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Abstract. A closed-loop control algorithm has been developed for suppressing the vortex shedding
of flow past a circular cylinder in an electrically low-conducting fluid (e.g. seawater). The intent is to
avoid both vortex shedding and flow separation from the body, which is achieved through the
introduction of localized electromagnetic forces (Lorentz forces) generated by an array of permanent
magnets and electrodes on the surface of the circular cylinder. More specifically, the closed-loop
control has been derived from the equations capable of determining at all times the intensity of the
Lorentz force in order to control the flow. This is accomplished first, independently of the flow (open

loop algorithm) and second, based on some partial flow information measured on the surface of the
solid body.

1. Introduction

Vortex shedding of an isolated circular cylinder is an important and very well investigated
benchmark problem in fluid mechanics !'!. Due to its academic interest and practical importance, in
which the mechanism involved is essential to the flow-induced vibrations, fluid/structure interaction
phenomena and acoustic noise in many situations, it also remains one of the most investigated and
best understood bluff body wake problems. Many investigations have so far been concentrated on
suppressing vortex shedding from bluff bodies ), with the using of splitter plate, rotary oscillation
of cylinder, insertion of additional vortices etc., in order to achieve turbulent boundary layer control,
transition delay and drag reduction.

In an electrically conducting fluid (such as sea water), it is possible, through the motion of a
conducting material in a magnetic field, to generate an electromotive force and cause an electric
current of density to flow. The current induces its own magnetic field and organizes a volume force
distribution inside the fluid. The induced currents, together with the external magnetic field, generate
a Lorentz force, which, in turn, influences the fluid flow. The main advantage of the control strategy
for electrically conducting fluids is that the Lorentz force acts on a volume of the flow, and it may be
possible to tune the force to act only in specific regions of the flow. Many techniques using electric
and magnetic fields have been proposed in weakly conducting fluids **). Although many
experiments and numerical analyses have been carried out for such MHD and EMHD flows, little is
known about the instability and transition scenarios except for the general belief that magnetic fields
have a damping influence. Furthermore, there has not been any investigation on the design of flow
control based on some instantaneous flow information for these flows. The purpose of this research is
to develop a closed-loop control algorithm for manipulating wake flows past a fixed cylinder at
Re=100 in an electrically low-conducting fluid. Our goal is to avoid flow separation from the surface
of the body and fully suppress the vortex shedding behind the circular cylinder.

2. Governing Equations and Numerical Method

The Lorentz force in an electrically conducting medium of conductivity o can be written by the
vector product of the electric current j with the magetic field B, F=jxB. The current density j is given
by Ohm’s law j=c (E+uxB). In low-conducting fluids like seawater, the induced electrical current
j=o UxB, are generally too small to produce any noticeable effect compared to the current associated
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with the electric field, and is thus neglected. The Lorentz force then reduces to F=o ExB, which has a
streamwise component only. Consider an incompressible electrically conducting viscous flow
governed by the time-dependent N-S equations and the continuity equation:
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ot ( ) P Re (1)
V-V=0 (2)
Where Re = 2u,a , N= / OBga . N denotes the interaction parameter; F refers to the dimensionless
v pu,

Lorentz force. The applied electrical current density j, = oE,, EO denotes the electric field and BO is
the magnetic field.
Introducing the exponential-polar coordinates system (£,7),r = e**,0 = 2zn , and defining the stream
function y and vorticity Q as Y - U, = H%u,,—a—w =U, = H%ug,Q _10Gru,) 1 0u, , where u andu, and
on o& r or r 06
u, 1s the projection of the velocity V in the direction ofr,& respectively, and H =4z’¢** .Then the

conservative equations can be written as
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Except on the surface of the cylinder where the absence of slip is imposed, the flow is considered

2

potential initially. For initial condition, t=0, on the cylinder surface ¢=0, y =0, Q= —%%; away

from the cylinder surface, & >0,y =-2sh(22&)sin(2277) , =0 . The boundary condition consists of the
no-slip boundary condition on the surface, and the potential flow at the outer boundary of the domain.

2
So, on the cylinder surface é=0 , w=0, Q:—%%

;away from the surface & = &
v =-2sh(2n&)sin(2zn), Q=0.

The numerical method consists of an Alternative-Direction Implicit (ADI) algorithm for the
vorticity transport equation (3) and Fast Fourier Transform (FFT) algorithm for the (streamfunction
equation) Poisson equation (4). An adaptive scheme is also developed in order to increase the
efficiency of our numerical code. This scheme consists of moving the boundary used for the vorticity
transport equation further away from the body as the vorticity is transported outward.

For a unit length of cylinder, the total force acting on the body can be obtained by integrating the
pressure and shear stress along the body surface, while the pressure drag can be obtained from the

integration of pressure along the cylinder surface. Assuming the flow moves in x direction, defining

. . F E' F)x
the drag, lift and pressure drag coefficients as C, =—%—, C,=—>—, C,, =—=-.Where F, and F, are
pua puia e pula o v

the projections of the total drag in x and y direction respectively and F,_ is the projection of pressure

drag in x direction.

3. Procedure

One novel closed-loop control procedure for manipulating vortex shedding behind the circular
cylinder is developed using the same actuators as Weier et al " There is obviously a close relation
between vortex shedding and flow separation on surface of the cylinder. When the vortex shedding
takes place, the separation point moves along the surface of the cylinder. From Ref. [8, 9], we know
that the suppression of flow separation can suppress vortex shedding and lead to a steady flow
solution. It seems, therefore, appropriate to base our sensor on detecting flow separation. Since the
flow separation point ¢ is identified as the location where the shear stress on the surface of cylinder
is zero, and shear stress is proportional to the vorticity, thus, the separation point can be also
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identified as a zero-vorticity point. One effective closed-loop control algorithm for manipulating
wake flows is developed here, based on the detection of the flow separation point on the surface of
cylinder body. The interaction parameter N (actuator) has been chosen to make the total pressure drag

10Q) .
! jo gsm(Zﬂn)dr]

coefficientC,, =0. That isN =- . The control switch has been turned on in the

7R, jol F, sin(2zn)dn

following manner. When the absolute value of the vorticity at a point on the rear surface of the
cylinder decreases below a certain thresholds (& >0), expressed as|Q|< &, the actuator is turned on.

Following are the numerical results have been described by using this technique.

The electro-magnetic forces are applied at t=500, which means that the flow has been well
developed before the control. Numerical results for control algorithm are at Re=150 with the
computational step A £=0.004,, =0.002 and At=0.005. Fig.1 is the instantaneous streamlines, which
shows the stabilization process of vortex shedding by our developed closed-loop control. It is clear
that our control strategy has a significant effect on the flow. During the initial period, vortex shedding
persists but weakens. After this initial period, vortex shedding disappears completely leading to a

steady reattached flow.
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Fig.1 Flow streamlines showing the stabilization of vortex shedding by the closed-loop control.
Control starts at time t=500
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Fig.2 Time history of the drag, lift and pressure drag force coefficient with the closed-loop control
technique. Control starts at t=500.

Figure 2 displays the time history of values of the drag, lift and pressure drag force coefficients.
The pressure drag and lift coefficient are successfully reduced to almost zero, while the total drag
coefficient became a small constant under the action of control. Figure 3 shows the time history of the
interaction parameter. After the time when the control algorithm is switched on, the interaction
parameter first fluctuates and then becomes stable.

Figures 4 and 5 show the vorticity and pressure coefficient distributions along the cylinder surface.
The angle 6 is defined form the front to the rear stagnation point of cylinder. In particular, the
vorticity distribution in Fig.4 shows that the separation is suppressed with the application of Lorentz
force and that the vorticity on the surface of the cylinder is increased compared with that of the
uncontrolled flow. This is due to the fact that the fluid is accelerated by the Lorentz force and that the
shear stress on the surface of the cylinder is increased. Likewise, the pressure distribution decreases
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under the influence of the Lorentz force along the actuation area, while it increases at the rear
stagnation point due to the reduction of the recirculation region.
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Fig.3 Time history of the interaction parameter for the flow controlled with the closed-loop control
technique. Control starts at time t=500.
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Fig.4 Vorticity distribution along the surface of the cylinder with various interaction parameters
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Fig.5 Pressure distribution along the surface of the cylinder with various interaction parameters

4. Summary

Closed-loop control procedures targeting zero pressure drag coefficient was developed and
applied successfully for the suppression of vortex shedding behind a circular cylinder at Re=150. The
location of sensors was limited to the surface of the cylinder and to the measurement of the wall shear
stress. The location of the actuators was determined by the information fed by the sensors, the
intensity of the Lorentz force was calculated from the requirement of zero pressure drag. After a
relatively short time with the control switch turned on, vortex shedding is fully suppressed and the
flow becomes stable.
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