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In this paper both numerical and experimental investigations have been carried out to suppress the vortex-induced

vibration (VIV) of a circular cylinder in an electrically low-conducting fluid. The electromagnetic forces (Lorentz forces)

in the azimuthal direction were generated through the mounted electrodes and magnets locally on the surface of the

cylinder, which have been proved having an accelerating effect to the fluid on the surface of the cylinder.

Results

of computations are presented for synchronous vibration phenomenon of a cylinder at Re = 200, which are in good

agreement with previous computational results.

With the Lorentz forces loaded, the VIV of the cylinder has been

suppressed successfully. Experimental results have also shown the same tendency and are in reasonable agreement with

the numerical results.
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1. Introduction

Vortex induced vibration (VIV) of a bluff body
is very common in application and also a challenging
area of fluid mechanics, which continues to present
problems to engineering designers in the fields of
aeronautics, off-shore engineering, civil, chemical and
mechanical engineering. Ever since the beginning
of the last decade, the widespread occurrence of
fluid/structure interaction problems has drawn the
attention of researchers in finding ways to predict,
weaken or even suppress this self-excited vibration.
Over the last few decades, much experimental and
numerical works have been performed on these fluid—
structure vibration problems including forced vibra-
tion and free vibration of a cylinder. In the present
effort, only self-excited vibration problems will be dis-
cussed.

Representative experimental investigations of
VIV of a cylinder have established some important
conclusions.!? For instance, VIV is a self-limiting
process with an upper bound for the amplitude of the
vibrations; the magnitude of the lift force depends on
the vibration amplitude, which itself has some relation
with the reduced damping and the phase difference

between the lift force and the motion of the cylinder.
Recently, using a laser vibrometer and a laser Doppler
anemometer, So et all3! measured the synchronization
phenomenon of a freely vibrating cylinder. Their re-
sults showed that cylinder vibrations have little or no
effect on the mean drag and the normalized mean
field. Bearman and Brankovic/* measured the VIV
of a plain circular cylinder and cylinder fitted with
strakes and bumps. Experiments performed in water
with mass ratio in a range from about 1.5 to 5.5 and
combined mass and damping values between 0.002 and
0.007. They found that the amplitudes of vibration for
cylinders with strakes or bumps were less than those

(5] discussed

for a plain cylinder. Recently, Pan et al
the influence of axial vibration on free surface flows in

an open cylindrical container.

Several different computational approaches have
also been developed to calculate the flow field for
this problem. Using the discrete vortex method in-
corporating the vortex-in-cell (VIC) method, Zhou et
all® described the 2D VIV problem with vorticity-
200. Their re-
sults showed that fluid damping is responsible for a

streamfunction equation at Re =

limit-cycle oscillation behaviour and the cylinder os-
cillations could be as large as 0.57 diameter of the
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cylinder under certain flow conditions and structural
properties. Willden and Graham!” used a first-order
simulation to solve the 2D incompressible Navier—
Stokes (N-S) equations in velocity—vorticity formula-
tion, the Poisson equation relating pressure to velocity
is solved by using the finite element method. Their
presented numerical results for flow-induced trans-
verse vibrations of a rigid two-dimensional low mass
cylinder, elastically mounted with zero damping at a
low Reynolds number (50 — 320), and the oscillatory
frequency was found to be controlled by the fluid via
its added mass. Al-Jamal and Dalton[® performed
a 2D LES calculation of a freely vibration of cylin-
der wake at a Reynolds number of 8000. In spite of
the shortcomings of a 2D representation, their results
showed the expected vibratory response of the cylin-
der and are consistent with experimental values, and
a beating behaviour in the oscillation was observed
which diminished considerably as the damping value
of cylinder was increased.

Investigations on the suppression of VIV have not
been as extensive as VIV studies, and only a few the-
oretical control procedure and experimental methods
have been developed,®1% moreover, it is still a long
way for applying those theoretical control algorithms
practically. On the other hand, passive and active VIV
control methods developed experimentally have shown
some applications background. For example, Owen et
all'% conducted some passive control experiments of
VIV; they use a circular cross-sectional body with a
sinuous axis and a circular cylinder with hemispheri-
cal bumps attached, their results have shown that the
suppression of vortex shedding and drag reduction up
to 47% within a wide range of Reynolds numbers. So
far control of VIV is attracting more interest due to its
applicable importance; our goal is to develop a method
that can suppress the VIV efficiently and also can be
applied practically.

Active control of cylinder wake with electromag-
netic forces applied on the whole surface of the cylin-
der was first developed experimentally and numer-
ically by Weier et all'!l latterly, localized Lorentz
forces with location optimized was developed both ex-
perimentally and numerically.'?13] In present inves-
tigation, the open loop control method, which used
localized Lorentz force as the actuator, was devel-
oped for suppressing VIV of a freely vibrating cylin-
der. This work is an extension of our previous inves-
tigations. In this paper, VIV of a freely cylinder has
been simulated two-dimensionally. The Lorentz force

which was taken as the open loop control actuator, is
applied for suppressing vortex induced vibration prob-
lems. Furthermore, to confirm our computational re-
sults, experiments have also been carried out for both
VIV of a circular cylinder and its suppression with
electrodes and magnets covered along the span of the
cylinder surface. Both our computational and experi-
mental results show that the VIV of a cylinder can be
suppressed successfully at low and moderate Reynolds
number with the use of localized Lorentz forces as the

actuator

2. Numerical analysis

For solving such fluid—structure problems, a gen-
eral technique called the arbitrary Lagrangian-Euler
(ALE) method in conjunction with spectral discretiza-
tion on unstructured grids is used. An alternative and
simple approach is to attach the coordinate system to
the body and solve the N-S equations in a moving

frame of reference.5:14]

In an electrically conducting
fluid, the two-dimensional incompressible N-S equa-

tions can be written as

ov 2 _,
. =— = NF 1
5 +(V-V)V Vp—i—ReV V + , (1)

V-V =0. (2)

Re is Reynolds number, where Re = 2ua/v. o, a,
v denote the free-stream velocity far from the cylin-
der, the cylinder radius and the kinematic viscosity
respectively. N = joBoa/pu?,, denotes the interac-
tion parameter. F' is the dimensionless Lorentz force
which is defined as F' = J x B, where B and J denote
the magnetic induction intensity and current density
respectively. In low conducting fluids like seawater,
etc., the induced electrical current by magnetic field
is too small compared to the current associated with
the electric field, and is thus neglected, thus we have
J = oE, where o is the electric conductivity, and E
refers to the electric field intensity.

Transforming the above N-S equations into
the polar coordinate system, and introducing the
exponential-polar coordinates system (&,7), r = e2¢,
0 = 27, after defining the stream function ¢ and
vorticity {2 as

g—:/; =U, = H/?(u, +7,),

o —

5 Ug = H/*(up +uy),
B la(rue) B laur
T r Or r 00’

£
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where u, and wug is the projection of the velocity V'
in the direction of r, 6 respectively, and H = 4n2e*7¢,
then we can obtain the vorticity—streamfunction for-
mulation of the N-S equations in the transformed sys-
tem of coordinates as

% U N2)  0(Uyf?)
B =3¢ &,
2 (0% 0% 1 /0Fy
= R_6(3—52+8—772) + NH (8—54-271'179), (3)
0%y 0% -

Assume that the cylinder vibration is permitted
only transverse to the freestream direction (y), and
take the cylinder diameter d and free-stream velocity
U as the characteristic length and velocity scales re-
spectively, thus, coupled cylinder vibration equation
can be described in its one-degree of freedom form as

d?Y  drxadY 27\ 2 C
bl R bkl Yy = — 5
az T U dt (U) oM’ (5)

where Y denotes the dimensionless displacement of
the cylinder in the y direction instantaneously, and
Ute is the reduced velocity defined as Uye = oo/ fn,
where f, is the natural frequency of the cylinder. M
is the mass ratio, M = m/pd?, m is the cylinder mass
per unit length, p refers to the flow density, C; de-
notes the lift force coefficient, Cy = Fiy/(pu2.d/2),
and the total lift force Fi, is the projection of total
drag in the y direction, while the total drag is cal-
culated by integrating the pressure and shear stress
along the cylinder body surface.

This coupled fluid—cylinder problem is solved
by the following strategy. At each time step,
the vorticity-streamfunction and vibration equations
are solved independently to decouple their solu-
tions. While the vorticity-streamfunction equations
are solved, the aerodynamic lift force acting on the
cylinder can be obtained. The lift force is then an
input to the vibration solver which predicts the posi-
tion of the cylinder vibration and velocity of the cylin-
der responding to the fluctuation of lift force. Once
the position of the cylinder is determined, this new
cylinder position and velocity will be used as updated
boundary conditions for next time level calculation.
The flow is considered two-dimensional flow at infin-
ity. The impulsive start is simulated by using potential
flow as initial condition except on the surface of the
cylinder where the absence of slip boundary condition
applied.

The vorticity transport equation (3) is solved
firstly with the use of Alternative-Direction Implicit
algorithm, and the accuracy of the numerical scheme is
second order in space and first order in time. Stream-
function equation (4) is a Poisson equation which
can be integrated by means of a fast Fourier trans-
form algorithm. Detailed descriptions can be found
in Ref.[13]. Lastly, the vibration equation is solved
by using the three-order Runge-Kutta method, which
can be easily found in the literature.

3. Numerical results and discus-
sion

Numerical results for all of our simulations are
chosen at Reynolds number Re = 200 with the compu-
tational step A¢ = 0.004, n = 0.002 and At = 0.005.
The cylinder is assumed to vibrate freely only in the
cross-flow direction and the mass ratio is chosen to be
equal to 1.

3.1. Vortex induced vibration of a cylin-
der

In a structure damper system, when the forcing
frequency is close to the damped natural frequency,
the structure oscillates at the forcing frequency and
the maximum response amplitude known as resonance
(or synchronization) occurs. To obtain a significant
VIV response in our simulation, we tune the natural
frequency of the cylinder vibration close to the fre-
quency of the vortex shedding. The fixed-cylinder
vortex shedding frequency can be used to estimate
this. Based on our computational results, the Strouhal
number corresponding to the dominant frequency of
the lift variation is 0.183. The Strouhal number is de-
fined as S; = f4/uc0, where f is the vortex shedding
frequency evaluated from simulation.

The cylinder was assumed initially free to vibrate
in the transverse direction and a self-limiting process
with an upper bound for the vibration amplitude with
respect to the mass damping parameter was also ob-
served. Table 1 shows that the overall agreement with
the calculated data obtained in our simulations is com-
parable to that in Refs.[15 — 20]. In Table 1, for a
VIV of a circular cylinder at Re = 200, many sim-
ulation methods have been developed such as finite
volume method,*® finite difference method, 6 vortex
method (%8 and finite element method,'719:2% which
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give a value of average Cy ranging from 1.17 to 1.476
and Sy varies from 0.162 to 0.20. In addition, C{ in
Table 1 is the root mean square (rms) value of lift coef-
ficient which varies from 0.219 to 0.54. The obtained
present results are slightly higher than the average
value of theirs and within a reasonable area.

(b)

Fig.1. Typical vortex pattern of our computational re-
sults for a circular cylinder at Re = 200. (a) A stationary
cylinder; (b) VIV of a free cylinder.

Figure 1 displays the comparison of our calcu-
lated vortex pattern of a stationary cylinder and a
VIV of free vibration, which are also comparable to
those of our experimental results (Figs.7(a) and 7(b)).

Changes of vortex pattern of the cylinder during vi-
bration can be seen in Fig.2 at almost one cycle.

t =207

Fig.2. Vortex pattern of a vibrating cylinder at different
position. The cross (4) corresponds to the initial location
of the cylinder centre.

Table 1. Comparison of our results with other calculated results.

Cy cf St
Finite volume method (Braza et al['?], 1986) 1.35 0.54 0.2
Upwind difference scheme (Rogers et al[*%], 1990) 1.29 0.46 0.185
Finite-element method (Li et all17], 1991) 1.17 0.35 0.180
Random vortex method (Stansby and Slaouti ['8], 1993) 1.317 0.248 0.166
Vortex-in-cell method (Zhou et al(®! 1999) 1.476 0.219 0.162
Finite element method (Meneghini et al[19 2001) 1.30 0.47 0.196
Finite element method (So et al(20]) 2003) 1.333 0.431 0.180
Average of all above 1.319 0.388 0.181
Present results 1.345 0.44 0.183

3.2. Suppression of VIV of a cylinder

When localized Lorentz forces are used, their pre-
cise location is critical in the effectiveness of suppress-
ing flow separation. It is known that if the actuator
is located too far from the separation point on the
surface of the cylinder, suppression could not be ob-
tained. Since the uncontrolled flow is at Re = 200,
the separation point on the cylinder is at about +£110°
from the front stagnation point. We have selected the
location of our actuators slightly upstream of the sep-

aration point, which is at 95° < || < 175° from the
stagnation point, and successfully suppressed the vor-
tex shedding of a stationary cylinder. However, for
a freely vibrating cylinder, we found that the active
area of the Lorentz force should be extended, which
was chosen at 90° < || < 175° from the stagnation
point. The interaction parameter N for the control
was chosen to N = 2.5 in our computation. The con-
trol is applied at time ¢t = 300 when the flow is in its
well-developed VIV region. Time evolution of vortex
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patterns for the same flow after the open loop control
applied was shown in Fig.3. Time history of the drag,
lift coefficients and vibration amplitude of the cylin-
der for the open loop control are shown in Figs.4 and
5 respectively.

t =320

t =340

Fig.3.
pression of the VIV. The Lorentz force is applied at time

Instantaneous vortex pattern showing the sup-

t = 300 and successive times. The cross (+) corresponds
to the initial location of the cylinder centre.

It is evident that our open loop control method
has modified the flow significantly. When there is no
Lorentz force loaded, the flow is unsteady and shows
the characteristic features of the Von Karman vortex
street (Fig.2). When the Lorentz force is applied, no
more large vortices appear except tat the last pair
of vortices shed away from the cylinder and the flow
separation region is diminished greatly; at the same
time, the amplitude is also suppressed largely (Fig.5).
After a period of time, the vibration of cylinder sup-
pressed fully and oscillations downstream vanished
finally. The vorticity lines behind the cylinder be-
The whole flow
becomes almost symmetric with respect to the centre-
line (Fig.3, t = 340).

The time history of the force coefficient and am-

come flat, straight and horizontal.

plitude of cylinder also show that the suppressive ef-
fect of open loop control turned on. Before the con-
trol, the lift oscillates with a frequency of about 0.092
which is the same as the vibration frequency of the

cylinder, and the drag force frequency is double of
that. After the control, all their oscillations become
weak, and finally disappear fully (Figs.4 and 5).

15
1.0 F

0.5 |

Force coefficient

_1.5:‘|..“|‘...|.‘..

Time
Fig.4. Time history of the drag and lift force coefficients.

Based on our simulation, by using open loop con-
trol method, to fully suppress the VIV of a cylin-
der will cost more time and energy than that of vor-
tex shedding in comparison with Ref.[13], which also
means that it is more difficult for controlling VIV
problems than for the vortex shedding of a station-

ary body.
0.6 ;
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= :
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Fig.5. Displacement of the free cylinder before and after
open control is applied.

4. Experimental approaches

Experiments were performed in the mixture of
copper sulphate (CuSO,4) and water which has almost
the same density and conductivity of seawater. The
colour of the solution is blue, so a marker in which is
required to be dissolved. Furthermore, the matched
density of the solution needs to be chosen for flow
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visualization, in our experiments, Potassium perman-
ganate (KMnO4) was selected which gives a dark vi-
olet marker. A schematic image is shown in Fig.6.

Fig.6. Schematic image of the experimental set-up

To achieve low damping of the cylinder, a long
metal sheet was used to mount the cylinder working

(a)

as a pendulum and the length of the pendulum can
be adjusted to make the synchronization phenomenon
occur. The vibration of the attached cylinder is trans-
verse of the flow and predominantly in the horizontal
At the top end of the sheet metal, a strain
gage sensor was installed for showing the vibrating

plane.

amplitude. The magnitude of the exporting signal is
proportional to the cylinder amplitude. The circular
cylinder was covered with electrodes and magnets N,
+, S, —, etc. along the span of the cylinder whose
role was to create a Lorentz force symmetric with re-
spect to the flow centreline and parallel to the body
surface. Details of relative facilities and experimental
techniques used in our experiments can be found in
our published correlative references.

(1) (c)

Fig.7. Visualized images illustrating the differences of vortex formation among (a) a stationary cylinder; (b) VIV of a

cylinder; (¢) Suppression of VIV with Lorentz force.

03 F

0.2 E: ’e Lorentz force acting area 4)‘
i) E
o E
20 E
n
&
& H
0 E
= F
= E
b} E
a -
-0.2 F
03 F
E . . [
50 100 150
T/T*

Fig.8. Signal of strain gage sensor showing the suppres-
sion of VIV.

Flow visualization of the vortex pattern for differ-
ent conditions, (a) a stationary cylinder, (b) VIV of a
cylinder and (c¢) suppression with Lorentz force were
taken and displayed at Reynolds number of almost
1200. For a stationary cylinder (Fig.7(a)) the shear

layers and the vortex roll-up are clearly visualized as
well as a Von Karman vortex street behind the cylin-
der. However, when the cylinder is in synchronized
motion (Fig.7(b)), the vortex pattern is similar to the
classical wake pattern behind the stationary cylinder
but the vortices will be a little far to the wake axis
as they propagate downstream. When the actuators
(Lorentz forces) on the cylinder surface were triggered
(Fig.7(c)), just like our computational results, no more
large vortices appear, and the vortex behind the cylin-
der shows weaker strength than the other two cases.
Figure 8 shows the typical time histories of strain gage
signal during suppression. It is clear that a drastic
change occurs after the Lorentz force is added, the
amplitude drops from a maximum of 0.07 in the ab-
sence of the Lorentz force to about 0.012 after being
acted, about 83% attenuation. Furthermore, the sig-
nal after the addition of Lorentz force is significantly
less periodical than free vibration. It is clear that the
Lorentz force has a suppression effect to VIV.
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5. Conclusions

VIV of a circular cylinder has been investigated
at the Reynolds number of Re = 200. The transfor-
mation coordinates has been attached to the cylinder,
which allows us to solve this fluid/structure problem
in a loosely coupled algorithm. The calculated re-
sults can be comparable to other existing numerical
results. Numerical computation has also performed
with Lorentz force acted locally on the rear surface

of the cylinder in an electrical low-conducting fluid.

Furthermore, experiments were also carried out to in-
vestigate the suppression effect of the Lorentz force in
the mixture of copper sulphate (CuSO,) and water,
which was trying to maintain almost the same condi-
tions as those of numerical investigation. Both our nu-
merical and experimental results for open loop control
of VIV of a cylinder show that even with the Lorentz
force generated locally with the separation point in-
cluded on the surface of the cylinder, VIV of the cir-
cular cylinder can be suppressed successfully.
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