
Chin. Phys. B Vol. 26, No. 8 (2017) 084704

Mechanism of controlling turbulent channel flow with
the effect of spanwise Lorentz force distribution∗
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A direct numerical simulation (DNS) is performed to investigate the control effect and mechanism of turbulent channel
flow with the distribution of spanwise Lorentz force. A sinusoidal distribution of constant spanwise Lorentz force is
selected, of which the control effects, such as flow characters, mean Reynolds stress, and drag reductions, at different
parameters of amplitude A and wave number kx are discussed. The results indicate that the control effects vary with the
parameter A and kx. With the increase of A, the drag reduction rate Dr first increases and then decreases rapidly at low kx,
and slowly at high kx. The low drag reduction (or even drag increase) is due to a weak suppression or even the enhancements
of the random velocity fluctuation and mean Reynolds stress. The efficient drag reduction is due to the quasi-streamwise
vortex structure induced by Lorentz force, which contributes to suppressing the random velocity fluctuation and mean
Reynolds stress, and the negative vorticity improves the distribution of streamwise velocity. Therefore, the optimal control
effect with a drag reduction of up to 58% can be obtained.
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1. Introduction

The boundary layer generated on surface of transport ve-
hicle by viscous fluid will cause deceleration, vibration and
unstability.[1–5] Moreover, turbulent boundary layer can in-
crease the skin-friction drag rapidly. With the recent devel-
opment of turbulence theories, the characters and essences of
turbulent coherent structures have been understood in depth.
Many strategies and approaches of control and drag reduction
based on turbulence theories have been studied so far,resulting
in substantial progress. These technologies can be widely used
for improving kinetic stability, propelling efficiency and re-
ducing energy consumption.

The technologies of flow control can be divided into pas-
sive approaches without energy input, and active approaches
with energy input.[6–11] One of active control approaches is
based on changing the near-wall flow by introducing trans-
verse motion including a spanwise motion combined with a
wall-normal deflection and a spanwise in-plane motion par-
allel to the wall.[12] One form of transverse in-plane motion
is a spanwise oscillating excitation via body force includ-
ing plasma in air[13] and Lorentz force in weakly conduc-
tive fluid.The numerical investigations focused on turbulence
control by spanwise oscillating Lorentz force[14,15] were con-
ducted with remarkable drag reductions and significant sup-
pression on near-wall coherent structure obtained at optimal
parameters. The tilted streaks and quasi-streamwise vortex

structure were observed near the wall in the above investi-
gations. Experiments with elaborately designed electromag-
netic devices[16–18] confirmed the above control effects and
provided some application approaches. Another approach is
to introduce the transverse in-plane motion induced by a trav-
elling wave excitation via spanwise Lorentz force. Investiga-
tions based on direct numerical simulation (DNS) were per-
formed, resulting in efficient control effects of drag reduction
and suppression on turbulence, while the phenomena of the
modification to the near-wall flow are different. Two kinds
of typical vortex structures induced by spanwise wave and
streamwise wave excitations were observed and regarded as
main factors of the suppressing streaks and streamwise vor-
tex structures. Du and Karniadakis,[19] and Du et al.[20] per-
formed a DNS and investigated wall-bounded flow controlled
by a spanwise travelling wave induced by a spanwise Lorentz
force. They analyzed the near-wall turbulent structure, flow
character together with Reynolds stress and obtained a drag
reduction of up to 30%. Xu and Choi[21] experimentally con-
firmed a drag reduction of 28.9% and a drag increase of 22.8%,
respectively.[21] They also observed the spanwise displace-
ments of the streak structure, which play an important role in
the process of the drag reduction by spanwise travelling wave
actuation. For streamwise waves, Quadrio,[11] Quadrio and
Ricco,[22] and Viotti and Quadrio[23] studied the streamwise
travelling and standing waves of velocity imposed at the walls
of a plane turbulent channel flow by DNS and obtained a drag
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reduction up to 48% for travelling waves and 52% for standing
waves. Yin et al.[24] presented a detached eddy simulation to
analyze the characteristics for the flow around a circular cylin-
der with a turbulent boundary layer. Our research group[25–27]

investigated the control and drag reduction effects numeri-
cally in a channel flow via a streamwise travelling wave and
a spacial oscillation (a streamwise standing wave) induced by
spanwise Lorentz force. The results showed that the turbulent
bursts which mainly contributed to the turbulent skin-friction
drag varied with wave number kx, and that the drag reduction
could be optimized with kx and was affected by the oscillation
parameters.

The above research results indicated that the efficient tur-
bulence control can be obtained with the oscillating and trav-
eling wave motions induced by Lorentz force. However, the
Lorentz force almost varies with time. Therefore, the char-
acter of the steady flow field under control, corresponding to
the distribution of the force, cannot be obtained, nor can the
potential relations among the Lorentz force distribution, flow
structures and drag reduction. Therefore, additional in-depth
investigations are necessary.

In this paper, a direct numerical simulation based on the
Fourier–Chebyshev spectral method is performed to investi-
gate the control of turbulence via a spanwise sinusoidal steady
Lorentz force. The characters of flow fields, distributions of
Reynolds shear stress and drag reductions at different parame-
ters of amplitude and streamwise wave number are compared
and discussed. Then, the typical structures and their effects
are described to reveal the potential relation among the distri-
bution of Lorentz force, flow structures, Reynolds shear stress
and drag reduction.

2. Numerical scheme
2.1. Governing equation

The problem is to control a fully developed turbulent flow
in a weakly conductive fluid in a channel covered with elec-
tromagnetic actuators only on the lower wall. The flow is gov-
erned by the incompressible Navier-Stokes equations with ex-
ternally imposed body force term written as

∂𝑢

∂ t
+𝑢 ·∇𝑢=−∇p+ν∇

2𝑢+𝑓 , (1)

∇ ·𝑢= 0. (2)

Here, all variables are nondimensionalized with respect to the
channel half width h and the center line velocity Uc. 𝑢 is the
velocity vector, p the pressure, ν the kinematic viscosity, and
𝑓 the Lorentz force given by

𝑓 = (0,0, fz), (3)

where

fz = Ae−y/∆ sin
(

2π

Lx
kxx

)
. (4)

Here, fz is spanwise Lorentz force with the sinusoidal distri-
butions along the streamwise direction, which is independent
of time. Moreover, A is the dimensionless amplitude of excita-
tion, ∆ = 0.02 is the effective penetration of the Lorentz force,
and kx = Lx/λx is the streamwise wave number, where λx is
the streamwise wave length and Lx is the streamwise channel
length.

The numerical method adopted here is based on the
standard Fourier–Chebyshev spectral method. In the homo-
geneous directions, streamwise and spanwise directions, a
dealiased Fourier method is used for the spatial derivatives,
and the periodic conditions are applied. Then a Chebyshev-
tau method is used in the wall normal direction, and the usual
no-slip and no-penetration conditions are applied to the wall.
The time advancement is carried out by using a semi-implicit
back-differentiation formula method with the third-order ac-
curacy. To ensure that the computed solutions satisfy both the
incompressibility constraint and the momentum equation, a
Chebyshev-τ influence-matrix method is employed for the lin-
ear term and the pressure term. Aliasing errors in the stream-
wise and spanwise directions are removed by spectral trunca-
tion method referred to as 3/2-rule.

The size of the computational domain, which is shown in
Fig. 1, is 4π/3× 2× 2π/3 (approximately 754× 360× 377
wall units) corresponding to the streamwise, normal and span-
wise directions, respectively. The uniform grid spacing is
used in the streamwise and spanwise directions. However,
in the normal direction, the minimum spacing in the near-
wall region and the maximum spacing at the channel center
line are ∆y+ = 0.2(∼ 6×10−2η) and ∆y+ = 8.6(∼ 2.4η), re-
spectively, where superscript “+” refers to the quantity in wall
units and η is the Kolmogorov length scale. The longitudinal
flow rate is kept constant during the simulation, and the cor-
responding Reynolds number is Re = 4000 based on channel
half width h and the center line velocity Uc.
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x

z

flow

Fig. 1. Schematic diagram of computational domain.
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2.2. Program verification

To test the algorithm and code, an uncontrolled turbulent
flow field at Re = 4000 is calculated to compare with the re-
sults obtained by Kim et al.[28] As shown in Fig. 2, the mean
velocity profiles in this paper accord with those in Ref. [28]
and the classic wall law.

100

20

15

10

5

0
101 102

y+

u+/y+

u+/. lny+⇁.u
+

obtained by Kim et al.
obtained by this paper

Fig. 2. Logarithmic profiles of mean velocity.

3. Results and discussion
3.1. Induced flow fields

The spanwise Lorentz force defined by Eq. (4) is inde-
pendent of time or flow, of which the distribution is shown in
Fig. 3. When this force is introduced into a static flow field,
a spanwise motion is induced and shear layers with stream-
wise vorticities are generated in the near-wall region, which
are known as Stokes layers. The distribution of induced span-
wise velocity in a controlled laminar flow, Re = 4000 for ex-
ample, is shown in Fig. 4, where the red and blue areas refer to
the positive and negative spanwise velocity, respectively. Due
to the main flow, the distribution of the spanwise velocity is
inclined, and it is asymmetric, but still periodical, resulting in
the periodical shear layers of spanwise velocity and alternately
positive and negative streamwise vorticities.

y

x

x

Fig. 3. (color online) Three-dimensional (3D) distribution of the spanwise
Lorentz force in Eq. (4) at kx = 3, A = 1.0, and ∆ = 0.02.

y

x

x

y

z

(a)

(b)

0 0.5

0.2

0.1

0
1.0

Fig. 4. (color online) Contours of the spanwise velocity induced by
Lorentz force at kx = 3, A = 1.0, and ∆ = 0.02 in the laminar flow for
Re = 4000: (a) 3D distribution and (b) induced spanwise velocity shear
layers in x–y plane.

3.2. Modulated flow fields

The streaks and the streamwise vortex structures are ba-
sic elements of the near-wall coherent structure of turbulence.
The Lorentz force in Eq. (4) depends on amplitude A and wave
number kx, where A is the magnitude of the force, and kx the
streamwise distribution. Therefore, the forces at different pa-
rameters have different control effects. The steady near-wall
flow fields controlled by the Lorentz force at kx = 3 are shown
in Fig. 5. The first column shows the distributions of spanwise
velocities w at y+ = 5, where red and blue areas represent
positive values (+w) and negative values (−w), respectively.
An irregular and low-amplitude distribution of w in the uncon-
trolled case at A = 0.0 is shown in Fig. 5(a), which reflects the
random character of the turbulent flow. Next, in Figs. 5(b)–
5(e), +w and −w of controlled cases alternate along the
streamwise direction, of which the period is the same as that
of the Lorentz force and the value increases with the increase
of the Lorentz force. The regularity of the spanwise veloc-
ity distributions increases first at small amplitudes (A < 1.0),
which indicates the enhanced influences of the induced flow
on the intrinsic flow, and then decreases (A > 1.0) due to the
enhancement of the random fluctuations. The optimal effect is
obtained at A = 1.0 corresponding to the flow field dominated
by the induced flow. The second column shows the distri-
butions of streaky structures at y+ = 5, where the red areas
represent high-speed streaks (streamwise fluctuation velocity
u′ > 0), and blue areas refer to low-speed (u′ < 0). The high-
speed and low-speed streaks of the uncontrolled case alternate
along the spanwise direction and have different lengths and
curvature degrees, which reflects the essential characters of
the near-wall coherent structure of turbulence. The sinusoidal
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Fig. 5. (color online) Snapshots of spanwise velocity, streak, and vortex structure near the wall at kx = 3, ∆ = 0.02, and different values of A.
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distribution of streaks, of which the period is the same as
that of the Lorentz force, is obtained in the controlled cases.
With the increase of A, the intensity of streak first weak-
ens (A < 1.0), then reaches the minimum at A = 1.0, and fi-
nally increases (A > 1.0). However, the regularity of streaks
first increases (A < 1.0), then reaches the optimal condition
at A = 1.0, and finally weakens gradually (A > 1.0) due to
the enhancements of the irregular streaks. The third column
shows the distributions of isosurfaces of vortex structures at
y+= 0−100, where red and blue areas represent positive and
negative values of streamwise voticity, respectively. A large

number of irregular quasi-streamwise vortices are obtained in
an uncontrolled case. With the application of Lorentz force,
the distributions of quasi-streamwise vortices have a signifi-
cant improvement. The number and the intensities of the vor-
tices first decrease (A < 1.0), then reach their minimum values
at A = 1.0, where only a series of regular quasi-streamwise
vortices are observed, and finally increase with the increase of
A (A > 1.0).

The different control effects are obtained with the differ-
ent values of wave number kx, even with the same amplitude
A = 1.0, which is shown in Fig. 6. Like the scenario in Fig. 5,
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Fig. 6. (color online) Snapshots of spanwise velocity, streak, and vortex structure near the wall at A = 1.0, ∆ = 0.02, and different value of kx.
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the first, second and third column show the distributions of the
spanwise velocities at y+ = 5, the streaky structures at y+ = 5
and the vortex structures at y+ = 0–100 respectively, where
the red and blue areas refer to corresponding positive and neg-
ative values, respectively. In the first column, the amplitude
of w decreases with the increase of kx, which indicates the
decrease of spanwise motion induced by the Lorentz force.
However, the regularity of w first increases, then reaches the
optimal condition at kx = 3, where the induced flow field dom-
inates, and then weakens. With the increase of kx in the sec-
ond column, the intensity of the streak decreases and then in-
creases, while the regularity of the distribution of the streaks
increases and then weakens. The optimal control effect is the
alternate distributions of the regular curve streaks along the
spanwise direction at kx = 3, of which the period is the same
as that of the Lorentz force. In the third column, the number
of the quasi-streamwise vortex structures first decreases and
then increases with the increase of kx. The number of the ir-
regular vortices decreases dramatically at kx = 3, and the rest
of quasi-streamwise vortices have the periodical distributions
along the streamwise with +ωx and −ωx alternating. More-
over, the regular vortex structures disappear and there are few
vortex structures in the near-wall region at kx = 6. Further-
more, the irregular vortices appear again at kx = 8, which is
similar to the flow field without control.

The variation of the flow fields leads to the variation of
the Reynolds stress. The distributions of the mean Reynolds
stress with the different parameters of Lorentz force are shown
in Fig. 7, where figures 7(a) and 7(b) represent the variations
of the mean Reynolds stress with A and kx, respectively. The
Lorentz force is exerted only near the lower wall at y = −1.
The mean Reynolds stress first decreases then increases with
the increase of A, especially in the near-wall region, and finally
reaches a minimum at A = 1.0. The near-wall flow is modified
by Lorentz force, of which the effect is enhanced with the in-
crease of A as shown in Figs. 5(a)–5(c). The irregular quasi-
streamwise vortices are eliminated, and the induced steady
ones are generated in Fig. 5(c) at A= 1.0, which is correspond-
ing to the minimum of the mean Reynolds stress. However,
the random velocity fluctuations of turbulence are enhanced
by overlarge amplitude A, which leads to a large number of ir-
regular streaks and vortices as shown in Figs. 5(d)–5(e) and
then enhances the mean Reynolds stress rapidly. The con-
trol effect of mean Reynolds stress first increases and then
decreases with the increase of kx in Fig. 7(b). The reason is
that the near-wall flow is modified by Lorentz force, of which
the effect first increases, then weakens with the increase of kx

as shown in Figs. 6(a)–6(d). Particularly, the mean Reynolds
stress reaches the minimum at kx = 3 due to the generation
of steady structures of quasi-streamwise vortexes, which is in-
duced by Lorentz force as shown in Fig. 6(b).
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Fig. 7. (color online) Distributions of mean Reynolds stress u′v′ with (a)
kx = 3, ∆ = 0.02, and different A, and (b) A = 1.0, ∆ = 0.02, and different
values of kx in a turbulent channel flow for Re = 4000.

Comparing the results at kx = 3 and kx = 6 from Figs. 6
and 7, the regular quasi-streamwise vortex structures are gen-
erated and small values of Reynolds stress are obtained at
kx = 3, which can be explained by the distributions of stream-
wise and wall-normal root mean square (rms) velocities, i.e.,
u+rms and v+rms in Fig. 8. Firstly, the control effects of u+rms

and v+rms weaken with the increase of y+ due to the decay
of Lorentz force along the normal direction. Moreover, u+rms

and v+rms decrease significantly in the near-wall region, because
the induced spanwise motion has a suppression effect on the
random velocity fluctuations. Then, the rms velocities in the
two directions at kx = 3 are both mostly smaller than those
at kx = 6, except v+rms in the near-wall region. However, the
Reynolds stress is dominated by the variation of u+rms. There-
fore, the value of Reynolds stress at kx = 3 is smaller than that
at kx = 6 in Fig. 7(b). It is indicated that the induced quasi-
streamwise vortex structure has a further suppression effect on
Reynolds stress.

The distributions of Lorentz force at A = 1.0 and kx = 3
and the corresponding induced quasi-streamwise vortex struc-
tures are shown in Fig. 9, where red and blue colors refer to
vortex structures with +ωx and −ωx, respectively. The pe-
riod of the vortex structures with alternate +ωx and −ωx is
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the same as that of Lorentz force. Moreover, the vortex struc-
tures with −ωx are generated by + fz and tilted into positive
spanwise direction +z, and the ones with +ωx are generated
by − fz and tilted into negative spanwise direction −z.
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Fig. 8. (color online) Distributions of streamwise and wall-normal rms ve-
locity without and with Lorentz force at A = 1.0, ∆ = 0.02, and kx = 3 or
kx = 6 in turbulent channel flow for Re = 4000, respectively.
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Fig. 9. (color online) Distributions of (a) Lorentz force in x– fz plane and
isosurfaces of induced vortex structures in (b) x–z plane and (c) x–y plane
at kx = 3, A = 1.0, and ∆ = 0.02 in a turbulent channel flow for Re = 4000.

As a case, a pair of the vortex structures with +ωx and
−ωx is shown in Fig. 10. The vortex structure with +ωx can
be divided into three parts: the slightly curve tail on the left,
induced by − fz and the upstream vortex with −ωx; the lifting
and developing middle part, tilted by − fz; and the head on the
right reaching a top, then breaking down, meanwhile induc-
ing a downstream vortex with −ωx. The vortex structure with
−ωx can be divided into three parts similarly.

Then, as shown in Fig. 11, the vortex structures with−ωx

are tilted into +z by Lorentz force, and the ones with +ωx are
tilted into −z. However, these tilts of the two kind of vortex
structures result in the spanwise vorticities in the same direc-
tion, i.e., negative spanwise vorticity −ωz.
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Fig. 10. (color online) Isosurface of a pair of vortex structures induced by
Lorentz force at kx = 3, A = 1.0, and ∆ = 0.02 in a turbulent channel flow
for Re = 4000.
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Fig. 11. Schematic diagram of directions of Lorentz force and vorticities
of induced vortex structures at kx = 3, A = 1.0, and ∆ = 0.02 in a tur-
bulent channel flow for Re = 4000, showing negative spanwise vorticities
induced by Lorentz force.

The effect of negative spanwise vorticity is shown in
Fig. 12, and the velocity gradient can be reduced by the nega-
tive spanwise vorticity in the near-wall region of the turbulent
boundary layer. Moreover, the location of the vorticity is con-
sistent well with the model proposed by Choi and Clayton.[12]
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Fig. 12. Conceptual model for a turbulent channel flow controlled by
Lorentz force, showing mean velocity profile affected by induced span-
wise vorticity.
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3.3. Control effects

The profiles of streamwise mean velocity with different
control parameters are shown in Fig. 13, where figures 13(a)
and 13(b) refer to the variations with A and kx, respectively.
From Fig. 13(a), the gradient of near-wall streamwise mean
velocity first decreases and then increases with the increase of
A, and finally reaches a minimum at A = 1.0. Similarly, from
Fig. 13(b), this gradient also first decreases then increases with
the increase of kx, and reaches a minimum at kx = 3. More-
over, the gradient of near-wall streamwise mean velocity at
kx = 6 is slightly larger than that at kx = 3, due to a further
improvement of the streamwise velocity gradient by the above
mentioned negative spanwise voticity.
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Fig. 13. (color online) Profiles of mean velocity with (a) kx = 3, ∆ = 0.02,
and different values of A and (b) A = 1.0, ∆ = 0.02 and different values of
kx in a turbulent channel flow for Re = 4000.

The drag reduction rate Dr, which is commonly used to
measure the control effect, is simply given by[25]

Dr = (1−〈τw〉/〈τwn〉)×100%, (5)

where 〈τw〉 is the mean of wall shear stress with Lorentz force
and 〈τwn〉 without Lorentz force. The values of drag reduc-
tion rate Dr with the different parameters are shown in Fig. 14,

where red areas refer to positive values of drag reduction rate
and blue negative values, i.e., the increase of drag. From the
figure, all the drag reduction rates first increase and then de-
crease with the increase of amplitude at different wave num-
bers. The Dr varies slowly at high wave numbers, and rapidly
at low wave numbers with larger ranges of drag reduction and
increase. Moreover, the above mentioned quasi-streamwise
vortex structures at the parameters of A = 1.0 and kx = 3
contribute to the decrease of random velocity fluctuation to-
gether with the reduction of Reynolds stress, and then improve
the distributions of the streamwise velocity with the negative
spanwise vorticities. Therefore, the optimal drag reduction of
up to 58% can be obtained in this case.
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Fig. 14. (color online) Contour of drag reduction rate Dr with A and kx of
Lorentz force for ∆ = 0.02 and Re = 4000.

4. Conclusions
The control effects of the channel turbulent flow with

the amplitude and the wave number of the spanwise Lorentz
force are investigated with DNS based on Fourier–Chebyshev
spectral method in this paper. The relations among the flow
fields, mean Reynolds stress distributions, and drag reductions
are discussed in depth. The results indicate that the Lorentz
forces at different amplitudes and wave numbers have differ-
ent control effects.The drag reduction rate first increases and
then decreases both sharply with the increase of amplitude at
low wave numbers while the variation of drag reduction rate at
high wave numbers is similar to that at low wave numbers but
slowly. The drag reductions of small values (or even drag in-
creases) are due to the weak suppression or even the enhance-
ments of the random velocity fluctuations and mean Reynolds
stress. However, the efficient drag reduction is because of the
regular quasi-streamwise vortex structure induced by Lorentz
force, which contributes to suppressing the random velocity
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fluctuation together with mean Reynolds stress, and the neg-
ative spanwise vorticity of the structure improves the distri-
bution of streamwise velocity. Therefore, the optimal control
effect with a drag reduction of up to 58% can be obtained.
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