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Abstract

lonic species dispersed in a fluid under the action of an
electric field drive electrohydrodynamic (EHD) flows. E-
HD flowsin gases occur frequently in el ectrostatic precip-
itators (ESP), where dispersed ions are required to charge
the initially neutral dust particles which are to be sepa-
rated. EHD flows are believed to be detrimental for dust
collection in ESPs. In this work, we look at EHD flows
from a new perspective and we examine the possibility of
tuning their intensity and geometry in order to modify tur-
bulence structure. Specifically, we follow a recent idea
(Schoppa and Hussain, 1998), in which idealized large-
scale, streamwise vortical flows were applied to reduce
turbulent drag in a boundary layer and we suggest a new
configuration for ESPs which could be optimized for drag
reduction. The final aim is to reduce the pressure drop
required by an ESP.

In this paper, first, we review phenomena occurring
in a boundary layer and one turbulence control strategy
based on the use of large-scale structures. Second, we
analyze the influence of large-scale electrohydrodynami-
cally induced streamwise vortical flows superimposed on
turbulent plane Poi seuille flow using direct numerical sim-
ulation. The EHD flows had a spanwise periodicity of 340
wall units, which is characteristic of ESP geometry. Re-
gardless of intensity, EHD flowsinducean initial transient
of ~ 600 shear-based time units with moderate drag de-
crease (~ 6 — 7%), followed by a steady-state with slight
drag modification. The behavior of the shear-stress at the
wall was examined in connection with the shape of the
EHD flows to identify future directions for further drag
reduction.

INTRODUCTION

The study of the interaction between electrostatic body
forces and turbulent flows has relevance in a number of
applications, ranging from aerospace technology [1, 2] to
electrostatic filtering [3, 4, 5, 6, 7].

I njecting ionic speciesinto agas and superimposing an
electrostatic field leads to steady body force acting on the
fluid. This phenomenon is common in electrostatic pre-
cipitators (ESP). In the most widely used configuration, an
ESPis constituted by two vertical grounded platesthrough
which the dust-laden gas flows horizontally. Regularly s-
paced, vertical thin wires are placed in the middle of the
duct and are kept at high potential in order to dischargethe
ions required to charge the initially neutral airborne par-
ticles that are to be separated. Under common operating
conditions, the ions discharged by the wires are acceler-
ated towards the wall and generate spanwise plane jets
which, in turn, produce spanwise two-dimensional vor-
tices of the size of the wire-to-wall distance [3, 5, 6, 7].
In previous papers, we have shown that the application of
increasing voltages to the wires led to a decrease in over-
all drag — the maximum reduction being about 6 % [6]
— and to increasing mass transfer at the wall [8]. Drag re-
duction mechanisms were shown to be related to modifi-
cationsin frequency and intensity of Reynolds-stress pro-
ducing events.
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Figure 1. Schematics of wire-plate ESP with proposed
new flow configuration.

In this paper, we examine the possibility of a new con-
figuration for ESPs in which EHD flows produce vortical
flowswith a streeamwise axis. In this configuration, shown
in Figure 1, the main flow is directed parallel to the wires.
This idea was prompted by the recent papers of Schoppa
and Hussain [9, 10] who identified one of the possible cy-
cleswhich controlslow Reynolds number turbulence gen-
eration and proposed an idealized means for its control.
Inthis cycle, low-speed streaks are subject to lateral insta-
bility and determine the generation of streamwise vortices
which, in turn, sustain the streaky structures. Interrupting
this cycle at a certain point would prevent the formation
of the streamwise vortical structures and significantly de-
crease drag.

In this work, first, we present the mechanism of tur-
bulence regeneration described by Schoppa and Hussain
(1997) deriving the rationale for turbulence control and
drag reduction. Second, we examine the possibility of re-
ducing drag by electrostatic forces. We studied a pres-
sure driven Poiseuille flow with streamwise axis vortical
structures of EHD origin. This flow occursin the new E-
SP configuration as shown in Figure 1. We analyzed this
flow using a pseudospectral Direct Numerical Simulation
(DNS). If the configuration shown in Figure 1 can be op-
timized for drag reduction, it could represent a significant
improvement in ESP technology since pressure drop can
be a significant parameter for the optimization of opera-
tive costs.

WALL TURBULENCE AND RATIONALE
FOR CONTROL

In a turbulent boundary layer, momentum, heat and mass
transfer are controlled by strong loca motions of fluid
which are caled gections and sweeps. These motion-
s contral turbulent mixing close to the wall: ejections
bring the low-momentum fluid close to the wall into the
outer region, whereas sweeps bring the high-momentum
fluid from the outer flow into the wall region. Ejection-



Figure 2: Instantaneous footprint of the wall shear-stress
with corresponding sweep and €ection events in the
whole computational domain. At the wall, red indi-
cates high shear-stress; blue indicates low shear-stress.
Gold 3D regions are isosurfaces characterizing sweep-
s whereas blue 3D regions characterize gections. 3D
isosurfaces are traced at w'w’ = -3 in dimension-
less units. A time-sequence animation of the events
shown in this Figure may be retrieved at http://www-
cfd.dstc.uniud.it/www/moviel.htm

s and sweeps control momentum transfer at the wall and
are also well correlated to heat transfer [11, 12] and mass
transfer [13] at the wall. In Figure 2, the footprint of the
shear-stress at the wall is shown together with sweep and
gjection events. In this Figure, sweeps and gections are
identified with the same isocontour of the instantaneous
surface at v'w’ = —3. Low shear-stress regions cor-
respond to the gections — uplifting of low momentum
fluid — whereas high shear-stress regions correspond to
the sweeps — downwash of high momentum fluid. Both
sweeps and ej ections contributeto positive turbulence pro-
duction.

Thereis till some uncertainty about the mechanisms
which generate and maintain the sweep/gjection events.
They appear to be generated by the quasi-streamwise
vortices which populate the near wall region. Quasi-
streamwise vortices have a characteristic length of about
200 wall units and a spacing of about 400 wall unit-
s[9, 14, 15]. These vortices are dightly tilted away from
thewall and are responsiblefor pumping fluid towards and
away fromthewall. The streamwise vorticesmay beiden-
tified by calculating the eigenvalues of the strain rate ten-
sor [16, 17, 18]. The vector 2 isrelated to the streamline
rotation, represents the strength and direction of the rota-
tion of the streamlines, and is associated with the complex
eigenvaluesof the strain ratetensor. In Figure 3, two coun-
terrotating vortices, identified by one isosurface of 2, are
shown together with the gjections and sweeps they gen-
erate. The elongated red and pale blue structures are two
isosurfaces with the same absolute value of €2 (and oppo-
site sign) and indicate clockwise rotating (red) and coun-
terclockwise rotating (pale blue) vortices. The blue lumps
of fluid in between the two vortices are gjections and the
green lumps of fluid outside the two vortices are sweeps.

Many quasi-streamwise vortices are usually associat-
ed with one single low-speed streak. Low-speed streaks
are sinuous regions about 1000 wall units long and are
characterized by a value of the streamwise velocity lower
than the mean. Low-speed streaks aternate with high-
speed regions, which are usually shorter. In Figure 4,

Figure 3: Quasi-streamwise counterrotating vortices to-
gether with gjections and sweeps. Quasi-streamwise vor-
tices extend for about 300 z+. Two isosurfaces of the
same absolute value of 2 indicate clockwise rotating
(red) and counterclockwise rotating (pale blue) vortices.
Sweeps and gjections are indicated by green and blue
respectively. A time-sequence animation of the events
shown in this Figure may be retrieved at http://www-
cfd.dstc.uniud.it/www/movie2.htm

quasi-streamwise vortices are shown associated with one
low-speed streak — a 650 wall unit-long piece of one low-
speed streak. Quasi-streamwise vortices are slightly tilted
upward — about 9° average [9]; clockwise and counter-
clockwise rotating vortices are also dlightly tilted about
4° right and | eft respectively. One single low-speed streak
has a longer life than quasi-streamwise vortices and sur-
vives a number of vortex generations. In Figure 5, one
single low-speed streak is shown for a length of about
1200 wall units. The isosurface indicates a streamwise
velocity value of 0.56 U, where U, is centerline veloc-
ity. The streak is sinuous and, in time, oscillates in the
spanwise direction. The isosurface of the streak has dif-
ferent lope and shape at different locations. It has been
shown [19] that the generation of the quasi-streamwise
vortices is associated with changes in the shape of the
low-speed streak surface. The Lagrangian evolution of
the shape of alow-speed streak is shown in Figure 6. The
section shown in Figure 6 @) is followed downstream with
the velocity 0.56 U, [19]. During the sequence shown in
Figure 6, thewall layer undergoes a quiescent phase, Fig-
ure6 a) and b), during which thereis no evidence of quasi-
streamwise vortices, and an active phase, Figure 6 ¢), d)
and e), during which there is an alternate appearance of
quasi-streamwise vortices of opposite sign, and again a
quiescent phase, Figure 6 f). It is interesting to observe
that clockwise and counterclockwise rotating vortices do
not appear at the same time at the same location, as dis-
cussed by Schoppa and Hussain [9]. During the whole
cycle, the section of the streak was advected downstream
for 640 wall units.

In a recent paper, Schoppa and Hussain (1997) sug-
gested that wall turbulence is dominated by a cycle in
which low-speed streaks generate quasi-streamwise vor-
tices, which in turn generate gjections and sweeps. These
finaly contribute to maintain the low-speed streaks. A
crucia question is how the low-speed streaks can gener-
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Figure 4: Onelow-speed streak (red) with counterrotating
guasi-streamwise vorticesin abox about Clockwise rotat-
ing vortices (blue) are on the right side of the low-speed
streak and are dlightly tilted right; Counterclockwise ro-
tating vortices (green) are on the left side and are slightly
tilted left.

ate the quasi-streamwise vortices. Schoppa and Hussain
(1997) answer this by examining the behavior of a sin-
gle low-speed streak and finding that it is subject to lat-
eral, sinuous instability. Stability analysis of an idealized
low-speed streak showed it to be unstable to lateral per-
turbations; basing their examination also on the DNS of
a minimal channel-flow unit [20], the authors were able
to demonstrate that a vortex-less streak is able to gener-
ate new streamwise vortices. They conclude by suggest-
ing different strategies for turbulence control: the most
interesting strategy seems to be stabilization of the low-
speed streaks. This could be done in a number of ways
but a large-scale approach seems more reasonable given
the obvious technological advantages. The use of large-
scale motions was already investigated by several authors,
who exploited oscillating walls [21, 22, 23, 24]. In the
DNS work by Jung et a. [21], drag was reduced up to
40%.

A different approach was suggested by Schoppa and
Hussain [10] who, in a further paper, hypothesized that a
large-scale, forcing velocity field in the spanwise direc-
tion would stabilize the streaks and block the turbulence
regeneration cycle. To test this concept, they used synthet-
ic streamwise vortical flows, with a spanwise wavelength
of 400 wall units [10] and demonstrated that superimpos-
ing these induced flows on a turbulent boundary layer led
to temporary but significant drag reduction. Starting from
this background, we decided to investigate whereas elec-
trostatic forces can be used to generate large-scale flows
suitable to reduce turbulent drag.

In ESPs, the EHD flows are perceived as detrimen-
tal to operation. If EHD flows could be tuned in order
to obtain the values and characteristics required to stabi-
lize the low-speed streaks, their presence could turn into
a benefit from the viewpoint of the pressure drop. Fol-
lowing our previouswork [6], we used electrostatic forces
to generate the large-scal e structures imposed on the tur-
bulent throughflow and we tried to simulate physical con-
trol flows with some of the characteristics suggested by
Schoppa and Hussain (1998).

Figure 5: Velocity isosurface describing one isolated
low-speed streak. |sosurface velocity value is 0.56 U..
A time-sequence animation of the low-speed streak
shown in this Figure may be retrieved a http://www-
cfd.dstc.uniud.it/www/movie4.htm

NUMERICAL SIMULATION

The turbulent flow of air, assumed to be incompressible,
Newtonian, with no-dip conditions at walls, and driven
by a pressure gradient, was numerically simulated for an
imposed pressure gradient. The wire-el ectrodes necessary
to generate the el ectrostati c body forceto drivethe control
flowswere kept at apotential sufficient to ensureionicdis-
charge and the presence of distributed ionic speciesin the
duct. lons are subjected to the Coulomb force, F, which
may be expressed as:

F=pkE, @

where p. is the charge density and E is the electric field
vector. lons are driven toward the walls and collide with
fluid molecules, transferring momentum to them. Thisis
equivalent to a body force which acts directly on the flu-
id. Therefore, the equation of fluid motion in dimensional
termsis

%di_u'aui __877+ 0%u;
P ot Jal’j n 81‘1 'ua.’l,’jal’j

+ F; 2

where u; are the dimensional velocity components along
thethreedirections z; (with z;, or z being streamwise, z-
or y being spanwise and x5 or z being the wall-normal di-
rections), P is pressure, and p and p are fluid density and
dynamic viscosity, respectively. For the case under con-
sideration, the body force depends only on y and z, im-
plying that the body force distribution does not fluctuate
because of ionic convection. This is a realistic assump-
tion, since ions have a drift velocity of about a hundred
meters per second in air while the mean flow velocity is
about one meter per second. For liquids, ionic convection
may not be negligible in some situations and “two-way”
coupling will exist between the flow field and the electro-
static body force field. Here the coupling is “one-way”,
i.e. the flow field does not modify the electrostatic body
forces.
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Figure 6: Lagrangian evolution of low-speed streak sur-
face — identified by the 0.56 U.. isosurface — associated
with the presence of streamwise vortices — identified by
the Q isosurface, red is clockwise rotating and blue is
counterclockwiserotating. The streamwise locationis ad-
vected downstream with velocity 0.56 U, (Kim and Hus-
sain, 1993). Thewall unitstime of the different snapshots
isa) time0, b) time 24, c) time 52, d) time 94, €) time 131,
and f) time 181. The wall region undergoes modifications
from quiescent phase @) and b), to active phase, c), d) in
which the presence of a counterclockwiserotating stream-
wise vortex is noted, and €) in which the presence of a
clockwise rotating streamwise vortex is observed, back to
quiescent phase, f). During the time sequence, the initial
cross-section advanced about 640 wall units downstream.

FLOW FIELD
The flow field was calculated by integrating mass and

momentum balance equations in dimensionless form ob-
tained using the duct half-width, A, and the shear vel ocity,

u,, defined as
ur = [ )
P

where 7, is the shear at the wall. Therefore, mass and
momentum balance equationsin dimensionlessform are

6ui o
5 =0 O
and
aui Bu,- 1 BQUi Bp
o - Yis T oA A T A it ®
ot i O0rj Relzj0r; O o+ ©)

y+

Figure7: Streamlinesof control flowsfor no-through flow
C-3 case. Contoursgo from —35 to 35 with increments of
4 inwall units.

where u; isthe ith component of the dimensionless veloc-
ity vector, d; ; is the mean dimensionless pressure gradi-
ent, ¢ is the dimensionless electrostatic body force, and
Re, = hu, /v isthe shear Reynolds number. Egs. 4 and 5
were solved directly using a pseudo-spectral method sim-
ilar to that used by Kim et al. (1987) to solve the turbu-
lent, closed-channel-flow problem. The difference is the
inclusion of the space-dependent body force which, be-
ing steady and uncoupled to the flow field, was calculated
onceat the beginning of each simulation. If the body force
term is treated together with the nonlinear terms, Eq. 5
may be recast as:

. 241
auz:Si+L 0“u; _8p
ot Re, Oxz;0x;  Ox;

which is identical to forms previously solved [25, 26],
and where S; now includes the convectiveterm, the mean
pressure gradient and the Coulomb term. The pseudo-
spectral method is based on transforming the field vari-
ables into wave-number space, using Fourier represen-
tations for the streamwise and spanwise directions and
a Chebyshev representation for the wall-normal (nonho-
mogeneous) direction. A two-level, explicit, Adams-
Bashforth scheme for the nonlinear terms S; and an im-
plicit Crank-Nicolson method for the viscous terms were
employed for time advancement. Details of the method
have been published previously [26].

Considering air with density of 1.38 kg/m?, and kine-
matic viscosity of 16.6 - 10~% m?/s, since the pressure
gradient is imposed equal for all simulations, the shear
velocity is8.964-10~2 m /s, and the shear Reynolds num-
ber is equal to 108. For the reference case with no EHD
effects, the mean velocity is 1.16 m /s and the Reynolds
number based on mean velocity and duct widthis ~ 2795.
Thegridis 64 x 64 x 65 in the streamwise, spanwise and
wall normal directions, respectively.

(6)

BODY FORCE CONTROL FIELD

The electrostatic potential distribution and space charge
distribution are given by the following set of equations:

P2V pe
gy _ _Pe @

8.’1,'3 €p

Current Dens. (4/m?)

Wcont./Wchan. (%)
2.7

C1 1.00E-07 .

Cc2 5.00E-06 8.3
C3 2.00E-05 25.2
C4 5.00E-05 58.9

Table 1. Summary of the simulations
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Figure 8: Time evolution of flowrate for the differen-
t cases. Flowrates are normalized by unforced channel
flowrate. Initial increaseis followed by a steady-state.
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where, ¢, is air permittivity (¢p = 8.854 - 10~12), and
B =1.4311-10"%*m?/V sisionic mobility [28] for pos-
itive dischargein air. Egs. 7-10 were solved by a two di-
mensional finite difference scheme [27] based on an ini-
tial guessfor the space charge density at the wire followed
by iterative solution of Egs. 7 and 8 until convergence of
the plate current density was obtained. Details on the nu-
merical procedure and on the validation of the body force
calculation against previous numerical and experimental
analyses may be found in previous works[29]. The prob-
lem investigated is described by the balance equation for
the fluid and a reduced set of Maxwell equations for the
electrostatic body force distribution [6], which, being de-
coupled from the flow field, can be calculated once for all
and regardless of how the flow field evolves. We use a
two-dimensional finite-difference method to cal culate the
electrostatic body force field [6].

All simulations started from a channel-flow simula-
tion, with no EHD flows calculated for a shear Reynolds
number, Re. = 108 over agrid of 64 x 64 x 65[30]. The
body forceis then applied and simulations run until a new
steady state isreached. Thewires are kept at a potential of
15 000 V for @l simulations — a potential typical in ESP
applications — while the current flowing through the duct
isvaried. Thisalowscontrol flows of differentintensities.
After the steady state is reached, simulations are contin-
ued for a sufficient number of time steps to obtain ade-
guate statistics. In al simulations, the pressure gradient
was maintained fixed, and corresponding to Re , = 108.

The control variable in these simulations is the inten-
sity of the electric current flowing through the duct. How-
ever, thisinformation is not easy to relate to the structure
of the turbulent flow field. The flowrate of the organized
forcing flows is a better correlation parameter [10]. Since
it is not straightforward to predict, a priori, the intensity
and the distribution of the control flows oncethey havein-
teracted with the turbulent throughflow, we characterized
the control flows on the basis of the distribution and inten-
sity for no throughflow. Current intensity and correspond-
ing flowratesfor the four casesinvestigated arereportedin
Table 1 for the no throughflow cases — current intensities
areintherange normally used in ESPs. Flowrates are nor-
malized by the flowrate of the channel with no imposed
forcing flows. In Figure 7, the streamlines of the undis-
turbed forcing flows obtained for no throughflow and in
laminar conditions are shown for case C3.
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Figure 9: Statistics in actuated flow and unactuated flow.
a) Mean velocity profiles; b) streamwise velocity fluctua-
tions.

RESULTS
OVERALL DRAG MODIFICATION

Since the pressure drop is maintained the samefor all sim-
ulations, al drag changes are indicated by the behavior of
the flowrate: drag reduction is indicated by an increase
of the flowrate, drag increase isindicated by a decrease of
theflowrate. In Figure 8, thetime-behavior of the flowrate
normalized by the unforced case flowrate is shown for
the different cases. After induction of EHD flows, there
is a transient lasting about 600 dimensionless time units
in which the mean velocity increases for al simulations.
Some indications to explain such transient behavior may
be found elsewhere [31]. At very low intensity, dragisin-
creased, whereas for higher intensity drag is reduced. In
cases C2 and C3 the mean vel ocity reaches a steady state
with increases of 2% and 3% respectively. In case C4, the
initial peak is lower and the slope toward the steady state
ismilder. A steady state is reached after about 15000 wall
time units with practically no drag reduction compared to
the unforced case. Thus, maximum drag reduction seems
to exist for this type of forcing flows — conditions close
to case C3.

MEAN VELOCITY AND TURBULENCE INTENSI-
TY

The mean velocity for the unforced channel-flow case is
compared against the mean velocity profiles of the forced
cases in Figure 9 a). The profiles appear flattened in the
center of the channel, but increase in the wall region, pro-
ducing, in the three higher-potential cases, a net increase
in the flowrate, as confirmed by Figure 8.

In the present simulations, energy is fed into the tur-
bulence field by the mean pressure gradient and by the
electrostatic forces. A careful examination of turbulence
statistics, turbulence structure and energy and Reynolds
stress budgetsis advisablein order to establish the effects
EHD flows have on the turbulence field and on the mean
field. To do this analysis, a suitable method of filtering
out the large-scale forcing flows should be adopted. The
electrostatic field is two-dimensional and a filtering pro-
cedure could be averaging over the x direction. However,
the streamwise EHD vortical flows have sizes comparable
to those of the streamwise vorticestypical of the boundary
layer, with which they interact in acomplex way. Averag-
ing over the streamwise direction [6] allows identification
of EHD flows only when they are much stronger than un-
forced case vortices — i.e. in case C4, which is not rep-
resentative for al the other cases. Thus in Figure 9 b),
we show only turbulence intensity in the streamwise di-
rection, which is not directly modified by the EHD flows,
since they have a null component in the « direction. In
all cases, turbulence intensity decreasesin the wall region
and increases in the central region of the channel. Com-
pared to the unforced channel-flow case, for increasing
intensity of the control flows, there is an initial decrease
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Figure 10: Influence of single EHD streamwise vortex
on time-averaged wall shear-stress. a) undisturbed (no-
through flow case) EHD vortex; b) time-average of wall
shear-stress in each case normalized by time-average of
wall shear-stress in unforced channel case.

of turbulence intensity in the wall region — cases C1 and
C2 — followed by an increase in turbulence intensity in
cases C3 and C4. Thisindicates that after initially damp-
ing turbulence production, higher intensity control flows
increase turbulence levels, producing turbulence by their
own mechanisms [6]. The peak in the unforced case is
always larger than in the forced cases.

In their paper on the dynamics of wall coherent struc-
tures, Schoppa and Hussain [9] suggest that lateral forc-
ing would be appropriate to reduce drag by damping the
streak-regeneration mechanism. In their subsequent let-
ter [10], they exploit large, mathematical vortices with
streamwise axis and they analyze the influence these vor-
tices have on turbulence in a specific way which we fol-
lowed [32, 33] and present here to extrapolate an ideal
forcing EHD flow. Consider Figure 10 a), where one s-
ingle EHD-generated vortex is shown: the EHD jet im-
pinges on the wall at “i”, then the streamlines run par-
allel to the wall through “c” and they return toward the
outer flow at “s’. In Figure 10 b), the behavior of the
normalized, time-averaged wall shear-stress is shown for
each simulation. In all forced cases, the time-averaged
wall shear-stressincreases in the impingement region and
decreases where the EHD flow streamlines are parallel to
thewall. In the lower intensity cases, C1 and C2, the wall
shear-stress increases again close to point “s’. Following
the definition of Schoppaand Hussain [10], we can name
the “i-s” region in Figure 10 a) as vortex forcing and the
“c-s” region in Figure 10 &) as wall-jet forcing. In case
C4, the time-averaged wall shear-stress in the “c-s’ re-
gion is about 0.90% of that in the unforced case. In case
C3, which is the most favorable, the time-averaged wall
shear-stress in the “c-s” region is about 0.87% of that in
the unforced case. Apparently, thewall shear-stressis sig-
nificantly reduced in the region where the forcing flow is
parallel to the wall — as suggested by Schoppa and Hus-
sain [9] — but it is greatly increased in the region where
extra drag is generated by the EHD jet impinging on the
wall. Thisincreaseis, in most cases, sufficient to reduce
the beneficial effect to afew percent drag reduction.

CONCLUSIONS

In this work, we tried to exploit using a physical mecha-
nism the idealized strategy for turbulence control present-
ed by Schoppa and Hussain [10]. This strategy is based
on the use of large-scale, wall parallel jets to stabilize the
low-speed streaks which have been shown responsible for
one of the mechanisms generating and maintaining turbu-

lence. The wall-parallel jet could be part of alarge-scale
vortex with streamwise axis. This type of vortex can be
generated in electrostatic precipitators, where dispersed
ions are subject to the action of the applied electrostat-
ic field. Usually, ESPs exhibit large-scale vortices with
spanwise axis: in this work, we propose a new config-
uration for ESPs in which the vortices have streamwise
axis. This configuration can be optimized for drag reduc-
tion and could represent a significant improvement in ESP
technology.

We have performed DNS of the turbulent Poiseuille
flow coupled to the Maxwell equations required to cal-
culate the body forces which maintain the EHD flows,
and we have shown that EHD-induced, streamwise vor-
tical flows may be used to modify turbulence characteris-
tics, even though in the specific configuration examined,
which is of interest for ESP design, did not lead to dra-
matic changesin drag.

At present, we are looking at various geometrical
configurations which could increase the extent of wall-
parallel jets and reduce the extra drag generated by the
EHD jets impinging on the wall, focusing on finding an
optimized configuration for drag reduction. Thisincludes
using wall-parallel jets and oscillating the electrostatic
field with suitable frequencies.
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