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Abstract In this paper, the effects of Lorentz force on drag
reduction for a circular cylinder have been studied experi-
mentally and numerically. Based on its effects on drag reduc-
tion, the Lorentz force is found to be classified into two parts:
one acts directly on the cylinder, named as the wall Lorentz
force, and the other called the field Lorentz force acts on the
fluid inside the boundary layer. The wall Lorentz force leads
to the generation of a thrust, whereas the field Lorentz force
results in drag increase. Since the former dominates the drag
variation, the drag would reduce accordingly and even turn
into negative (thrust) with the application of Lorentz force.

Keywords Cylinder wake - Flow control - Lorentz force -
Electromagnetic control

1 Introduction

It is well known that a flow past a bluff body may induce
the undesirable vortex street behind, at the same time it may
causes fluctuation in cylinder drag and lift forces, structural
vibrations and acoustic noise. There are many control meth-
ods and technologies developed to suppress such phenom-
ena [1-4]. Electromagnetic control of flow separation is con-
sidered to be one of the most practical approaches. It utilizes
the generation of Lorentz forces in an electrically conducting
fluid (such as seawater) to affect the fluid in the vicinity of
the electromagnetic field [5-8].

So far, many investigations have been performed for
electromagnetic control of the flow past a circular cylinder.
Crawford and Karniadakis [9] applied direct numerical simu-

H. Zhang - B.-C. Fan (X) - Z.-H. Chen - Y.-L. Li

Science and Technology on Transient Physics Laboratory,
Nanjing University of Science and Technology,

210094 Nanjing, China

e-mail: bcfan@mail.njust.edu.cn

@ Springer

lation to investigate the effects of Lorentz force for the con-
trol of flow separation, and their results showed that the
Lorentz force could indeed eliminate the vortex shedding.
Weier et al. [10] presented both experimental study and nu-
merical calculations on active open loop control of the flow
around a cylinder by means of electromagnetic forces. A cir-
cular cylindrical test body was covered with electrodes and
magnets which were used to create a Lorentz force parallel to
the body surface, and the suppressive effect of Lorentz force
on flow separation and Karman vortex streets was confirmed.
Kim et al. [11] discussed the drag reduction effect in the cov-
erage regions of electro-magnetic actuators. Using the same
method of Karniadakis’, Posdziech and Grundmann [12] in-
vestigated numerically the control of seawater flows over a
circular cylinder. Based on two-dimensional simulations of
N-S equations in the range 10 < Re < 300, they showed that
the Lorentz force could stabilize the flow, and the cylinder
drag depended strongly on the geometry of the electromag-
netic actuators and their locations at the cylinder surface. In
addition, both experimental and numerical investigations on
the control of cylinder wake with Lorentz forces were per-
formed by our research group, the open control, closed-loop
control and optimal control methods were developed to im-
prove its control efficiency [13-16].

However, many experimental and numerical studies
were concentrated on the modified flow behavior around and
behind a cylinder after the application of Lorentz force, from
which a confused conclusion could sometimes be drawn, as
found in some earlier publications [10,12], that the momen-
tum gain produced by Lorentz forces in boundary layer can
result in an increase of the friction and a decrease of pres-
sure drag, and even the generation of a thrust if the Lorentz
force is large enough. In fact, the applied Lorentz force can
be decomposed into two parts, i.e. the field Lorentz force
Fy 50 and the wall Lorentz force Fy =0 and their effects on
the drag reduction are opposite. However, there are few stud-
ies concerning the underlying mechanism of the electromag-
netic control of cylinder wake, which is related to the influ-
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ences involving the field Lorentz force and the wall Lorentz
force.

In this paper, the influences of Lorentz force on the
cylinder wake and hydrodynamic force are discussed in de-
tail. Based on the effects on drag reduction, the applied
Lorentz force can be divided into two parts: the field Lorentz
force and the wall Lorentz force. The field Lorentz force af-
fects flow behavior and results in momentum gain (or drag
increase) only near the cylinder surface. On the other hand,
the wall Lorentz force acts directly on the cylinder surface
and results in an increase of the pressure on the cylinder lee-
ward surface, which leads to a decrease in drag. Further-
more, a thrust or negative drag may be generated if the wall
Lorentz force is large enough.

2 Experimental and numerical investigations

Experiments were performed in a weak copper sulphate
(CuS0Oy4) solution with almost the same density and con-
ductivity of seawater. Potassium permanganate (KMnOQOy)
was selected as a dark violet marker. The test cylinder with
2 cm diameter was covered with electrodes and magnets al-
ternately. The detail description about experiments can be
found in Ref. [16].

The governing equations in the exponential-polar coor-
dinates (&, n7) for incompressible electrically conducting fluid
can be written in the dimensionless form as
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where r = e¥™ and 6 = 277, r and 6 are polar coordinates.
The stream function y is defined as dy/don = U, = H'?u,,
—0y /8¢ = Uy = H"?uy, while the vorticity Q is defined as
Q = (0Uy/0¢ — AU, /on)/H, with u, and uy are the velocity
components in r and 6 directions, respectively. Furthermore,
H = 41%e*¢ Re = 2uca/v, ue is the free-stream velocity, v
is the kinematic viscosity, a is the cylinder radius, the non-
dimensional time is # = t*u./a. The interaction parameter is
defined as N = joBoa/ (pu%c), with current density jo = o Eo,
where o is the electric conductivity, E the electric field and
By the magnetic field. Lorentz force F can be described by

a distributed function given by Weier et al. [10] , when it is
applied locally on the cylinder in the range of 8y to 6y + A6
from the stagnation point along the cylinder circumference
in both the clockwise and counterclockwise directions, then

F, =0,

Fy=e " Dg(0),

with
1, Oy <0 <6y + A6,

g =19 -1, 360° — (6y + AB) < 6 < 360° — 6, (7)
0, elsewhere,

where « is constant, refering to the penetration intensity of
Lorentz force in the fluid.

Based on Eqs. (1)—(6), it is obvious that the Lorentz
force on the wall denoted by F 9| =0 does not have any effect
on the stream function/vorticity fields due to non-slip bound-
ary, and the velocity field is also independent of F g' ¢=0 CONSE-
quently. Namely, the stream function/vorticity and velocity
fields are affected only by the field Lorentz force F, 9| 50" This
conclusion can also be further verified by numerical calcula-
tions.

3 Hydrodynamic force

A net hydrodynamic force F? will be exerted on a circular
cylinder immersed in a fluid, which can be defined in the
dimensionless form as

2F9\2 2FY 2
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where the shear stress C? generated from the velocity gradi-
ent on the boundary is expressed as
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and the pressure coeflicient at Point 6 on the surface of the
cylinder can be calculated from its definition [17]
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where the dimensionless pressure is P = 2p/(pu?) with p
being pressure in the flow field. Then, Cg can be formulated
further by the following mathematical derivation.

The momentum equations with the source of Lorentz
force are
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4 0Q
+a4mu,uy + Ei_g +4nNFy. (12)

On the surface of the cylinder u# = 0, one obtains
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Integrating Eq. (14) in the 7 direction from = 0 to 1, one
obtains
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Integrating Eq. (11) in the & direction from & = 0 to &, one
obtains
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Therefore, the pressure gradient in flow fields is af-
fected by the field Lorentz force Fy 0 whereas the pres-
sure and its gradient on the wall are affected by both the field
and the wall Lorentz force. Subscript “F” represents the wall
pressure induced by the field Lorentz force and “L” denotes
the wall pressure induced by the wall Lorentz force.

The hydrodynamic force can also be regarded as con-
sisting of a drag force and a lift force, which denote the force
components in the streamwise and the normal directions, re-
spectively. The distribution of drag force, consisting of pres-
sure drag C9 cos @ and friction drag C?sin 6, is expressed as

Cl = C9c0s9+ Clsing = Cl. +C, 1)

where

Clr = CgF cos 6 + CYsiné, (22)
]

Ch = C cos6 = 4nN cos 6 fo Fy| o (23)

The total force is obtained by integrating the force distribu-
tion function along the cylinder surface, by defining the di-
mensionless form of
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The numerical method consists of an alternating-
direction-implicit (ADI) algorithm for the vorticity transport
equation and fast Fourier transforms (FFT) for the Poisson
equation with a second-order accuracy. Details of the nu-
merical simulation can be found in Refs. [13—16]. Numeri-
cal results here are obtained at Re = 150 with computational
step sizes of A¢é = 0.004, An = 0.002 and Ar = 0.005. The
slots at the front and rear stagnation points are not electrodes
but rather the location of 6, = 5° and A9 = 170°, with the
step of 10°.

4 Results and discussions

With the control of Lorentz force acting parallel to the cylin-
der surface in the flow direction, the fluid in the boundary
layer is accelerated to overcome the adverse pressure gradi-
ent, which leads to the suppression of flow separation.

Figure 1 shows the cylinder wake flow under different
Lorentz forces (N). Figure la represents the experimental
results, while Fig. 1b is the corresponding numerical results.
Without Lorentz force, N = 0, the flow is unsteady and
shows the characteristic features of Karman vortex street.
For a small Lorentz force, N = 0.7, an interesting modifi-
cation of flow characteristics can be observed. Although the
flow is unsteady, the flow separation region is diminished.
With a further increase of Lorentz force, N = 2, the separa-
tion points disappear and the flow becomes stable.

4.1 Influences of field Lorentz force on the force at cylinder
surface

4.1.1 Shear stress distribution at the cylinder surface

Based on the calculated results for Re = 150, with the action
of different Lorentz forces, the distributions of shear stresses
(C% at the cylinder surface at the reference time of T, at
which the lift is zero are shown in Fig. 2. From Eq. (9),
C? is proportional to the vorticity on the cylinder surface.
Thus, the absolute value of the shear stress increases with an
increase of the Lorentz force (Fig. 2).
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N=2

Fig. 1 Cylinder wake flow under different Lorentz forces. a Experiments; b Calculations

Fig. 2 Distribution of friction C? versus different field Lorentz
forces at time T

4.1.2 The pressure distribution at the cylinder surface

The pressure at the cylinder surface is composed of two com-
ponents, CgF and CgL, where Cf,F is generated by the flow
field, and CgL is generated by the wall Lorentz force. With
the application of Lorentz forces, the distributions of CﬁF at
time T are shown in Fig. 3. The flow acceleration in the
front part of the cylinder results in a decrease of pressure
on the cylinder surface. Therefore, the curves of C9F move
downward under the action of Lorentz force, and the pres-
sure reduction increases with an increase of Lorentz force.

7
ol

=

Fig. 3 Variations of Cﬁp under the action of field Lorentz force at
time T

4.1.3 The drag distribution of the cylinder

According to Eq. (21), the distribution of drag on the cylin-
der surface, C, consists of C; and C, which are generated
by the flow field and the wall Lorentz force, respectively.

CgF is equal to the sum of CY and CgF projecting in the
inflow direction as described by Eq. (22). Figure 4 shows
the distribution of CgF along the cylinder surface under dif-
ferent Lorentz forces at time T)y. With an increase of Lorentz
force, CgF decreases on the windward surface, but increases
on the leeward surface. Since the total drag force Cyr ob-
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tained by integrating CgF along the whole cylinder surface is
dominated by CgF on the leeward surface, Cyr increases with
an increase of Lorentz force. Therefore, the field Lorentz
force increases the drag of cylinder.

(7

Fig. 4 Distributions of Cf; with different Lorentz force at time T,

4.2 Influences of wall Lorentz force on the force at cylinder
surface

4.2.1 The pressure distribution at cylinder surface

The pressure at the cylinder surface affected by the wall
Lorentz force is denoted by CgL. Figure 5 displays the distri-

butions of C9L with different Lorentz forces. All curves are
positive and symmetrical about the line of 6 = 180°, and it
is clear that CgL increases with an increase of Lorentz force
and reaches its maximum value at 6 = 180°.

Fig. 5 Distributions of pressure coefficient CgL with different
Lorentz force

@ Springer

4.2.2 The drag distribution of the cylinder

The drag generated by the wall Lorentz force, denoted by
Cf, . is dependent directly on CgL (Eq. (23)). The distribu-
tions of CgL with different Lorentz forces are shown in Fig. 6.
It is obvious that CgL is positive on the windward and neg-
ative on the leeward surfaces, and their absolute values also
increase with an increase of Lorentz force. In addition, the
signs of C, in Fig. 6 are opposite to the signs of C'|; in Fig.
4 on the leeward surface, and its absolute value is far higher
on the leeward than that on the windward surfaces. There-
fore, Cqr is dominated by CgL on the leeward surface, and
is thus always negative, which means that the wall Lorentz
force always generates thrust. Moreover, the thrust increases
with an increase of Lorentz force.
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Fig. 6 Distributions of C with different Lorentz force

In order to validate the effect of wall Lorentz force ex-
perimentally, the cylinder is inserted into a still fluid. Af-
ter the activation of the actuators, the strain gage is bent in
the flow direction under the action of thrust generated by the
Lorentz force, where the flow near the cylinder surface in-
duced by the Lorentz force is negligible. As shown in Fig. 7,
the output signal increases rapidly and turns to be relative
stable with the Lorentz force turned on, whereas it decreases
dramatically as the Lorentz force is turned off.

4.3 Drag reduction under the action of Lorentz force

The total drag force Cy is the sum of the drag forces caused
by the field, Cg4r, and the wall Lorentz force, Cq.. Figure
8 shows the variations of C4, C4qr and Cyq;, versus Lorentz
forces. It can be seen that Cyr increases with an increase of
Lorentz force, however, it is contrary for Cqp. In addition,
the increasing rate of Cgr is lower than the decreasing rate
of Cq.. Therefore, the total drag Cq4 is dominated by Cqyp,
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and decreases accordingly. The negative value of Cy4 denotes
the fact that the total drag force of the cylinder has turned
into a net thrust, which also means that the direct propulsion
of wall Lorentz force (Cqr) has overcome the cylinder drag
caused by the flow field (Cgp).
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Fig. 7 Experimental results of the thrust under the wall Lorentz
force
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Fig. 8 Variations of Cy, Cgr and Cy4, with Lorentz forces

Figure 9 shows experimental results of the evolution of
drag. With the Lorentz force turned on, the drag decreases,
which describes the same modification tendency as given by
numerical results mentioned above.

5 Conclusions

The effects of Lorentz force on a circular cylinder drag re-
duction have been studied both experimentally and numer-
ically. The Lorentz force can be classified into the field
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Fig. 9 Experimental results of the evolution of drag under the
Lorentz force

Lorentz force and the wall Lorentz force, which have oppo-
site effects on the drag reduction. The field Lorentz force can
accelerate the fluid in the boundary layer, which increases
the difference between the pressures on the windward and
leeward sufaces, consequently increases the pressure drag.
On the other hand, the wall Lorentz force increases the pres-
sure on the wall monotonically from its front to the back
stagnation point, which decreases the difference between the
pressures on the windward and the leeward surfaces, there-
fore leads to the generation of a thrust. The total drag of the
cylinder is dominated by the wall Lorentz force, and thus it
would decrease, and may even become negative (thrust) if
the Lorentz force is large enough.
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