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ABSTRACT

We analyzed the influence of large-scale Elec-
troHydroDynamic streamwise vortical flows superim-
posed to a plane Poiseuille flow. The vortical flows had
a spanwise periodicity of 340 wall units, in order to en-
compass three low-speed streaky structures. Results in-
dicate that, after the actuation of control flows, the flow
field undergoes an initial steep transient of about 600
shear-based time units with a moderate drag decrease
(about 6 — 7%), followed by a steady-state in which
the overall drag was only slightly affected by the EHD
flows. Higher intensity cases led to drag reduction. The
long-term effect of flow control is small, being at most
about 4 — 5%. Corresponding to such small modifica-
tion of the overall drag there is no significant change in
the structure of turbulence at the wall.

INTRODUCTION

The study of the interaction between electrostatic
body forces and turbulent flows has relevance in a num-
ber of applications, ranging from aerospace technology
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to electrostatic filtering. In this work, we consider the
possible application of electrostatic body forces to re-
duce drag and control turbulence transfer mechanisms
in a pressure-driven closed channel flow. In this case,
turbulent transfer mechanisms are dominated by wall
streamwise coherent structures, which are known to be
linked to bursts and sweeps. These events, bringing
slow-moving wall fluid into the outer region and fast-
moving outer fluid into the wall region, generate a ma-
jor portion of the frictional drag and correlate well with
heat and mass transfer fluxes.

Turbulence control may be obtained with closed-
loop control techniques, which are based, first, on the
detection of the events producing drag and, second, on
generating local fluid motions able to counteract the
drag producing events (see, among others, Jacobson
and Reynolds, 1998). The average spacing of the low-
speed streaks is about 100 y™, their average length is
about 1000 x™, and the ejection/burst occur with a pe-
riod of about 250 t*. Dimension and response-time of
the required sensors and actuators should be appropri-
ate to these scales. Since the scales of wall turbulence
decrease with the Reynolds number, it seems hard for
present day technology to comply with such require-



ments for practical applications.

Active open-loop techniques are receiving great at-
tention as a means to reduce drag and control turbu-
lence transfer mechanisms in boundary layers. In a re-
cent communication, Schoppa and Hussain (1998) have
shown that large-scale streamwise vortical flows and
wall-parallel jets can reduce drag for a transient period
of about 1000 wall-based time units. They used syn-
thetic structures, with a spanwise wavelength of 400
wall units and demonstrated that superimposing these
structures onto a turbulent boundary layer led to tempo-
rary drag reduction due to the suppression of the low-
speed streak instability mechanism, which, in the end,
appears to be responsible for drag enhancement in tur-
bulent flows.

In this paper, we examine the possibility of us-
ing electrostatic forces to generate large-scale structures
suitable to reduce drag in a turbulent Poiseuille flow.

We considered the physical problem of a closed-
channel Poiseuille flow with ideal thin wires placed
streamwise in the middle plane. The wires are kept at
a high potential in order to discharge the ionic species
required to generate the electrostatic body force field.
Since the walls are grounded, the the ions generated at
the wires generate two-dimensional fluid jets which im-
pinge on the walls and generate return flows toward the
center of the channel. Similar work was made experi-
mentally by Roth et al. (1998).

NUMERICAL SIMULATION

The turbulent flow of air, assumed to be incom-
pressible, Newtonian, with no-slip conditions at walls,
and driven by a pressure gradient was numerically sim-
ulated for an imposed pressure gradient. The wire-
electrodes necessary to generate the electrostatic body
force to drive the control flows were kept at a potential
sufficient to ensure ionic discharge and the presence of
distributed ionic species in the duct. Jons are subjected
to the Coulomb force, F, which may be expressed as:

F=pE , (1)

where p, is the charge density and E is the electric field
vector. Ions are driven toward the walls and collide with
fluid molecules, transferring momentum to them. This
is equivalent to a body force which acts directly on the
fluid. Therefore, the equation of fluid motion in dimen-
sional terms is
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Figure 1.  Streamlines of control flows for no-through flow C-3
case. Contours go from —35 to 35 with increments of 4 in wall
units.

where y; are the dimensional velocity components along
the three directions x; (with x, or x being streamwise,
x or y being spanwise and x3 or z being the wall-normal
directions), P is pressure, and p and y are fluid density
and dynamic viscosity, respectively. For the case under
consideration, the body force depends only on y and z,
implying that the body force distribution does not fluc-
tuate because of ionic convection. This is a realistic
assumption, 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 situ-
ations and “two-way” coupling will exist between the
flow field and the electrostatic body force field. Here
the 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 momentum balance equations in dimensionless
form obtained using the duct half-width, A, and the
shear velocity, ur, defined as

Tw
Ur = F (3)

where T, is the shear at the wall. Therefore, mass and
momentum balance equations in dimensionless form
are

ou;j
axi - 0 3y (4)
and
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where u; is the ith component of the dimensionless
velocity vector, &1 ; is the mean dimensionless pres-
sure gradient, ® is the dimensionless electrostatic body
force, and Re; = hug/v is the shear Reynolds num-
ber. Egs. 4 and 5 were solved directly using a pseudo-
spectral method similar to that used by Kim et al. (1987)
to solve the turbulent, closed-channel flow problem.
The difference is the inclusion of the space dependent
body force which, being steady and uncoupled to the
flow field, was calculated once at the beginning of each
simulation. If the body force term is treated together
with the non-linear terms, Eq. 5 may be recast as:
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which is identical to forms previously solved (Kim
et al. , 1987, Lam and Banerjee, 1992), and where
S; now includes the convective term, the mean pres-
sure gradient and the Coulomb term. The pseudo-
spectral method is based on transforming the field vari-
ables into wave-number space, using Fourier repre-
sentations for the streamwise and spanwise directions
and a Chebyshev representation for the wall-normal
(nonhomogeneous) direction. A two level, explicit,
Adams-Bashforth scheme for the non linear terms S;
and an implicit Crank-Nicolson method for the viscous
terms were employed for time advancement. Details of
the method have been published previously (Lam and
Banerjee, 1992).

Considering air with density of 1.38 kg/m3, and
kinematic viscosity of 16.6- 10~% m? /s, since the pres-
sure gradient is imposed equal for all simulations,
the shear velocity is 8.964 - 1072 m/s, and the shear
Reynolds number 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
width is ~ 2795. The grid is 64 x 64 x 65 in the stream-
wise, spanwise and wall normal directions respectively.

Body Force Control Field

The electrostatic potential distribution and space
charge distribution are given by the following set of
equations:
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where, € is air permittivity (o = 8.854 - 10712), and
B = 1.4311-10"*m?/V s is ionic mobility (McDaniel
and Mason, 1973) for positive discharge in air. Egs. 7-
10 were solved by a two dimensional finite difference
scheme (Leutert and Bohlen, 1972) based on an initial
guess for the space charge density at the wire followed
by iterative solution of Eqs. 7 and 8 until convergence
of the plate current density was obtained. Details on the
numerical procedure and on the validation of the body
force calculation against previous numerical and experi-
mental analyses may be found in previous works (Kallio
and Stock, 1992).

Simulation of Control Flows

All simulations were started from the unactuated
channel flow simulation calculated for a shear Reynolds
number, Re; = 108 over a grid of 64 x 64 x 65 (Soldati
et al. , 1993). The body force was applied and simula-
tions were run until a new steady state was reached. The
wires were kept at a potential of 15 000 V for all sim-
ulations while the current flowing through the duct was
varied. This allowed to have control flows of different
intensity. After the steady state was reached, simula-
tions were continued for a number of time steps suffi-
cient to obtain adequate statistics.

The control variable in this type of flow control is
the intensity of the electric current flowing through the
duct. However, this information is not directly related to
the structure of the turbulence field, and the organized
control-flow flowrate should be used (2). Since it is not
straightforward to predict a-priori the intensity and the
shape of the control flows once they have been interact-
ing with the turbulent through-flow, we characterized
the control flows on the basis of the shape and inten-
sity they assumed in a no-through flow case calculating
the flowrate of each convective EHD cell. In Figure 1,
the streamlines of undisturbed control flows obtained
for zero pressure gradient are shown. Current intensity
and the corresponding flowrates for the four cases inves-
tigated are reported in Table 1 for the no-through flow
cases. The flowrates are normalized by the flowrate of
the channel with no imposed flow.



Table 1. SUMMARY OF THE SIMULATIONS

Current Density (A/m?)  Weontrot / Wenannet (%)
C1 1.00E-07 2.7
C2 5.00E-06 8.3
C3 2.00E-05 25.2
C4 5.00E-05 58.9
RESULTS

Overall Drag Modification

Since the pressure drop is the same for all the sim-
ulations, drag changes are indicated by the behavior of
the streamwise mean velocity. In Figure 2, the time-
behavior of the mean velocity is shown for actuated and
unactuated cases. After flow control actuation, there is
a transient lasting about 600 dimensionless time units
in which the mean velocity increases for all the simula-
tions. At present, there is no clear understanding of the
reasons leading to such transient behavior. At very low
intensity, drag is increased, whereas for higher intensity
drag is increasingly reduced. In cases C2 and C3 the
mean velocity reaches a steady state with increases of
2% and 3% respectively. While the effect on drag of
the imposed flows is small, being at most of the order
of 4 — 5%, no attempt has been made to optimize the
various parameters.

Control Flows

To identify a strategy to optimize the shape and in-
tensity of control flows, a proper characterization of the
control flow itself is necessary . Considering that the
actuating body force is two-dimensional and steady, a
suitable filtering of the flow field should allow charac-
terization of the control flows. One possibility is av-
eraging over the streamwise direction for an adequate
length, which could be, for instance, the length of the
computational box — also scaling with the length of
low-speed streaks — and is based on the hypothesis that
the flow field is given as the superposition of a mean
velocity field, %, driven by the pressure gradient, a tur-
bulence field, «’, and the organized control flow field,
ii, driven by the electrostatic body force. This triple de-
composition was applied successfully in our previous
paper (Soldati and Banerjee, 1998) to identify large-
scale spanwise organized flows.

In Figure 3, the isocontours of the streamlines cor-
responding to case C3 are shown. The control flows
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Figure 2. Evolution of mean-through velocity with time nor-
malized with mean-through velocity of unactuated channel flow
case. Initial increase is followed by a steady-state.

appear to be significantly perturbed by the turbulent
through flow. The total flowrate of the control flows
is now 17.6% of the channel flowrate, and this value
was obtained averaging the maxima of the single vor-
tical structures. A similar procedure was applied to the
other cases at lower intensity of the control flows, trying
also to increase the length over which the average was
carried out over the whole database, but no clear pattern
was identified which could be traced back to the pattern
that the control flow has in the no-through flow case. A
suitable filtering is still under investigation.

Mean Velocity and Turbulence Intensity

The profiles of the mean velocity for the unactuated
channel flow case is compared against the mean veloc-
ity profile of the C-control cases in Figure 4 a). Profiles
appear flattened in the center of the channel, but they in-
crease in the wall region, producing, in the three cases at
higher potential, a net increment in the flow throughput.

Modification of turbulence intensity is shown in
Figure 4 b). We do not present turbulent velocity fluctu-
ations in the other two directions, since we are not able
yet to filter the control flows out. Their presence would
reflect on the behavior of the profiles giving wrong in-
dications. In all cases, turbulence intensity decreases
in the wall region and increases in the central region of
the channel. Compared to the unactuated channel flow
case, for increasing intensity of the control flows there
is an initial decrease of turbulence intensity in the wall
region — cases Cl and C2 — followed by an increase
of turbulence intensity in cases C3 and C4. This indi-
cates that after initially damping turbulence production
mechanisms, higher intensity control flows increase tur-
bulence level producing turbulence by their own mech-
anisms (10). The turbulence intensity peak in the un-
actuated case is always larger than that of the actuated
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y+
Filtered streamlines of control flows in C-3 case.
Contours go from -28 to 20 with increments of 3 in wall units.

Figure 3.

cases.

Instantaneous Structure of Turbulence at the
Wwall

It is well known that streaky structures are linked to
regions of high and low shear stress at the wall: a low
speed streak is a region of low shear stress, whereas a
high speed patch is a region of high shear stress. A re-
gion of low streamwise fluctuating velocity indicates an
uplift of wall fluid toward higher speed layers — burst.
This causes a local decrease of the wall shear stress. A
region of high streamwise fluctuating velocity indicates
a downdraft of higher momentum fluid toward the wall
— asweep — which causes an increase in the local wall
shear stress. Ultimately, the dynamics of the streaks is
related to the dynamics of the coherent structures which
control momentum transfer in the boundary layer. As
observed by Schoppa and Hussain (1998), large modi-
fication of the skin friction are related to the disruption
of such coherent structures. On the other hand, as al-
ready put in evidence in other works (e.g. , Lombardi
et al. , 1996, Soldati and Banerjee, 1998), small modi-
fications of the wall shear stress, and hence of the total
drag, can be found also in cases in which the dynamics
of the coherent structures of the boundary layer retain
their characteristics, but intensity and frequency of sin-
gle events, e.g. sweeps and bursts, are somewhat mod-
ified. In Figure 5 a) and b), the streaky structure and
the wall shear stress distribution are shown respectively
for the case C3, in which the effect of control jets can
be noticed — two streaks appear more pronounced. An
examination of the streak spacing for a number of dif-
ferent timesteps gave results altogether similar to those
obtained for the unactuated channel flow, indicating that
the structure of the boundary layer is not markedly af-
fected by the presence of the control flows.
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Figure 4. Behavior of mean velocity profile and of variance of
velocity fluctuations in the streamwise direction compared with
profiles for unforced channel flow case.

CONCLUSIONS AND FUTURE DEVELOP-
MENTS

We used control flows of electrohydrodynamic ori-
gin generated by the flow of ionic species discharged
from streamwise wires placed in different configura-
tions. As shown by Roth et al. (1998), EHD can
be the preferred approach for flow control compared
to the more investigated MagnetoHydroDynamic ap-
proach (Tsinober, 1989). We considered streamwise
jets generating 2D vortical flows of the scale of half the
wall-to-wall distance produced by wires placed in the
middle of the channel. We performed Direct Numeri-
cal Simulations for each flow control configuration, and
examined the effect of different intensity of the control
flows.

Preliminary analysis of the results indicated that
application of the electrostatic control produced a tran-
sient of about 600 shear-based time units during which
drag was reduced by about 6 — 7% in all cases. After
the initial transient, a new steady state was reached. In
the higher intensity C-control cases, the mean velocity
was moderately increased (at most 3%).

The structure of the turbulent boundary layer was
examined. No disruption of the streaky structure was
observed. Rather, we found structures with character-
istics similar to those occurring in unactuated channel
flow. Drag modification observed in all cases is prob-



Low/High Speed Streaks at z+ = 10

Figure 5. Streaky structures in the boundary layer at z+ = 10
a); and instantaneous wall shear distribution in the unactuated
flow case b).

ably due to the bias induced in the balance between
turbulent drag producing events and turbulent drag re-
ducing events. Further analysis is required in order to
investigate on the interaction between control flows and
structures in the turbulent boundary layer. This is neces-
sary before proceeding toward an optimization of shape
and intensity of the control flows.
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