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In this paper, the electro-magnetic control of a cylinder wake in shear flow is investigated numerically. The effects
of the shear rate and Lorentz force on the cylinder wake, the distribution of hydrodynamic force, and the drag/lift phase
diagram are discussed in detail. It is revealed that Lorentz force can be classified into the field Lorentz force and the
wall Lorentz force and they affect the drag and lift forces independently. The drag/lift phase diagram with a shape of “8”
consists of two closed curves, which correspond to the halves of the shedding cycle dominated by the upper and lower
vortices respectively. The free stream shear (K > 0) induces the diagram to move downward and leftward, so that the
average lift force directs toward the downside. With the upper Lorentz force, the diagram moves downwards and to the
right by the field Lorentz force, thus resulting in the drag increase and the lift reduction, whereas it moves upward and to
the left by the wall Lorentz force, leading to the drag reduction and the lift increase. Finally the diagram is dominated by
the wall Lorentz force, thus moving upward and leftward. Therefore the upper Lorentz force, which enhances the lift force,
can be used to overcome the lift loss due to the free stream shear, which is also obtained in the experiment.
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1. Introduction

Ever since the period of vortex shedding of a bluff body
was measured by Roshko (1955),[!! vortex shedding has been
attracting much attention in the field of fluid dynamics.*8!
There exist plenty of results from theoretical, experimental,
and numerical approaches for the flow through a circular cylin-
der.

Most of the bluff-body flows with an engineering back-
ground are shear flows. The simplest case is a uniform-shear
flow past through an isolated circular cylinder, with a linear
distribution of the velocity components in the lateral direc-
tion and an infinite lateral width of the flow domain. Part
of the early studies on shear flow were summarized by Jor-
don and Fromm, which mainly focused on the shift of the
front stagnation point!®!9 and the motion of the separation
points.'!l Recently, Lei et al. (2000)!'?! and Kang (2006)!!3]
have paid more attention to the effects of Reynolds number
and shear rate on the vortex-shedding frequency. Meanwhile,
experimental studies on shear flow have also been reported by
Kiya et al. (1980),!'*1 Kwon et al. (1992),1%] Hayashi et al.
(1993),1%1 and Sumner and Akosile(2003).l'”) However, it is
clear that there still remain some uncertainties regarding the
vortex shedding and hydrodynamic forces acting on a circular
cylinder in shear flow, and more investigations on the uniform-
shear flow are necessary.

In addition, as a bluff-body is immersed in shear flow, a

DOI: 10.1088/1674-1056/22/10/104701

negative lift force may be generated, similar to the stall phe-
nomenon encountered in airfoils at high attack angles, which
is generally undesirable from a practical point of view. There-
fore, investigations on the control of shear flow over a cylinder
are also necessary due to the practical and theoretical impor-
tance. Electro-magnetic control is considered as one of the
most practical methods developed so far, in which the Lorentz
force generated by an electro-magnetic actuator in an electri-
cally conducting fluid (such as sea water) is used to manipulate
the flow.!'®-22] Regarding the flow through a circular cylin-
der, Crawford and Karniadakis, 23] Weier ef al.,**! Kim and
Lee, ! and Posdziech and Grundmann 26 investigated the ef-
fects of Lorentz force on the elimination of flow separation and
drag reduction by both experiments and calculations. The con-
trol of cylinder wake with Lorentz forces was also performed
experimentally and numerically by our research group.!?’-3%
In this paper, the electro—magnetic control of a cylin-
der wake in shear flow is investigated numerically. The nu-
merical investigation is conducted by using the alternative—
direction implicit (ADI) algorithm and the fast Fourier trans-
form (FFT) algorithm based on the governing equations in the
exponential-polar coordinates. The distributions of hydrody-
namic forces on the cylinder surface, i.e., wall pressure, drag,
and lift induced by the Lorentz force are directly obtained from
the corresponding equations derived in the paper. It is sug-
gested that the Lorentz force can be classified into the field
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Lorentz force and the wall Lorentz force!*’! and the velocity
field is only affected by the field Lorentz force.

Based on the numerical results, it is confirmed that the
shear flow over a cylinder can be controlled to keep the lift
positive by the electro—magnetic actuator applied only to the
half surface of the cylinder. In order to deepen the understand-
ing of the control mechanism further, the drag-lift phase dia-
gram is employed, which not only denotes the corresponding
fluctuation of the drag and lift over a complete time period,
but also implies detailed information about the flow patterns
in the wake and the time history of the fluctuating pressures
on the cylinder surface. The effects of the shear rate, the field,
and wall Lorentz forces on the drag—lift phase diagram are also
discussed in detail in the paper.

2. Governing equations

Considering an incompressible electrically conducting
viscous flow with an applied Lorentz force generated by
electro—magnetic actuator covered on a circular cylinder im-
merged in fluid vertically, the governing equations in the
exponential—polar coordinates (£,1), r = e2™%, and 6 = 271,
can be written in the dimensionless form as
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where the stream function v is defined as dy/dn = U, =
H'?u,, —0y/dE = Uy = H'?ug; vorticity Q is defined as
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with u, and ug being the velocity components in » an 6 di-
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rections, respectively; H = 472 64”5; Re = 2uc.a/v, with e

being the free-stream velocity (at 6 = 0), v the kinematic vis-

cosity, and a the cylinder radius; the non-dimensional time

is t = t*u./a; the interaction parameter is defined as N =

JoBoa/ pui, with the current density jo = GEy, o the electric

conductivity, Ey the electric field, and By the magnetic field.
The Lorentz force F is defined as[?+2%]

F. =0,
Fo = e %" Ug(0) with g(60)
1,  covered with actuator on upper surface,
= ¢ —1, covered with actuator on lower surface,
0 elsewhere,

where the value o describes the electromagnetic penetration
into the fluid.

A uniform plane shear flow with a linear velocity profile
U = U..+ Gy is taken as the inflow in the paper as shown in
Fig. 1, where y is the coordinate in the lateral direction, U, and
G are the central streamwise velocity (at 8 = 0) and the lateral
velocity gradient, respectively, then the initial flow field is ob-
tained through the analytic solutions of a non-viscous flow. At
t=0,

v = —2sh(27n&)sin(27n)
K

- [sh (47E)cos (4mm) — ¥ sh(2n8)|, @ =K.(3)

At ¢t > 0, on the cylinder surface & = 0, where the no-slip
boundary condition is used

y=0, Q=-—%7. @)

Away from the cylinder, & = &,
y = —2sh(2n&)sin(27n)

—g [sh (478) cos (4mn) — > sh (278)| . 2 =K. (5)

where K = 2Ga/U.. is shear rate characterizing the shear flow
over a cylinder.

U=U,+Gy

\

Fig. 1. Definition sketch of shear flow over circular cylinder.

It is obvious[®®! that the Lorentz force on the wall, de-
noted by Fp] £—0° does not have any effect on the stream
function/vorticity fields due to the non-slip boundary, and
the velocity field is also independent of Fy \5:0 sequentially.
Namely, the stream function/vorticity and velocity fields are
only affected by the field Lorentz force Fp| £50-

3. Hydrodynamic force

A net hydrodynamic force F® will be exerted on a circu-
lar cylinder as it is immersed in a fluid, which can be defined
in the dimensionless form as

2 2
0
cp = LA Fe I
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—
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(C8)"+(cg)”, (6)

where shear stress CY generated due to the velocity gradient
on the boundary is expressed as

4
cl=_"_0 7
T = Retd (7
and pressure coefficient Cg is defined as
C) =Py —P., (8)

where the dimensionless pressure is P = p/(pu2 /2) with p
being the pressure of the flow field. Then, C;’ can be formu-
lated further by the following mathematical derivation.

The momentum equations with the source of Lorentz

force are
glg) = —4me?™ 88“; —2u, ?g 2u9‘3b1‘7r
+dmuf — % ‘3{;, )
gi; - —4ne2”58§—2u aa“; —2u eaa;
+4Tuug + 402 +47NFy. (10)
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On the surface of the cylinder © = 0, equation (10) becomes

dP 4 9Q
+47rNF9] . (11)
[377 Re d& £=0
Integrating Eq. (11) in the i direction from 11 = 0 to 7, one
obtains
mJQ
Py—Py= 4 F 12

Integrating Eq. (9) in the & direction from & = 0 to &, one
obtains

PPy = —47:/:%&”5(1&—1 —2/'wu93’:7’d§
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Then
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Subscript ‘F’ represents the wall pressure induced by the field
Lorentz force Fy| g>o and "W’ denotes the wall pressure in-
duced by the wall Lorentz force Fy| £=0-

The hydrodynamic force is also regarded as a force con-
sisting of drag force and lift force denoting the force com-
ponents in the streamwise and the normal directions, respec-
tively. Then, the distribution of drag force, which consists of
pressure drag Cg cos 0 and friction drag CTG sin 0, can be ex-
pressed as

Cg:Cgcos9+C$sin6:C3F+ng, (18)

where
Cop = Cppcos 6 +Cy sin6), (19)
ng C Wcos@ 47‘[Ncos9/ Fg|§ _odn. (20)

Subscripts ‘F’ and ‘W’ represent the field Lorentz force and
the wall Lorentz force respectively.
Similarly, the distribution of lift force can be expressed as

=CYsin0 +C¢ cos O = Cfl.+Cly, Q21
Cf = Copsin@ +CY cos 6, (22)
Clw C Wsm9 47rNsm9/ F6|§ odn.  (23)

The total force is obtained by integrating the force dis-
tribution function along the cylinder surface. By defining the
dimensionless form

_F
- puta’
we can then write
2
Cy= Cg d0 =Cyr +Cyw (24)
0
and
2
o) :/ €940 = Cir + Crw. (25)
0
where

Cor == / <2 Q) sin(2zn)dn,  (26)

Cow = 27N /0 Fol_gsin(2an) dn, @)
2 1

Cr= o /0 <2m 2¢ )cos(Zvrn)dn, (28)

1
Crw = —27rN/ Fg|z_gcos(2mn)dn. (29)
0

The calculations have been performed numerically at
Re = 150 with the computational step size AE = 0.004, An =
0.002, and Ar = 0.005. The equation of vorticity transport
is solved by using the alternative-direction implicit (ADI) al-
gorithm, and the equation of stream function is integrated by
means of a fast Fourier transform (FFT) algorithm. More de-
tails can be found in Refs. [18], [28]{30].
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4. Numerical results and discussion

A sequence of numerical results of cylinder wake for a
shear flow with Re = 150 and K = 0.46 at four special time
instants of a shedding cycle is exhibited by the shaded vor-
ticity contours in Fig. 2. It is noteworthy that the asymmetry
of the free stream causes a shift of the front stagnation point
towards the high velocity side, and results in the decline of
vortex streets towards the lower velocity side. The mirrored
symmetry in the case of K = 0 (uniform flow) is broken.

Q:‘,. M’\ .

(a) Time D

20

(b) Time A

Q)

(c) Time B (d) Time C

Fig. 2. (color online) Calculated vorticity contours of cylinder wake
with shear rate K = 0.46.

The variation of flow field leads to the variation of drag
and lift. One periodic behavior of the lift and drag forces can
be represented more clearly in the form of phase diagram by
plotting Cd as a function of CI, which has a closed shape cor-
responding to a Lissajou figure of “8” as shown in Fig. 3 where
the letters A, B, C, and D correspond to Time A, Time B, Time
C, and Time D, respectively, in Fig. 2. For K = 0, the phase
diagram is symmetric about the line of C/ = 0. For K > 0, the
flow symmetry is broken, which leads to the asymmetry of the
phase diagram. The average lift force becomes negative (di-
rected toward the downside) and decreases with the increase
of shear rate K due to the shift of the front stagnation point.
In addition, the across point (A and C) in the phase diagram
moves downward and leftward with the increase of shear rate
K.

. —
04r K=0.46 ;4T
0of T T T "K=022 [ L=
“r —-—--K=0.12 AT AP
— - —K=0 // =

—0.4F

—0.8F

Fig. 3. Variations of drag-lift phase diagram with shear rate K.

As mentioned above, the average lift force will become
negative for the cylinder immersed in a shear flow with shear
rate K > 0, which is similar to the stall phenomenon encoun-
tered in the case of airfoils at high attack angles. In order to
enhance the lift in a shear flow, the cylinder wake controlled
by upper Lorentz force is discussed here.

Figure 4 shows the numerical visualizations by vorticity
contours under the action of upper Lorentz force in a shear
flow with N = 0.5 and K = 0.46, which leads to the increase
of the vorticity, and the elongation of the shear layer connected
with the upper surface of the cylinder. Moreover, it is obvious
that the basic characteristics of the shear flow remain after the
action of Lorentz force, such as the shift of stagnation point
to the fast side of the free-steam, the incline of vortex street
toward the slow side of the free-stream, etc.

Y
J

(a) Time D (b) Time A

Y
9

\

(c) Time B (d) Time C

Fig. 4. (color online) Calculated vorticity contours of the cylinder wake
in shear flow with the action of upper Lorentz force (N = 0.5 and
K = 0.46).

Since the pressure is one order of magnitude larger than

the shear stress, [31-32

it is essential to know exactly the pres-
sure distribution on the cylinder surface to further understand
the effect of the flow over the cylinder on the hydrodynamic
force.

The hydrodynamic force induced by field Lorentz force
is dependent on flow field. The distributions of CI?F at a given
instant A are shown in Fig. 5, where the dashed line represents
the shear flow without Lorentz force, and the dash double-
dotted line represents the shear flow with the upper Lorentz
force. It is noteworthy that the asymmetry of the free stream
causes a shift of the front stagnation point towards the high
velocity side, thus increasing the pressure on the whole lee-
ward and upper windward surface. Moreover, the field Lorentz
force results in the pressure decreasing and the curves of C [‘fF
moving downward.

The hydrodynamic force induced directly by wall Lorentz
force is independent of flow field. Figure 6 displays the dis-
tributions of ng, with the upper Lorentz force applied. All
curves are of positive value and the pressure of upside is lower
than that of underside distinctly while ng increases with
Lorentz force increasing.
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Fig. 7. Distributions of CgF in shear flow, respectively, with and without
Fig. 5. Distributions of CgF in shear flow with or without Lorentz forces. Lorentz force.
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Fig. 6. Distributions of ng with the application of upper Lorentz force. =
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The distributions of Cj. at a given instant A are shown L L | WP K=0.46, N=0.5

in Fig. 7. The shear flow causes a drag to increase on the up-
per windward surface and to decrease on the leeward surface.
Contrariwise, the field Lorentz force causes a drag to decrease
on the upper windward surface and to increase on the leeward =
surface. Usually, the total drag dominated by the drag on the
leeward increases under the action of the upper field Lorentz

force, if the Lorentz force is large enough.

. . . . ‘A"\ '..
The distributions of ng under the action of upper I e /
. . . .. B \\'-/"
Lorentz force are shown in Fig. 8. C§ is positive on the T
windward and it is negative on the leeward, and their abso- 0 100 200 300

lute values also increase with Lorentz force increasing. In ad-
dition, C;w dominated by ng of the leeward is always nega- Fig. 9. Distributions of CleF in shear flow, respectively, with and without
. . Lorentz force.
tive, which means that the wall Lorentz force always generates
the thrust. Moreover, the thrust increases with Lorentz force The distributions of C IQF at a given instant A are shown in

increasing. Fig. 9. The shear flow causes a lift to decrease on the upside
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surface and to increase on the underside surface. Contrariwise,
the field Lorentz force causes a lift to increase on the upside
surface and to decrease on the underside surface. Usually, the
total lift C;r dominated by the lift on the underside surface di-
rects toward the underside under the action of the upper field
Lorentz force, as long as the Lorentz force is large enough.

The distributions of C l%v under the action of upper Lorentz
force are shown in Fig. 10. Clew is negative on the upper sur-
face and it is positive on the lower surface, and their absolute
values also increase with Lorentz force increasing. The total
lift force C;w dominated by C zew on the lower surface is of pos-
itive value and increases with Lorentz force increasing, which
means that the wall Lorentz force on the upper surface always
raises the lift force.

6 =
C N=0 / N,
- — —-N=02 \
4 -
C - - N=05 A\
o N=0.7 ,/ g '\
- ) - '~ .
L ———- N=10 /. .7 Nt
5L S O\
i /77
£ | PR
: o B
0 k. >3
TS K
r NN~ _ _ -~ ///
o EURN
| \..‘,\ ‘/:-
L By
-2 N T
L N
[ “\ /
I R S S SR
0 100 200 300
(4

Fig. 10. Distributions of CRN under the action of upper Lorentz force.

It is evident that the effects of the field Lorentz force on
drag and lift are in contrast to those of the wall Lorentz force,
and the wall Lorentz force dominates the drag and lift, which
leads to the drag reduction and the lift increase. Phase dia-
grams of lift/drag with field and wall (upper) Lorentz force are
shown in Fig. 11.

Compared with the diagram with N = 0 and K = 0.46,
the phase diagram induced by field Lorentz force shrinks and
moves downward and rightward, which means the lift reduc-
tion and the drag increase, whereas the phase diagram induced
by wall Lorentz force moves upward and leftward with un-
changed shape, leading to the drag reduction and the lift in-
crease. However, the C;—C; diagram dominated by the wall
Lorentz force moves upward and leftward.

The variations of the total lift/drag phase diagram with
shear and upper Lorentz force are shown in Fig. 12. Com-
pared with the case of K = 0 and N = 0, it is clear that the free
stream shear, K > 0, causes the diagram to move downward
and leftward and the upper Lorentz force induces the diagram
to move upward and leftward. Therefore the lift force can be

enhanced by upper Lorentz force with a moderate strength if
the shear flow is encountered.

I A,,rB
or Va C B
- z/‘
C A
C P C
—1.0F K=0.46 D
r N=0
QO Fo----- N=0.5
r (effect of total Lorentz force)
2 0F —=——-- N=0.5
N (effect of field Lorentz force) B
2 A
C b C
C R
- “
=300, v v b 1y
0.6 0.8 1.0 1.2 1.4 1.6 1.8
cd

Fig. 11. Phase diagrams of lift/drag with field and wall (upper) Lorentz
force.
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04 L I\ _ K=0.46, N=0.5
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- (I »
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L /

70'8_... ||||('/|/D||I||||I|

1.0 1.1 1.2 1.3
Cd

Fig. 12. Variations of total lift/drag phase diagram with shear and upper
Lorentz force.

5. Experimental validations

The qualitative experiments are performed in a weak cop-
per sulphate (CuSOj) solution with almost the same density
and conductivity as that of seawater. A long metal sheet is
used as a support to mount the cylinder with a 2-cm diameter
covered with the electrodes and magnets alternately. A strain
gage sensor is installed at the top end of the sheet to mea-
sure the lift/drag force. Potassium permanganate (KMnQy,) is
selected as a dark violet marker. In order to obtain a shear
incoming flow, a hollow circular cylinder attached to a fixed
beam is inserted into the tank which keeps still instead of ro-
tating with the inner wall of the tank when the tank rotates.
Thus the shear flow will be generated and become stable after
approximately 10 min from startup according to the experi-
ments. A detailed description about the experiments can be

104701-6



Chin. Phys. B Vol. 22, No. 10 (2013) 104701

found in Ref. [29].

(a) Time D

(¢) Time B

(a) Time D

(c) Time B

AIGOL
e

(b) Time A

(d) Time C

Fig. 13. (color online) Experimental visualizations of cylinder wake in
shear flow at different instants.

(b) Time A

(d) Time C

Fig. 14. (color online) Experimental visualizations of cylinder wake in
shear flow with the action of upper

Lorentz force.
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Fig. 15. Measured lift and drag in shear flow with upper Lorentz force.

Flow visualizations of cylinder wake in shear flow at dif-
ferent instants are shown in Fig. 13. As indicated in Fig. 13,
the stagnation point shifts to the fast side of the free-steam due
to the effect of shear flow, which causes the vortex street to be
inclined toward the slow side of the free-stream.

The experimental visualizations of the cylinder wake con-
trolled by upper Lorentz force with a moderate strength in
a shear flow are shown in Fig. 14. The fluid momentum on
the upper side increases with the application of Lorentz force,
which leads to the increase of the vorticity, and the elonga-
tion of the shear layer connected with the upper surface of the
cylinder.

Figures 15(a) and 15(b) show the measured lift and drag
in shear flow under the action of upper Lorentz force, respec-
tively. The lift increases and the drag decreases with the ap-
plied Lorentz force.

6. Conclusions

A numerical investigation is conducted by using the ADI
algorithm and the FFT algorithm based on the governing equa-
tions in the exponential-polar coordinates. The distributions
of hydrodynamic forces on the cylinder surface, i.e., wall pres-
sure, drag, and lift induced by the Lorentz force are directly
obtained from the corresponding equations derived in the pa-
per.

For a uniform-shear flow (K > 0), the asymmetric dia-
gram will move downward and leftward and the average lift
force becomes negative (directed toward the downside). The
Lorentz force generated by an electro—magnetic actuator can
be classified into the field Lorentz force and the wall Lorentz
force. Their effects on the lift and drag are contrary. For the
Lorentz force exerted on the upper surface of the cylinder, the
phase diagram moves downward and rightward by the field
Lorentz force, thus resulting in the drag increase and the lift
reduction, whereas it moves upward and leftward by the wall
Lorentz force, leading to drag reduction and lift increase. Fi-
nally, the diagram is dominated by the wall Lorentz force, thus
moving upward and leftward.

Therefore it is noteworthy that the upper Lorentz force,
which enhances the lift force, can be used to overcome the lift
loss due to the free-stream shear or the foil stall, the result for
which is also obtained in the experiment.
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