Drag reduction in turbulent channel flow using bidirectional wavy
Lorentz force
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Turbulent control and drag reduction in a channel flow via a bidirectional traveling wave induced by spanwise oscillating Lo-
rentz force have been investigated in the paper. The results based on the direct numerical simulation (DNS) indicate that the
bidirectional wavy Lorentz force with appropriate control parameters can result in a regular decline of near-wall streaks and
voriex structures with respect to the flow direction, leading to the effective suppression of turbulence generation and signifi-
cant reduction in skin-friction drag. In addition, experiments are carried out in a water tunnel via electro-magnetic (EM) actua-
tors designed to produce the bidirectional traveling wave excitation as described in calculations. As a result, the actual substan-

tial drag reduction is realized successfully in these experiments.
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1 Introduction

The surfaces of most aircrafts and transport vehicles are
enwrapped by wall mrbulence. whose coherent stucnures,
characterized by streaks and longitudinal vortex. are re-
sponsible for the generation of high skin-friction drag.
Therefore. reducing the intensity of wall trbulence can lead
to drag reduction and speed increase [1-4]. Among availa-
ble flow control techniques, the Lorentz force control has
been studied extensively, which can induce a motion of
electrically conducting fluids as a body force. and might
then lead to nwbulence suppression and drag reduction.
Furthermore. it is possible to conduct many different types
of Lorentz force by simply rearranging the electrodes and
the magnets [5].

#*Corresponding author (email: Kwing-50.Choi @ nottingham ac uk)

Many numerical simulations studied by Berger et al. [6].
Lee et al. [7]. Du et al. [3]. Satake et al. [9] and more re-
cently experimental observations by Pang et al. [10] indi-
cated that a remarkable turbulent drag reduction of more
than 40% can be made with spanwise oscillating Lorentz
forces described by

f.=Ae Sm_Tf, (1)

where y and z are normal and spanwise coordinates. respec-
tively. A is the amplitude of excitation of the EM actuator. A
the effective penetration of the Lorentz force, T the period
of the oscillation. and ¢ the time. A recent investigation by
the authors [11.12] both experimentally and numerically
further confirmed the above results.

Du & Karniadakis [13] and Du et al. [S] reported that an
efficient drag reduction can be achieved by using a



spanwise traveling Lorentz force. varied continuously both
spatially and temporally. given by
2
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where /_ is the wave length in the span. This force transmits
energy via a traveling wave along the spanwise direction.
They found a formation of low-speed ribbons near the wall,
and more than 30% reductions in skin-friction drag could be
obtained. This work was experimentally followed by Xu
and Choi [14]. and similar control results were also ob-
tained.

Huang et al. [3] explored a streamwise traveling force,
ie.

f.=Ae™sin (3)

where x is the sireamwise coordinate, and A, is the wave
length in the streamwise direction. Their DNS results
showed this forcing was also capable of modifying near-
wall flow and could lead to a large drag reduction of more
than 40%.

An idealized force. referred to as “bidirectional wavy
Lorentz force™ with the form written as eq. (4). acts in the
spanwise direction, and transmits energy along both the
streamwise and spanwise directions in electrically conduct-
ing fluids.
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Apparently, the number of instantaneously triggered EM
units to form the bidirectional wavy force is smaller than the
spanwise oscillating Lorentz force, as well as the unidirec-
tional traveling wavy Lorentz force., which means the con-
sumed energy is less in the bidirectional wavy Larentz farce
compared with the other methods. Therefore an efficiency
improvement may be obtained by this method. However
few works have been done into this control strategy up to now.

In this paper. the control of mirbulent channel flow via
hidirectional wave induced by a spanwise oscillating Lo-
rentz force is investigated both numerically and experimen-
tally. By the direct numerical sinmlation (DNS). the results
suggest that the skin-friction drag can be reduced signifi-
cantly by the imposed force with appropriate control pa-
rameters. Based on the calculated results, an EM actuator is
designed. Subsequently. experiments are carried out in a
water tunnel. where the substantial drag reduction is real-
ized successfully.

2 Numerical scheme

The schematic of the turbulent channel flow adopted in this

study is shown in Figure 1. where the computational domain
is L, by L, by L., in the sweamwise, normal. and spanwise
directions. respectively. U{y) is the mean flow in the
x-direction. The Lorentz force is applied at the lower wall of
the channel. Due to the exponential decay of the Lorentz
force field. the turbulence structure over the upper wall is
practically unaffected.

The incompressible Navier-Stokes equations with a body
force term are

‘2_“+“_V,,:_lvp+vv3u+iux3n. (3)
ot P I

V-u=0. (6)

JxB=(0.0.F,). (7)

here, u is velocity vector. t the time. o the fluid density. p
the pressure, v the kinematic viscosity, J the current density
vector, B the magnetic flux density vector. and F, the Lo-
rentz force given by

n
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where. 5t is the amplitude of the Lorentz foree at the lower
wall of the chammel.

In the simulations, the governing equations are placed in

a nondimensional form by the centerline velocity UL, the
channel half-width h. current density and magnetic field
values at the electrode and magnet suwrfaces. Jp and By, 1=-

spectively. Thus. the governing equations take the following

nondimensional form:
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Figure 1 Schematic of turbulent channel flow.



Set k, =L /A, and k =L /A, referred to as streamwise

and spanwise wave numbers. respectively. Thus. the
spanwise foreing f. can be written further as:
—yia . | 2W 2 n
f.=Ae ™ sin| —k x+—kz-—t
: L R ; (14)

(k,=L /A, k =L 1)

The mumerical method adopted here to solve eqgs. (0) and
(10) is based on the standard Fourier-Chebyshev spectral
method [15,16]. which contains a dealiased Fourier method
in the homogeneous directions i.e. streamwise and spanwise
directions. and a Chebyshev-7 method in the wall normal
direction. The boundary conditions are periodic in the ho-
mogeneous directions. and no-slip at the walls. Time inte-
gration of eq. (9) is made using a semi-implicit back-
differentiation formula method with third-order accuracy.
The linear term and the pressure term of the equation are

raluated by a Chebyshev-7 influence-matrix method. In
addition. aliasing errors in the Fourier expansion for the
nonlinear terms are removed by spectral tuncation method
referred to as 3/2-rule.

The bulk mean velocity averaged over the channel
cross-section is fixed at U,=2/3. and the corresponding bulk
Reynolds number is Re,=26066. Different combinations of
computational domains and grid sizes were firstly tested in
turbulent channel flow without control. Flow results indi-
cate that a computational domain of 4n/3x2x2m/3 ( L;=754
by L;=360 by L!=377)using a grid size of 64x63x32 is
adequate for our purposes. Here. the superseript ™ indi-
cates quantities in wall units, i.e. made non-dimensional by

the friction velocity u, in unperturbed mrbulent channel and
the kinematic viscosity v.

Figure 2 Dyrag reduction rate versus &, and k, with A=0.02, A=0.5, and T=10.

3 Results and discussions

As depicted by eq. (14). control results of bidirectional
traveling wavy Lorentz force with fixed penetration length
A, are effected by oscillation parameters (T and A) and wave
numbers (k, and k.). Here we take cases with A=0.02. A=0.5
and 7=10.0 (in which a better drag reduction can be ob-
tained by spanwise oscillating Lorentz foree, ie., k=0 and
k=0).

3.1 Drag reduction

Figure 2{a) describes the effects of the wave numbers k, and
k. on the drag reduction. and Figure 2(b) is the correspond-
ing shaded contours in the k.-k. plane. As illustrated in Fig-
ure 2, drag reduction of 353% can be achieved under the
control of spanwise oscillating Lorentz foree (ie.. k=0 and
k=0). On the horizontal k -axis. maximum drag reduction of
up to 45% can be obtained at (k=4. k=0). On the vertical
k.-axis. the smaller wave number (ie.. the larger wavelength)
corresponds to greater amount of drag reduction as reported
by Du et al. [8]. When (k,=0. k=1). drag reduction of 20%
can be achieved. Off the axes. corresponding to the bidirec-
tional wavy Lorentz force. the drag can be reduced signifi-
cantly in the white regions near k,-axis.

3.2 Near-wall flow

The intrinsic coherent structures of wall mirbulence can be
modulated by a spanwise Lorentz force [17]. Figure 4
shows snapshot distributions of spanwise wvelocity and
streaks (described by streamwise velocity fluctuation. u'). as
well as the vortex structures (drawn by the imaginary part of
complex eigenvalues of the velocity gradient tensor [13])
near the wall with and without control.
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Figure 3(a) is for an uncontrolled flow. where a random
and irregular instantaneous distribution of spanwise veloci-
ties is exhibited. The steaks do not always flow straight in
the streamwise direction. but often meander in the spanwise
direction. The longitudinal vortex structures are character-
ized by horseshoes vortices and guasi-streamwise vortices
[5]. Figmre 3(b) presents the flow subject to bidirectional
wavy control with k=4 and k=1. White areas and black
areas. representing. respectively. positive and negative val-
ues of spanwise velocities. incline to the right and alternate
at x-z plane in the near-wall region. The streaks meander
periodically, with similar appearance of the spanwise veloc-
ities. The horseshoes vortices disappear. and most of the
remaining guasi-streamwise vortices are tilted to the posi-
tive spanwise direction. According to the theory proposed
by Choi et al. [19]. regular decline of near-wall streaks and
vortex stuctures can lead to a generation of negative
spanwise vorticity, resulting in the reduction of mrbulent
skin-friction drag. Also cobserved in Figure 3(b) are some
longitdinal vortices elongated in the streamwise direction.

3.3 Turbulent bursting events

The near-wall regions of turbulent boundary layers are
dominated by a sequence of bursting events associated with
most of the turbulent production. The turbulent skin-friction
drag is mainly contributed by the bursting events, which can

be detected by the VISA (variable-interval space averaging)
detective technique [20].

Figure 4 zshows the conditionally sampled signatiwes of
the burst signals detected by VISA and their corresponding
shaded contours in the (x-z) plane at different y* position
without and with bidirectional wavy forcing control. The
effect of control on the bursting events is significant, espe-
cially at ¥"=54. as shown in Figure 4(a). At this position,
the burst space is reduced to less than half of that without

control. and the intensity of the bursts (peak to peak value
of the fluctuation at Az"=0) is reduced by 63%. Moreover. it
should be noticed that the sampled signals of the controlled
flow at ¥"=34 has a significant sinusoidal feature in the
spanwise direction. suggesting that bidirectional wavy con-
trol does modify the near-wall twwbulent structwes by in-
troducing regular ejection and sweep motions close to the
wall. At y'=10 (see Figure 4(b)), where the effect of control
on the burst signature is still strong. the burst space is about
1/3 of the uncontrolled case and the intensity of the burst is
reduced by about 38%. At yv'=21. the effect of the forcing to
the near-wall burst is minor. but we can still see about 25%
reduction in the intensity. These remarkable changes in the
burst signals in the near-wall region of the boundary layer
imply a higher efficiency from the bidirectional wavy comn-
trol.

3.4 Turbulence statistics

Figure 5(a) shows the effect of a bidirectional wavy control
with k,=4. k=1 on the mean velocity profile. compared with
the uncontrolled profile. As commonly observed in turbu-
lent control with drag reduction. the bidirectional wavy
control shifts the mean velocity upward in the logarithmic
region so that the viscous sublayer is thickened. The root
mean square (rim.s.) of the velocity components are shown
in Figure 5(b). Both the streamwise and the normal velocity

components for the controlled flow are reduced across the
entire channel, suggesting twrbulence production and the
furbulent kinetic energy are suppressed. Figure 5(c). about
the profiles of the rms. of the vorticity components. is
clearly indicates the streamwise vorticity component in-
creases near the wall as control. These trends are very simi-
lar to those reported by Pang et al. [10] and Du et al. [3] in
the spanwise oscillating Lorentz force and the spanwise
traveling wavy Lorentz force respectively. Kim et al. [3]
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Figure 3 The instantaneous distributions of spanwise velocity (left), streaks (middle) and vortex structures (right) in the near-wall region. (a) No control; (b)

k=4, k,=1.
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Figure 4 Conditional averages of fluctuating streamwise velocities with a contour map in the x-z plane at different ™ positions. The first columm without

control, and the second column with =4 and k=1 control.

have identified the peak of rms. streamwise vorticity in
uncontrolled flow located at y*=20 as the centre of the
streamwise vortices. This peak disappears in the controlled
flow. indicating an elimination of streamwise vortices [21].

4 Experimental validation

For validation. a water tunnel test was conducted using spe-
cially designed EM actuators. A key element in the experi-
ment is producing the required bidirectional traveling wave
excitation.

4.1 EM actuators

A unit of the EM actuator used is illustrated in Figure 6.
Permanent magnets and electrodes are lined up in the
streamwise direction alternately, where N and S denote the
north and south polarity of the magnets, respectively. The

electrodes are activated alternatively so that the required
bidirectional traveling wave excitations can be produced.
The electrodes are activated following a pre-set phase
change via a PLV controller. For example. the black color
indicates positively activated electrode, dark gray denotes
negatively activated electrode. and light gray not-activated.
Figwres 7(a)—(d) illustrate 4 phases of an EM unit. The po-
larity of the electrodes alternates periodically. Solid arrows
denote the local forcing direction. Flow is from right to left.
Hollow arrows denote the expected traces of the local flow.
Figure 3 shows the material object photograph of the EM
actuator. which consists of a stainless steel plate equipped
with magnets (see Figure 3(a)) and a copper electrode sheet
(see Figmre 3(b)). The whole EM actuator consists of 8
electro-magnetic units. covering a streamwise distance of
420 mm and a spanwise distance of 420 nun. The dimen-
sions are selected so that it can control around 10 low-speed
streaks whose length in the streamwise direction is around
1000 wall units and spanwise spacing iz about 100 wall
units. Each permanent magnet is made of 5 mm wide. The
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Figure 5

Figure 6 Configuration of an electro-magnetic unit The black color
indicates positively activated electrode, dark gray denotes negatively acti-
vated electrode, and light gray not-activated.

magnetic field strength at wall is 1.2 T. The electrode is 12
mm long by 3 mm wide by 0.017 mm thick. When the po-
larity of the electrodes alternates periodically as described
in Figure 7, the Lorentz force is induced, which acts in the
spanwise direction, and transmits energy along the stream-
wise direction and spanwize direction at the same time in
electrically conducting fluids with wave numbers k=4 and

k=2,

100

Profiles of (a) mean streamwise velocity, (b) velocity and (c) vorticity turbulence intensities.

4.2 Experimental system

The experiment was conducted in a plexiglass water mnnel
with an observation section of 1300 mmx300 mm>290 mm.
as shown in Figure 9. The center line velocity of the obser-
vation section was set at 0.057 m/s. and the corresponding
centerline Reynolds number is Re=3500. The working me-
dinm was salt water with a concentration of 3%. The test
plate equipped with two electro-magnetic actuators was
placed in the replaceable test surface of a float bed. which
was lung in the observation section of water mnnel. and
kept flush to the wall surface. In the experiment. the float
bed had a displacement along the flow direction due to the
wall shear stress, which can be measured by a displacement
transducer. The driving voltage provided by the PLV con-
troller was fixed at 30 V. with the oscillating frequency set
at 0.5 Hz. By switching the polaity of electric current. the
direction of the created spanwise Lorentz force can be al-
tered periodically. and the required traveling wave excita-
tion can be produced. The evolution of the flow in the
near-wall region was recorded through a PIV system. For
more details refer to the author’s previous work [22].
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Figure 7 Electrodes energized with alternating polarity in a control period of the actuations.

Figure 9 Observation section of the water tunnel.

4.3 Experimental results

Figure 10 shows a series of flow visualization pictures. il-
lustrating the time evolution of flow field in a control period.
where Figures 10(a)—(d) correspond to 4 phases of the EM
units respectively (see Figure 7). Flow is from right to left.
It is clearly seen that the traces of local flow appear as ex-
pected in Figure 7. Figure 10(a) shows that the intake flow
masses to the second row of the EM units. In the second
phase as seen in Figure 10(b). the intake flow masses to the
third row following the traveling-wave moving direction. In
the third phase, the mass region formed in the second phase
is propagated further to the top row. At the final fourth
phase. the new mass region is formed at the first row and
then a cycle is completed. Also observed from Figmre 10 is
that the trace of the flow is significantly sinusoidal in the

(b)

streamwise direction. These characteristics reflect the bidi-
rectional traveling wavy Lorentz force.

The change of the mean wall shear stress can be obtained
by the drag measurement system. The statistical results in-
dicate that a reduction of approximately 10% on the mean
wall shear stress can be achieved. The experiments have
lower performance than the DNS, becausze the actual Lo-
rentz force produced by the EM actuators cannot approach
that of the idealized simulation. Moreover. neither edge
effects nor the development distance are present in the DNS
owing to periodic boundary conditions.

5 Conclusion

Direct numerical simulations are performed to investigate
the control effects of the bidirectional traveling wavy Lo-
rentz force on a turbulent channel flow. The results show
that the drag reduction strongly depends on the control pa-
rameters. and appropriate combinations of control parame-
ters can result in the regular decline of near-wall streaks and
vortex structures with respect to the flow direction. leading
to effective suppression of turbulence production and sig-
nificant reduction in skin-friction drag. Based on the simu-
lations. an electro-magnetic actuation system is designed.
and associated experimental research is carried out in a wa-
ter tunnel. Experimental results indicate that actual drag
reduction can be achieved via the bidirectional traveling



Figure 10 Flow visualization with the bidirectional traveling Lorentz force (top view). Flow is from right to left. Hollow arrows on the right side of the

pictures denote the expected traces of local flow direction.

wave with optimal control parameters produced by the elec-
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