is the body force. The convection velocity is replaced with t
velocity  relative to the mesh velocity . The stress tensor τij  is given as

(3)

where p is the pressure and µ is the coefficient of viscosity.
The finite element equations were obtained by applying the streamline upwind/Petrov-Ga

method (Brooks et al. 1982) to the two-dimensional ALE Navier-Stokes equations with bilin
quadrilaterals for velocities and piecewise constants for pressure. In general, two-dimen
simulations of the flows around a body show slightly different results from three-dimens
simulations or wind tunnel experiments. However, the previous numerical study (Hiejima et al.
1997) has demonstrated that the two-dimensional simulation results agree qualitatively with the
experimental results (Hiejima et al. 1995, 1996) for the effects of the periodic excitation on t
flows around a circular cylinder and the vortex-induced vibration characteristics.

ρ
∂ui

∂t
------- ρ uj ûj–( )
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The finite element equations of motion and continuity are written as follows :

(4)

(5)

where M and G are the mass and gradient matrices.  accounts for convection
viscosity. M, N and G are time dependent. a, v, , p and f are the acceleration, material velocity
mesh velocity, pressure and force vectors, respectively.

2.2. Boundary conditions and finite element mesh

Fig. 1 shows the boundary conditions of the fluid domain, the material properties of the
and the parameters of the circular cylinder. The approaching flow velocity U is set at 26.4 cm/sec
and the Reynolds number Re based on the cylinder diameter D is equal to 2000. A preliminary
computation of the flow around the stationary cylinder has revealed that the Karman vortex-sh
frequency fS is equal to 0.55 Hz, which corresponds to a Strouhal number of about 0.21
agrees well with some other experimental results (Blevins 1990, Naudascher and Rockwell 

Fig. 2 shows the finite element mesh. The ALE portion of the mesh is restricted to the s
region around the cylinder, and the remaining part is left as Eulerian. The mesh velocities are equal
to the cylinder velocity on the cylinder surface and zero on the external boundaries. They
linearly in the region surrounded by the cylinder surface and the external boundaries. The number

Ma N v v̂–( )v Gp–+ f=

Gtv 0=

N v v̂–( )
v̂

Fig. 2 Finite element mesh

Fig. 1 Boundary conditions
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finite element mesh cells used for the fluid domain is 13754, and the thickness of the mesh 
cylinder surface is 0.005D. 

The predictor-corrector method (Brooks et al. 1982, Hughes 1987, Nomura et al. 1992) is
employed for the time integration of the finite element equations, and the nondimensiona
integration interval is set to 0.01.

2.3. Periodic jet excitation

The periodic jet excitation (Hiejima et al. 1997) for stimulating the separated shear flows is
applied at two points of the cylinder surface, and then treated as a velocity boundary condition
(Fig. 3). The angle φex between the upstream stagnation point and the periodic excitation poin
fixed at 80o, which is close to the separation point. The fluctuating velocity vex of the periodic
excitation may be expressed as follows :

(6)

where Uex, fex and θex represent the amplitude, the frequency and the phase of the periodic excition,
respectively. The excitation is defined as symmetric excitation when θex are equal at the two excitation
points, and as antisymmetric excitation when θex at one excitation point is 180o prior to the other.

Bloor (1964) measured shear layer instability frequencies fSL of the separated shear flows around a circu
cylinder for various Reynolds numbers, and the regression curve of the experimental data is give

(7)

where fS is Karman vortex-shedding frequency and Re is Reynolds number based on the cylind
diameter. Then fSL= 4.45 fS for Re= 2000, and fex was set at this shear layer instability frequenc
The strength of the excitation was set at

(8)

where qex,rms indicates the r.m.s. value of the flux produced by the periodic excitation, and ∆s is the length

vex Uex 2πfext θex+( )sin=

fSL

fS

------- 0.1 Re=

Cq

qex rms,

UD
----------------

Uex s∆
2 UD

------------------ 0.6 %( )= = =

Fig. 3 Periodic jet excitation
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of the mesh side where the periodic excitation is located. Although the analysis for the periodic ex
with Cq = 1.2% was also conducted, the results were qualitatively identical with those for Cq= 0.6%.

2.4. Compatibility conditions between fluid variables and cylinder variables

Fluid variables on the cylinder surface must be constrained by cylinder variables such that :

(9)

(10)

where aγ and vγ represent the acceleration and velocity of the fluid on the cylinder surf
respectively.  is the acceleratin vector of the cylinder.  is the velocity vector of the cylinder.
The transformation matrix T is derived from the geometrical relations between the center of gravit
the cylinder and the nodal coordinates of each node on the cylinder surface (Nomura et al. 1992).

For the specified two nodes where the periodic excitation is applied, the compatible cond
(9, 10) are replaced by

(11)

(12)

where aex and vex  are the acceleration and velocity vectors of the excitation, respectively.

3. Results and discussion

3.1. Effects on aerodynamic damping

In order to investigate the effect of the periodic jet excitation with a frequency of fSL on unsteady
lift force, we simulated the flow around an oscillating circular cylinder. The cylinder oscillatio
prescribed in the across-flow direction. The amplitude z0 of the cylinder displacement is kept at 0.2D, and
the nondimensional frequency fc

* = fc D / U of the cylinder oscillation is varied from 0.19 to 0.28.
The unsteady lift force L(t) of the oscillating cylinder is decomposed into LR(t) and LI (t), which

are proportional to the cylinder displacement and the cylinder velocity, respectively. Th
coefficients of these components are obtained as

(13)

(14)

where zc( t ) is the cylinder displacement and  is the cylinder velocity.
Fig. 4 displays the component CLI when no excitation, symmetric excitation or antisymmet

excitation is applied. When no excitation applied, over f c
* = 0.19~0.23, CLI has a positive value. This

means the cylinder has a negative damping and is therefore aerodynamically unstable.
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When the symmetric or antisymmetric excitation is applied, due to the reduction of CLI over this
cylinder frequency range, the cylinder becomes more stable than the case of no excitation.

In order to investigate the main cause of the reduction of CLI due to the periodic excitation, we
analyzed the lift phase lag βL relative to the cylinder displacement and the absolute value 
the lift coefficient. These parameters are obtained by

(15)

(16) 

and then CLI can be expressed as

(17)

Over fc
* = 0.19~0.23, where CLI was reduced by the periodic excitation, for both symmetric a

antisymmetric excitation βL is higher and moves further from 90o than the case of no excitation (se
Figs. 4 and 5). According to Eq. (17), this phase precedence of lift has a reducing effect oCLI ,
and is consistent with the reduction of CLI in Fig. 4. However,  is not necessarily reduced by t
periodic excitation in the same cylinder frequency range (Fig. 6) and hence not consistent w
result in Fig. 4. Consequently, these results tell us that the reduction of CLI probably results from a
change of βL rather than a reduction of .

The time histories of the unsteady lift for fc
* = 0.21 demonstrate also the phase precedence of lift du

the excitation (Fig. 7). Moreover, this figure tells us that the phase precedence of lift occurs intermittently.
This intermittency of the lift phase precedence was also observed at some other cylinder frequencies.

3.2. Change of flows around the cylinder

Fig. 8 presents the instantaneous vorticity contours at the same phase of cylinder oscillatio
f c

* = 0.21. The shear flows just behind the cylinder oscillate in the across-flow direction and just
move downward in these figures. When the symmetric or the antisymmetric excitation is ap
the shear flows are inclined downward compared to those of no excitation. This means the phase

CL

βL tan 1– CLI CLR⁄( )=

CL CLR
2 CLI

2+=

CLI CL sinβL=

CL

CL

Fig. 4 Lift coefficient proportional to cylinder velocity
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shear flow oscillation for the symmetric and antisymmetric excitation are prior to the phase for
excitation, which leads to the phase precedence of lift. It is also found that strength of the sh
flow oscillation behind the cylinder was not changed significantly by the periodic excitation. T
results about the phase and the strength of shear flow oscillation qualitatively agree with Figs. 5 an

Fig. 9 shows the behaviour of the vortices induced by the symmetric and antisymmetric exc
in the separated shear flows. As shown in a series of figures, two vortices induced by the excitation

Fig. 5 Phase lag of unsteady lift Fig. 6 Absolute value of unsteady lift

Fig. 7 Phase precedence of lift by periodic excitation

Fig. 8 Phase precedence of shear flow oscillation by periodic excitation
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merge and become a larger vortex in the upper shear flow. Such vortex merging was found to
frequently and affect the heaving motion of the shear flow oscillation. Accordingly, these vo
seem to cause the phase precedence of shear flow oscillation.

3.3. Relation to shear layer instability 

The vortices induced by the periodic excitation come from the enhancement of fluctuation by the
shear layer instability. The shear layer instability can be theoretically evaluated by applying 
linear stability analysis (Gaster 1965, Michalke 1965, Nishioka et al. 1990) to the mean velocity
distribution of the shear flow around a body. The stability calculation is made on the bas
Rayleigh equation by assuming parallel flow.

The mean velocity distributions of the shear flows near the cylinder surface are selected 
basic flow for the stability calculation (Fig. 10). These distributions were obtained from the previous
numerical simulation (Hiejima et al. 1997) at the angle θ = 61o ~ 94o from the down-stream stagnatio
point. The calculation made is of the spatially growing type, and the results for the Bloor’s shea
instability frequency of 4.45 fS are shown in Fig. 11, compared to the frequency of fS. In these
figures, −α i and αr are the eigenvalues (growth rate and wave number), and cr (=2πf/αr) is the phase
velocity, respectively. 

Fig. 11(a) confirms the high growth rate for 4.45 fS in the separated shear flows around th
cylinder. Then the periodic excitation with the Bloor’s shear layer instability frequency is enhanced
due to its high growth rate and generates discrete vortices in the shear flows. Furthermore, the ra
increase of wave number and decrease of phase velocity for 4.45 fS near 60o~ 70o in Figs. 11(b)(c)
confirm the decrease of the distance between the vortices with the frequency of 4.45 fS and the
decrease of the convection velocity of these vortices. Accordingly, these results imply the fre
occurrence of the merger of the discrete vortices induced by the periodic excitation with the B
shear layer instability frequency behind the cylinder (see Fig. 9).

Fig. 9 Merger of the vortices induced by periodic excitation in the shear flow
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4. Conclusions

The effect of periodic jet excitation with a shear layer instability frequency on cylinder aerodyn
instability has been examined by using the ALE finite element method. The periodic excitation, 
was applied from the cylinder surface, stimulated the separated shear flows around the cylind
numerical results showed that the periodic excitation with a shear layer instability frequency can reduc
the negative damping and thereby stabilize the aerodynamics of the oscillating cylinder. The chang
lift phase, which is caused by the merger of the vortices induced by the periodic excitation, 
important in stabilizing the cylinder aerodynamics and then suppressing the vortex-induced vibratio
linear stability analysis indicated the high growth rate, the rapid increase of wave number and dec
phase velocity for the fluctuation with the shear layer instability frequency in the separated shear
This instability generates discrete vortices by applying the periodic excitation with the shear
instability frequency and causes the merger of these vortices frequently, thereby changing the lift p

Fig. 10 Mean velocity distributions near the cylinder surface

Fig. 11 Shear layer instability for the Bloor’s frequency
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