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ABSTRACT
Recently, it was shown (Schoppa and Hussain,Phys. Flu-

ids, 10, 1049) that superimposing large-scale,synthetic, stream-
wise vortical flow structures onto a turbulent Poiseuille flow
to suppression of the low-speed streak instability mechan
which, in the end, appears to be responsible for drag enha
ment in turbulent flows. In this work, we use large-scale E
troHydroDynamic flow structures to control turbulent trans
mechanisms. We consider a channel with two different fl
control configurations: E-control, in which streamwise wi
electrodes are embedded into one of the walls and C-contr
which streamwise wire-electrodes are placed in the central-p
of the channel. In all cases, the wires are maintained at a p
tial sufficient to ensure ionic discharge. Ions are driven by
applied electrostatic field and generate plane, streamwise
which impinge on the opposite (grounded) wall and, by cont
ity, generate two-dimensional vortical flows. Control flows h
a spanwise periodicity of 340 wall units, in order to encomp
three low-speed streaky structures.

Results indicate that, after flow control actuation, the fl
field undergoes an initial steep transient of about 600 sh
based time units with a moderate drag decrease (about 6�7%),
followed by a steady-state in which the overall drag is o
slightly modified. All cases with E-control indicated drag
crease. Higher intensity C-control cases led to drag reduc
orresponding author. Ph. ++39 0432 558864; Fax: ++39 0432 558803.
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The long-term effect of flow control is small, being at most abo
4�5%. Corresponding to such small modification of the over
drag there is no significant change in the structure of turbule
at the wall.

INTRODUCTION
Chances of decreasing drag in aeronautical and marine

hicles, and of increasing the efficiency of combustion devi
prompted research work in turbulence control. The key for tur
lence control is controlling turbulent transfer mechanisms whi
in turn, are dominated by Coherent Structures. For example
a turbulent boundary layer, streamwise coherent structures
been linked to bursts and sweeps, which take slow-moving w
fluid into the outer region and bring fast-moving outer fluid in
the wall region. These events generate a major portion of
drag and are well correlated with heat and mass transfer flux

In recent times, research has been focused on active co
strategies, which are based, first, on the detection of the ev
producing drag and, second, on generating local fluid moti
able to counteract the drag producing events (see, among ot
Jacobson and Reynolds, 1998). Since the scale of these e
decreases with the Reynolds number, in order to control tu
lence with such techniques, a large number of sensors and a
tors must be employed for usual applications.

If suitable large-scale structures could be generated econ
ically and optimized to reduce drag, advantages could be fo
Copyright  1999 by ASME
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compared to the usual active control techniques. The base
of turbulence control by large-scale structures is the possibil
of controlling turbulent transfer mechanisms� drag producing
mechanisms� over a large portion of the domain boundary,i.e.
spanning over several low-speed streaks. Thus, in the first pla
complex control devices are not needed. Second, since the sc
of the imposed flows are much larger than the scale of the strea
wise structures, the method can be used over a large rang
Reynolds numbers without adjustments.

In a recent communicatione (Schoppa and Hussein, 19
it was shown that superposition of large-scale, streamwi
independent vortical flow structures, with a spanwise wavelen
of about 400 wall units, onto a turbulent Poiseuille flow, le
to suppression of the low-speed streaks instability mechanis
which is thought to be responsible for regenerating the strea
wise coherent structures. However, even though Schoppa
Hussein (1998) could show drag reduction, in some cases u
50 %, their analysis was somewhat preliminary, since they d
not generate the control flows by means of a physical mec
nism. Rather, they superimposedsyntheticcontrol flows onto
the turbulent field. They adopted two strategies:i) not to let the
control flows evolve together with the turbulent field, which the
namedfrozencontrol; ii) to let the control flows evolve with the
turbulent field, which they namedfree control. In the case of
frozen control, they could show up to 50 % drag reduction.
the free flow control cases, they could show drag reduction o
for a limited transient of around 1000 time wall units.

This paper is focused on the study of physical feasibili
of such control strategy. We tried to simulate physical contr
flows with some of the characteristics suggested by Schoppa
Hussain (1998), and examined their effect on a closed Poiseu
channel flow. Following our previous work (Soldati and Bane
jee, 1998), we used electrostatic forces to generate the large-s
structures imposed on the turbulent through-flow. We conside
two types of control flows:i) two-dimensional jets issuing from
one wall and impinging on the other, aligned in the streamwi
direction (E-control); ii) two-dimensional jets issuing from the
center of the channel, also aligned in the streamwise direct
(C-control). A schematic of the two configurations is given in
Figure 1. The control flows do not produce a net flow throug
put, but modify turbulent transfer mechanisms at the wall, whi
are responsible for drag production.

We used a pseudo-spectral method to solve the Nav
Stokes equations including the Coulomb body force, which w
calculated using a finite-difference scheme. The body force d
tribution is steady and uncoupled to the flow field, since ion
drift in gases is much larger than the fluid convection velocity.

NUMERICAL SIMULATION
The turbulent flow of air, assumed to be incompressib

Newtonian, with no-slip conditions at walls, and driven by a pre
2

,
s

f

le

Figure 1. Schematic of control flows: a) E control: streamwise vortical

structures generated by wires embedded in one wall; b) C control: stream-

wise vortical structures generated by wires in the middle of channel.

sure gradient was numerically simulated for an imposed pres
gradient. The wire-electrodes necessary to generate the ele
static body force to drive the control flows were kept at a p
tential sufficient to ensure ionic discharge and the presenc
distributed ionic species in the duct. Ions are subjected to
Coulomb force,F, which may be expressed as:

F = ρcE ; (1)

whereρc is the charge density andE is the electric field vector.
Ions are driven toward the walls and collide with fluid molecule
transferring momentum to them. This is equivalent to a bo
force which acts directly on the fluid. Therefore, the equation
fluid motion in dimensional terms is

ρ
�

∂ui

∂t
+uj

∂ui

∂xj

�
=�

∂P
∂xi

+µ
∂2ui

∂xj∂xj
+Fi ; (2)

whereui are the dimensional velocity components along the th
directionsxi (with x1, or x being streamwise,x2 or y being span-
wise andx3 or zbeing the wall-normal directions),P is pressure,
andρ andµ are fluid density and dynamic viscosity, respective
For the case under consideration, the body force depends
on y and z, implying that the body force distribution does n
fluctuate because of ionic convection. This is a realistic assu
tion, since ions have a drift velocity of about a hundred met
per second in air while the mean flow velocity is about one me
per second. For liquids, ionic convection may not be negligi
Copyright  1999 by ASME
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in some situations and “two-way” coupling will exist betwee
the flow field and the electrostatic body force field. Here t
coupling is “one-way”,i.e. the flow field does not modify the
electrostatic body forces.

Flow Field
The flow field was calculated by integrating mass and m

mentum balance equations in dimensionless form obtained u
the duct half-width,h, and the shear velocity,uτ, defined as

uτ =

r
τw

ρ
(3)

whereτw is the shear at the wall. Therefore, mass and momen
balance equations in dimensionless form are

∂ui

∂xi
= 0 ; (4)

and

∂ui

∂t
=�uj

∂ui

∂xj
+

1
Re

∂2ui

∂xj∂xj
�

∂p
∂xi

+δ1;i +Φi ; (5)

whereui is theith component of the dimensionless velocity ve
tor, δ1;i is the mean dimensionless pressure gradient,Φ is the
dimensionless electrostatic body force, andReτ = huτ=ν is the
shear Reynolds number. Eqs. 4 and 5 were solved directly usi
pseudo-spectral method similar to that used by Kimet al.(1987)
to solve the turbulent, closed-channel flow problem. The diff
ence is the inclusion of the space dependent body force wh
being steady and uncoupled to the flow field, was calculated o
at the beginning of each simulation. If the body force term
treated together with the non-linear terms, Eq. 5 may be re
as:

∂ui

∂t
= Si +

1
Reτ

∂2ui

∂xj∂xj
�

∂p
∂xi

(6)

which is identical to forms previously solved (Kimet al. , 1987,
Lam and Banerjee, 1992), and whereSi now includes the con-
vective term, the mean pressure gradient and the Coulomb t
The pseudo-spectral method is based on transforming the
variables into wave-number space, using Fourier representa
for the streamwise and spanwise directions and a Chebyshev
resentation for the wall-normal (nonhomogeneous) direction
two level, explicit, Adams-Bashforth scheme for the non line
terms Si and an implicit Crank-Nicolson method for the vis
cous terms were employed for time advancement. Details
3
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the method have been published previously (Lam and Baner
1992).

Considering air with density of 1:38 kg=m3, and kine-
matic viscosity of 16:6 � 10�6 m2=s, since the pressure gradi
ent is imposed equal for all simulations, the shear velocity
8:964�10�2 m=s, and the shear Reynolds number is equal to 1
For the reference case with no EHD effects (Soldatiet al., 1993),
the mean velocity is 1:16m=sand the Reynolds number based o
mean velocity and duct width is� 2795. The grid is 64�64�65
in the streamwise, spanwise and wall normal directions resp
tively, which gives a resolution comparable to that of other w
known DNS databases (Kimet al. , 1987, Lyonset al. , 1991,
Lam and Banerjee, 1992) for this Reynolds number.

Body Force Control Field
The electrostatic potential distribution and space charge

tribution are given by the following set of equations:

∂2V

∂x2
i

=�

ρc

ε0
(7)

ρ2
c = ε0

∂ρc

∂xi

∂V
∂xi

=� ε0
∂ρc

∂xi
Ei (8)

Ei =�

∂V
∂xi

(9)

Ji =�ρcβEi : (10)

where,ε0 is air permittivity (ε0= 8:854�10�12), andβ= 1:4311�
10�4m2=V s is ionic mobility (McDaniel and Mason, 1973) fo
positive discharge in air. Eqs. 7-10 were solved by a two
mensional finite difference scheme (Leutert and Bohlen, 19
Yamamoto and Velkoff, 1981) based on an initial guess for
space charge density at the wire followed by iterative solution
Eqs. 7 and 8 until convergence of the plate current density
obtained. Details on the numerical procedure and on the val
tion of the body force calculation against previous numerical a
experimental analyses may be found in previous works (Ka
and Stock, 1992, Fulgosi, 1998).

Simulation of Control Flows
All simulations were started from the uncontrolled chann

flow simulation calculated for a shear Reynolds number,Reτ =
108 over a grid of 64�64�65 (Soldatiet al. , 1993). The body
Copyright  1999 by ASME
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Figure 2. Streamlines of control flows for no-through flow case: a) E-

control, with streamwise wires embedded in the wall; contours go from

-130 to 130 with increments of 15 in wall units; b) C-control, with stream-

wise wires in the middle of the channel; contours go from -35 to 35 with

increments of 4 in wall units.

force was applied and simulations were run until a new ste
state was reached. The wires were kept at a potential of 15 0V
for all simulations while the current flowing through the duct w
varied. This allowed to have control flows of different intens
After the steady state was reached, simulations were cont
for a number of time steps sufficient to obtain adequate statis

The control variable in this type of flow control is the inte
sity of the electric current flowing through the duct. Howev
this information is not directly related to the structure of the
bulence field, and the organized control-flow flowrate shoul
used (Schoppa and Hussein, 1998). It is not straightforwa
predict a-priori the intensity and the shape of the control fl
once they have been interacting with the turbulent through-
We characterized the control flows on the basis of the s
and intensity they assumed in a no-through flow case. Sin
this case there is no applied pressure gradient and, consequ
there is no net flow through the duct, we calculated the flow
of each convective EHD cell. In Figure 2 a) and b), the stre
lines of the flow field obtained for a zero pressure gradient
shown for one of the E cases and one of the C cases respec
In all cases, the wire-electrodes had a spanwise spacing o
wall units. The flow structures are two-dimensional and re
the distribution of the body force. Current intensity and the
responding flowrates for the six cases investigated are rep
in Table 1. The flowrates are normalized by the flowrate of
channel with no imposed flow.
4

d
.

.
e

ly,

ly.
0

d

Table 1. SUMMARY OF THE SIMULATIONS

Current Density (A=m2) Wcontrol=Wchannel(%)

E1 1.50E-05 12.7

E2 2.00E-05 17.4

E3 5.00E-05 48.5

C1 1.00E-07 2.7

C2 5.00E-06 8.3

C3 2.00E-05 25.2

RESULTS
Overall Drag Modification

Since the pressure drop is the same for all the simulati
drag changes are indicated by the behavior of the stream
mean velocity. The behavior of the mean streamwise ve
ity versus time is presented for the E-control flow case, in F
ure 3 a), and for the C-control flow case, in Figure 3 b).

After flow control actuation, there is a transient lasting ab
600 dimensionless time units in which the mean velocity
creases for all the simulations. At present, there is no clear un
standing of the reasons leading to such transient behavior. C
sidering the E-control flow cases, all simulations attain a ste
state in which the velocity is lower than the corresponding
controlled flow case. Variations are, in any case, modest, wi
maximum decrease of about 3% in case E3, in which the con
flows are strongest. Drag behavior with the intensity of the E
flows is monotonic, suggesting that this configuration may
be optimized for drag reduction. The application of C-cont
flows gives a more complex behavior of the overall drag w
the intensity of the control flows: at very low intensity, drag
increased, whereas for higher intensity drag is increasingly
duced. In cases C2 and C3 the mean velocity reaches a s
state with increases of 2% and 3% respectively. While the ef
on drag of the imposed flows is small, being at most of the
der of 4�5%, no attempt has been made to optimize the vari
parameters.

Identification of Control Flows
To identify a strategy to optimize the shape and intensity

control flows, a proper characterization of the control flow
self is necessary. Considering that the actuating body forc
two-dimensional and steady, a suitable filtering of the flow fi
should allow characterization of the control flows. One pos
bility is averaging over the streamwise direction for an adequ
length, which could be, for instance, the length of the com
tational box� also scaling with the length of low-speed strea
� and is based on the hypothesis that the flow field is given as
Copyright  1999 by ASME



m-
da
ize

nd
in

act
ea

Fig
w
ith

as
tur-
is
ed

we
gth
as
k t
se

ure

The
am-
n-
ate

n-
f the
Fig-

en-
pear
the
net

6.
on-
rbu-
of

eld,
ol-
ce-
trol
ibu-
0.96

0.97

0.98

0.99

1

1.01

1.02

1.03

1.04

0 500 1000 1500 2000

U
 m

ea
n

t+

a)

E1
E2
E3

0.97

0.98

0.99

1

1.01

1.02

1.03

1.04

0 500 1000 1500 2000

U
 m

ea
n

t+

b)

C1
C2
C3

Figure 3. Evolution of mean through velocity with time for a) E-control,

and b) C-control for all simulated cases, normalized with mean-through

velocity of unforced channel flow case. After increase, mean velocity

reaches steady state for all simulations. In all E-control cases, mean

velocity is lower than corresponding unforced flow case. In C-control,

increase of mean velocity is obtained for higher body force intensity.

superposition of a mean velocity field,u, driven by the pressure
gradient, a turbulence field,u0, and the organized control flow
field, ũ, driven by the electrostatic body force. This triple deco
position was applied successfully in our previous paper (Sol
and Banerjee, 1998) to identify large-scale spanwise organ
flows.

In Figure 4 a), the isocontours of the streamlines correspo
ing to case E3 are shown. The streamlines have been obta
averaging the flow field in the streamwise direction and subtr
ing the mean streamwise velocity. The streamlines show a w
modification in their shape if compared to those presented in
ure 2 a). However, the total flowrate of the control flows is no
31:5% of the channel flowrate, indicating a large reduction w
respect to the no-through flow case (48:5%). The streamlines
corresponding to case C3 are shown in Figure 4 b). In this c
the control flows appear to be significantly perturbed by the
bulent through flow. The total flowrate of the control flows
now 17:6% of the channel flowrate, and this value was obtain
averaging the maxima of the single vortical structures.

A similar procedure was applied to the other cases at lo
intensity of the control flows, trying also to increase the len
over which the average was carried out over the whole datab
but no clear pattern was identified which could be traced bac
the pattern that the control flow has in the no-through flow ca
This can be explained considering that all turbulence struct
5
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Figure 4. Filtered streamlines of control flows for highest potential ap-

plied for a) E-control, with contours going from -90 to 90 with increments

of 11.25 in wall units; and b) C-control, with contours going from -28 to 20

with increments of 3 in wall units: average value of maximum streamline

was obtained averaging over the different vortical flows.

in a boundary layer are aligned in the streamwise direction.
interaction and superposition of these structures with the stre
wise control flows made difficult a clear identification of the co
trol flows and, consequently, the determination of their flowr
using this triple decomposition.

Mean Velocity and Turbulence Intensity
The profiles of the mean velocity for the uncontrolled cha

nel flow case is compared against the mean velocity profile o
E-control cases in Figure 5 a) and of the C-control cases in
ure 5 b). In the E-control cases the wires are located atz+ = 0.
Considering first Figure 5 a), all profiles are flattened in the c
ter of the channel. Also in the C-control cases the profiles ap
flattened in the center of the channel, but they increase in
wall region, producing, in the two cases at higher potential, a
increment in the flow throughput.

Modification of turbulence intensity is shown in Figure
As observed in the previous section, the flow field may be c
sidered as given by the superposition of the mean field, the tu
lence field and the organized control flow field. The evaluation
turbulence intensity should be made only on the turbulence fi
thus filtering out mean flow and control flow components (S
dati and Banerjee, 1998). At this stage, a suitable filtering pro
dure was not identified and applied. However, since the con
flows are streamwise independent, they give no direct contr
Copyright  1999 by ASME
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Figure 5. Behavior of mean velocity profile for a) E-control, and b) C-

control for all simulated cases, compared with velocity profile of unforced

channel flow case. In all cases, profile is flattened in channel center.

tion to turbulence intensity in the streamwise direction.
The intensity of turbulence in the streamwise direction

shown in Figure 6 a) for E-control cases. Turbulence intensit
increased close to the wall from which the jets issue,i.e. the one
with the embedded wires, and decreased close to the other
for all cases with the exception of case E3, in which large tur
lence intensity is observed throughout the channel. In all ca
however, the increase of the intensity of control flows produce
monotonic trend in the modification of turbulence intensity.

In Figure 6 b), the intensity of turbulence in the streamw
direction is shown for the C-control cases. In all C-control cas
turbulence intensity decreases in the wall region and incre
in the central region of the channel. Compared to the unc
trolled channel flow case, for increasing intensity of the c
trol flows there is an initial decrease of turbulence intensity
the wall region� cases C1 and C2� followed by an increase
of turbulence intensity in case C3. This indicates that after
tially damping turbulence production mechanisms, higher int
sity control flows increase turbulence level producing turbule
by their own mechanisms (Soldati and Banerjee, 1998).

Instantaneous Structure of Turbulence under C-control
In this section, we will consider the structure of turbulence

the wall region for the C-control cases, because this configura
seems more promising from the point of view of drag reducti

The streaky structure of the fluctuating streamwise veloc
component is one fingerprint of turbulent boundary layers.
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Figure 6. Variance of velocity fluctuations in the streamwise direction

for a) E-control cases, and b) C-control cases, compared with turbulence

intensity of the uncontrolled channel flow case.

Figure 7 a), the streaky structures of the uncontrolled chan
flow cases are shown. It is well known that streaky structures
linked to regions of high and low shear stress at the wall: a
speed streak is a region of low shear stress, whereas a high s
patch is a region of high shear stress. This link can be appr
ated comparing Figure 7 b), where the instantaneous distribu
of the wall shear stress is mapped, with Figure 7 a). A reg
of low streamwise fluctuating velocity indicates an uplift of wa
fluid toward higher speed layers� burst. This causes a local de
crease of the wall shear stress. A region of high streamwise fl
tuating velocity indicates a downdraft of higher momentum flu
toward the wall� a sweep� which causes an increase in th
local wall shear stress. Ultimately, the dynamics of the stre
is related to the dynamics of the coherent structures which c
trol momentum transfer in the boundary layer. As observed
Schoppa and Hussain (Schoppa and Hussein, 1998), large
ification of the skin friction are related to the disruption of su
coherent structures. On the other hand, as already put in evid
in other works (e.g., Lombardiet al. , 1996, Soldati and Baner
jee, 1998), small modifications of the wall shear stress, and he
of the total drag, can be found also in cases in which the dyn
ics of the coherent structures of the boundary layer retains
characteristics, but intensity and frequency of single events,e.g.
sweeps and bursts, are somewhat modified. In Figures 8� 10,
the streaky structure and the wall shear stress distribution for
C-control cases are shown. The effect of control jets can be
served only in case C3, Figure 10, where two streaks appear m
pronounced.
Copyright  1999 by ASME
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Figure 7. Streaky structures in the boundary layer at z+ = 10 a); and

instantaneous wall shear distribution in the uncontrolled flow case b).

An examination of the streak spacing for a number of diff
ent timesteps gave results altogether similar to those obtaine
the uncontrolled channel flow, indicating that the structure of
boundary layer is not markedly affected by the presence of
control flows.

CONCLUSIONS AND FUTURE DEVELOPMENTS
In this work, we tried to examine physical realization of t

situation approximating the suggestion of Schoppa and Hus
(1998) who demonstrated that superimposing synthetic con
flows in the shape of large-scale streamwise structures, w
could encompass several low-speed streaks, can significant
duce drag in a turbulent boundary layer. This technique app
interesting from a practical viewpoint since actuation of co
trol flows does not require the accurate knowledge of turbule
structure at the wall. We used control flows of electrohydro
namic origin generated by the flow of ionic species dischar
from streamwise wires placed in different configurations.
shown by Rothet al.(1998), EHD can be the preferred approa
for flow control compared to the more investigated Magne
HydroDynamic approach (Tsinober, 1989). We considered
flow control configurations: E-control, with wires embedded in
one wall, leading to EHD jets that generate 2D vortical flows
the scale of the wall-to-wall distance, and C-control, with wir
placed in the middle of the channel, leading to jets generating
vortical flows of the scale of half the wall-to-wall distance. W
performed Direct Numerical Simulations for each flow cont
configuration, and examined the effect of different intensity
the control flows.
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Figure 8. Streaky structures in the boundary layer at z+ = 10 a); and

instantaneous wall shear distribution in C1 control flow case b).

Preliminary analysis of the results indicated that appli
tion of the electrostatic control produced a transient of ab
600 shear-based time units during which drag was reduce
about 6�7% in all cases. After the initial transient, a new stea
state was reached. In all E-control cases, the mean velocity
moderately reduced (at most 3%), whereas in the higher inten
C-control cases the mean velocity was moderately increase
most 3%). The structure of the turbulent boundary layer was
amined. In particular for the C-control cases, no disruption of
streaky structure was observed. Rather, we found structures
characteristics similar to those occurring in uncontrolled chan
flow. Drag modification observed in all cases is probably due
the bias induced in the balance between turbulent drag pro
ing events and turbulent drag reducing events. Further ana
is required in order to investigate on the interaction between c
trol flows and structures in the turbulent boundary layer. T
is necessary before proceeding toward an optimization of sh
and intensity of the control flows.

At present, we are examining different control flow confi
urations which should be more effective for turbulence cont
We are developing a procedure to simulate wall-parallel lar
scale jets in the spanwise direction. The mechanisms by w
wall-jets should reduce turbulent drag are the same as on w
drag-reduction by wall oscillations are based (Junget al. , 1992,
Choi and Graham, 1998). These techniques are based onout-
phasingthe streamwise structures in the wall region in order
affect the low-speed streak instability mechanisms, which is
lieved to be responsible for regenerating the streamwise cohe
structures, which, in turn, appear to be the cause of drag enha
ment in a turbulent boundary layer.
Copyright  1999 by ASME
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Figure 9. Streaky structures in the boundary layer at z+ = 10 a); and

instantaneous wall shear distribution in C2 control flow case b).
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