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Large eddy simulation was used to explore plasma-based control strategies for the flow past a circular cylinder in
crossflow at a Reynolds number of 10,000. Solutions were obtained to the Navier—Stokes equations, using a simple
phenomenological model to represent plasma-induced body forces imparted by actuators on the surrounding fluid.
The numerical method used a high-fidelity time-implicit scheme, and an overset grid approach. Two fundamentally
different control strategies were investigated, consisting of larger actuators that produced a wall-jet-like flow, and
smaller actuators that perturbed the unstable shear layers near the separation location. The larger actuators
achieved control via a “Coanda” effect, and were operated both continuously and in a pulsed manner. For pulsed
cases, two different bistable states with nonzero time-mean lift were identified. All control cases resulted in at least a
50% decrease in drag, as well as elimination of oscillatory lift. Comparison is made with available experimental data
for the baseline case where no control was enforced. Features of the control flowfields are described, and resultant
solutions are compared with each other.

Nomenclature

plasma-force amplitude

cylinder drag and lift coefficients
pressure coefficient

cylinder diameter

plasma scale parameter

total specific energy

nondimensional electric field vector
electron charge, 1.6 x 10~'° coulomb
nondimensional turbulent kinetic energy wave
number and frequency spectra

reference electric field magnitude
nondimensional components of the electric
field vector

inviscid vector fluxes

nondimensional imposed actuator pulsing
frequency, Df/u,,

dimensional imposed actuator pulsing
frequency, Hz

viscous vector fluxes

Jacobian of the coordinate transformation
Mach number

nondimensional static pressure
nondimensional actuator-integrated power-per-
unit span

Prandtl number, 0.73 for air

vector of dependent variables
nondimensional charge density
components of the heat flux vector
reference Reynolds number, o uo D/ oo
source vector

vortex-shedding Strouhal number
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Subscripts

B
rms
00

Superscripts

S

nondimensional static temperature
nondimensional time (u, time/D)

portion of fundamental period over which
actuator is active

nondimensional actuator fundamental

period

contravariant velocity components
nondimensional Cartesian velocity components
in the x, y, z directions

u, v, w

nondimensional Cartesian coordinates in the
streamwise, vertical, and spanwise directions
X, ¥, 2

specific heat ratio, 1.4 for air

Kronecker delta function

Qp+l _ Qp

time-step size

circumferential extent of actuator

2nd-order and 6th-order finite-difference
operators in &, 1, ¢

circumferential direction around the cylinder
nondimensional molecular viscosity coefficient
nondimensional body-fitted computational
coordinates

metric coefficients of the coordinate
transformation

nondimensional fluid density

electron charge number density,

1 x 10" /cm?

components of the viscous stress tensor

evaluated at the cylinder base
root-mean-square value
dimensional reference value

time level

subiteration level
filtered value
time-mean quantity
fluctuating component
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I. Introduction

UBSONIC flows past bluff bodies, even at low Reynolds

numbers, are characterized by unstable shear layers, which leave
the body surface at the separation location. These shear layers then
roll up into vortices that convect downstream, producing an unsteady
wake. At somewhat higher Reynolds numbers, transition begins to
occur in the shear layers, although the boundary layers before
separation may remain laminar. This creates a more complex
situation in the wake, and the appearance of fine-scale fluid structures
behind the body. For sufficiently high Reynolds numbers, the
boundary layers upstream of separation may already be fully
turbulent.

The periodic shedding of vortices from alternate sides of a bluff
body gives rise to large pressure forces exerted on the surface and
correspondingly high values of drag. In addition, vortex-induced
vibrations create a detrimental effect to the integrity and fatigue life
of structural members found in many practical systems of
engineering applications. These include air vehicle landing gear, oil
drilling platforms, bridges, buildings and building towers, cables,
pipelines, and heat exchange tubes, among others. The ability to
control the wake behind these bodies, therefore, has a number of
important implications. It can be used to reduce cycle fatigue, lower
aerodynamic drag, decrease acoustic noise, and improve the flow
quality for optical applications. Flow control might also be used to
increase mixing and enhance combustion. Although control may be
exerted by a number of both passive and active techniques, in this
investigation we explore only the use of dielectric-barrier-discharge
(DBD) plasma actuation.

The circular cylinder in crossflow is a canonical configuration that
embodies all the common features of bluff body flows and occurs
naturally in many of the aforementioned applications. Because of its
geometric simplicity, cylinder flow facilitates examination of fluid
phenomena and control strategies. The intricacies of cylinder
flowfields have been pondered for centuries and studied extensively
for over 100 years. As a representative example of bluff body flows,
we consider here a cylinder in subsonic crossflow at a Reynolds
number of 10,000. This flow condition displays complex shear-layer
and wake dynamics but is still numerically tractable by large eddy
simulation.

The technical literature is heavily populated with investigations of
cylinder flows, with the majority of these being experimental. An
illustrative sample of more recent works that address the shear-layer
instability and transition in the near-wake region may be found in [1—
7]. Among these, Williamson [5] and Ekmekci [7] provide
comprehensive overviews, with the latter describing various vortex-
shedding regimes and their dependence on Reynolds number.
Details regarding the structure and dominant frequency of the
transitional process were earlier given by Bloor [8] and Gerrard [9].
Features of the small-scale structures have been characterized by
Gerrard [10], Wei and Smith [11], Filler et al. [12], Roshko [13],
Chyu and Rockwell [14], Prasad and Williamson [15], and Brede
[16]. These descriptions have also include effects of mechanical
perturbations [12,14].

The advent of large-scale computing platforms has enabled
numerical computations of transitional cylinder flows. Owing to
the availability of experimental data for validation purposes, one
of the most studied configurations is that for a Reynolds number
of 3900. Large eddy simulations for this flow have been carried
out in many investigations, some of which are documented in
[17-23] A direct numerical simulation has also been performed
by Ma et al. [24].

There are few cylinder calculations at Reynolds numbers higher
than 3900 that do not make use of the Reynolds-averaged equations.
Jordan [25] reports the large eddy simulation for a Reynolds number
of 8000 and describes observed features and recorded frequencies of
the transitional region. A very coarse-grid large eddy simulation at a
Reynolds number of 10,000 was performed by Kalro and Tezduyar
[26], where the focus was on high-performance computing. Also at
this Reynolds number is the work of Dong et al. [27], which presents

results of a direct numerical simulation and a comparison with the
experiments of Ekmekci [7].

Although there exists a large body of experimental work
regarding both active and passive control techniques for cylinder
flows, many of those are beyond the scope of the present
investigation and are too numerous to describe here. Some recent
efforts, however, have explored the use of plasma-based devices
for controlling wakes behind cylinders. The advantage of plasma-
based control is that it involves no moving parts or mechanical
complexity, employs no fluid supply or plumbing to deliver it, and
may be activated upon demand. It has also been demonstrated that
appreciable control authority may be exerted with minimal power
requirements.

Asghar and Jumper [28] employed plasma actuation in order to
phase synchronize vortex shedding from two cylinders placed side
by side at Reynolds numbers between 8000 and 41,000. A series of
experiments by McLaughlin et al. [29], Munska and McLaughlin
[30], and McLaughlin et al. [31] indicated that the cylinder shedding
frequency may be driven to the actuator forcing frequency by the use
of plasma control. Spanwise coherence was achieved, which
exhibited the lock-in behavior that had been shown with other
forcing methods. Reynolds numbers up to 88,000 were considered.
Plasma-based actuation has also been explored as a means for
landing gear noise reduction by Thomas et al. [32,33]. Experiments
performed at a Reynolds number of 33,000 showed that Karman
shedding could be totally eliminated, wake turbulence levels
significantly decreased, and near-field sound pressure levels
substantially reduced.

The present investigation provides a companion numerical study
to compliment the previously mentioned experiments in order to
explore plasma-based flow-control strategies for bluff body flows.
Large eddy simulation is employed to study the subsonic flow past
a circular cylinder at a Reynolds number of 10,000. Two
fundamentally different control approaches were considered, and
both continuous and pulsed actuator operations were investigated.
Grid resolution and time-step size studies were performed for the
baseline case where no control was enforced, and a comparison is
made with available experimental data. Features of the control
flowfields are described, and resultant solutions are compared with
each other and with the baseline case to indicate control
effectiveness.

II. Governing Equations

The governing fluid equations are taken as the unsteady, three-
dimensional, compressible, unfiltered Navier-Stokes equations.
Although these computations are considered to be large eddy
simulations, it will be subsequently explained why the unfiltered
equations are solved. After introducing a curvilinear coordinate
transformation to a body-fitted system, the equations are cast in the
following nondimensional conservative form

a1 a 1 a 1
7(79)+ 2 (F-5e7) + 53 (6-7:)

3 1
+a—§(H—EHv) =D,q.S (1)

Here ¢ is the time, £, 1, and ¢ are the computational coordinates, Q is
the vector of dependent variables, F, G, and H are the inviscid flux
vectors, F,, G,, and H, are the viscous flux vectors, and S is the
source vector representing the effect of plasma-induced body forces.
The vector of dependent variables is given as

Q=[p pu pv pw pE]" ()

the vector fluxes by
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All length scales have been nondimensionalized by the cylinder
diameter D, and dependent variables have been normalized by their
reference values except for p, which has been nondimensionalized
by psott%. Components of the stress tensor and heat flux vector are

Q.:_[;}(ﬂ)%al
! (y — M2, ]\ Pr) ox; 3¢,

expressed as

0&, 0u; 2

T

(B’g”k ou; n

#\ax; 08, ™ ox, 0,

37 O 08

3%, 3uk)

®

10)

The Sutherland law for the molecular viscosity coefficient ; and the

perfect gas relationship
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were also employed, and Stokes’ hypothesis for the bulk viscosity
coefficient has been invoked.

III. Empirical Plasma Model

Many quantitative aspects of the fundamental processes
governing plasma/fluid interactions remain unknown or computa-
tionally prohibitive, particularly for transitional and turbulent flows.
These circumstances have given rise to the development of a wide
spectrum of models with varying degrees of sophistication, which
may be employed for more practical simulations. Among the
simplified methods focused specifically on discharge/fluid coupling
is that of Roth et al. [34,35], who associated transfer of momentum
from ions to neutral particles based upon the gradient of electric
pressure. A more refined approach, suitable for coupling with fluid
response was an empirical model proposed by Shyy et al. [36], using
separate estimates for the charge distribution and electric field.
Known plasma physics parameters were linked to experimental data.
This representation has been successfully employed for several
previous simulations of plasma-controlled flows [37—40] and is also
adopted in the present investigation.

A schematic representation of a typical single asymmetric DBD
plasma actuator is depicted in Fig. 1. The actuator consists of two
electrodes that are separated by a thin dielectric insulator and
mounted on a body surface. An oscillating voltage, in the 10-15 kHz
frequency range, is applied to the electrodes, developing an electric
field about the actuator. When the imposed voltage is sufficiently
high, the dielectric produces a barrier discharge, which weakly
ionizes the surrounding gas. Momentum acquired by the resulting
charged particles from the electric field is transferred to the primary
neutral molecules by a combination of electrodynamic body forces
and poorly understood complex collisional interactions. Because the
bulk fluid cannot respond rapidly to the high-frequency alternating
voltage, the dominant effect of actuation is to impose a time-mean
electric field on the external flow. In the numerical exploration of
control strategies, the entire process may be modeled as a body force
vector acting on the net fluid adjacent to the actuator, which produces
a flow velocity.

The model for the geometric extent of the plasma field generated
by such an actuator is indicated in Fig. 2. The triangular region
defined by the line segments AB, BC, and AC constitutes the plasma
boundary. Outside of this region the electric field is not considered
strong enough to ionize the air [36]. The electric field has its
maximum value at C, and varies linearly within ABC. The peak value
of the electric field is obtained from the applied voltage and the
spacing between the electrodes. Along the segment AB, the electric
field diminishes to its threshold value, which was taken as 30 kV/cm
[36]. The electric body force is equal to g.E and provides coupling
from the plasma to the fluid, resulting in the source vector S
appearing in Eq. (1). The direction of the force vector depends upon
the ratio AC/BC. Within the region ABC, the charge density ¢, is
taken to be constant. The plasma scale parameter D, arises from

exposed
electrode

plasma
covered
electrode

s

substrate dielectric

AC voltage source
Fig. 1 Schematic representation of a plasma actuator.
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Fig. 2 Geometry for the empirical plasma-force model.

nondimensionalization of the governing equations and represents the
ratio of the electrical force of the plasma to the inertial force of the
fluid.

Some specific details of the plasma model incorporated in the
present simulations were specified corresponding to the original
experiment of Shyy et al. [36]. The ratio of the threshold electric field
magnitude to its peak value was set to 0.133. Referring to Fig. 2, the
distances BC and AC nondimensionalized by the cylinder diameter
varied for different actuator configurations. For the purposes of the
present computations, it is assumed that actuators are mounted flush
with the cylinder surface and do not protrude above it. Because of
empiricism of the formulation, there is some ambiguity regarding the
value of the scale parameter D...

IV. Numerical Method

Time-accurate solutions to Eq. (1) are obtained numerically by the
implicit approximately factored finite-difference algorithm of Beam
and Warming [41] employing Newton-like subiterations [42], which
has evolved as an efficient tool for generating solutions to a wide
variety of complex fluid flow problems and may be written as follows

1 2At JoF? 1 oF%

[T( )5 (aQ Re 3Q)]j
1 2At 0GP 1 0Gh 7

X[ ( ) (aQ Re 3Q)]

1 2At oHP 1 0HY
<[5+ (555w e ) 2e
_(2A 307 — 4Q” + o
(3 Ga) 55
+ 8 (FP - éw;) 6,6 (G" - ﬁcg)

1
+ 8y (H” —ﬁHﬁ) - chUSF] (12)

In this expression, which is employed to advance the solution in time,
Q"+!is the p + 1 approximation to Q at the n + 1 time level Q"*!,
and AQ=Q"' —QF. For p=1, Q?=Q". Second-order-
accurate backward-implicit time differencing was used to obtain
temporal derivatives.

The implicit segment of the algorithm incorporates second-order-
accurate centered differencing for all spatial derivatives, and uses
nonlinear artificial dissipation [43] to augment stability. Efficiency is
enhanced by solving this implicit portion of the factorized equations
in diagonalized form [44]. Temporal accuracy, which can be
degraded by use of the diagonal form, is maintained by using
subiterations within a time step. This technique has been commonly
invoked in order to reduce errors due to factorization, linearization,
diagonalization, and explicit application of boundary conditions. Itis
useful for achieving temporal accuracy on overset zonal mesh
systems and for a domain decomposition implementation on parallel
computing platforms. Any deterioration of the solution caused by use
of artificial dissipation and by lower-order spatial resolution of
implicit operators is also reduced by the procedure. Three
subiterations per time step have been applied in the current
simulations to preserve second-order temporal accuracy.

The compact difference scheme employed on the right-hand side
of Eq. (12) is based upon the pentadiagonal system of Lele [45], and
is capable of attaining spectral-like resolution. This is achieved
through the use of a centered implicit difference operator with a
compact stencil, thereby reducing the associated discretization error.
For the present computations, a sixth-order tridiagonal subset of
Lele’s system is used, which is illustrated here in one spatial
dimension as

(), ()
)i \0E)/, 9 ) i1
:a(FH—l;Fi_l)-i-b( l+24Ft—2) (13)

witha = 1/3,a = 14/9,and b = 1/9. The scheme has been adapted
by Visbal and Gaitonde [46] as an implicit, iterative time-marching
technique, applicable for unsteady vortical flows. It is used in
conjunction with a tenth-order low-pass Pade-type nondispersive
spatial filter developed by Gaitonde et al. [47], which has been shown
to be superior to the use of explicitly added artificial dissipation for
maintaining both stability and accuracy on stretched curvilinear
meshes [46]. The filter is applied to the solution vector sequentially in
each of the three computational directions following each
subiteration, and is implemented in one dimension as

5

~ ~ A a,
a0, +0Q,+a 0, = 27

n=0

(QH»n + Qifn) (14)

where Q designates the filtered value of Q. It is noted that the filtering
operation is a postprocessing technique, applied to the evolving
solution in order to regularize features that are captured but poorly
resolved. Equation (14) represents a one-parameter family of tenth-
order filters, where numerical values for the a,,s may be found in [48].
The filter coefficient a is a free adjustable parameter that may be
selected for specific applications, and has been set to 0.40 for the
present simulations.

The aforementioned features of the numerical algorithm are
embodied in a parallel version of the time-accurate three-
dimensional computer code FDL3DI [48], which has proven to be
reliable for steady and unsteady fluid flow problems, including
vortex breakdown [49,50], transitional wall jets [51], synthetic jet
actuators [52], roughness elements [53], plasma flows [37-40], and
direct numerical and large eddy simulations of subsonic [23,54] and
supersonic flowfields [55,56].

V. LES Approach

In a traditional LES approach, physical dissipation at the
Kolmogorov scale is not represented. For spatially nondissipative
numerical schemes, without use of SGS models, this leads to an
accumulation of energy at high mesh wave numbers and ultimately to
numerical instability. Explicitly added SGS models are then
employed as a means to dissipate this energy. In the present
methodology, the effect of the smallest fluid structures is accounted
for by an implicit large eddy simulation (ILES) technique, which has
been successfully used for a number of turbulent and transitional
computations. The ILES approach was first introduced by Visbal
et al. [57,58] as a formal alternative to conventional methodologies
and is predicated upon the high-order compact differencing and low-
pass spatial filtering schemes, without the inclusion of additional
SGS modeling. This technique is similar to monotonically integrated
large eddy simulation (MILES) [59] in that it relies upon the
numerical solving procedure to provide the dissipation that is
typically supplied by traditional SGS models. Unlike MILES,
however, dissipation is contributed by the aforementioned high-
order Pade-type low-pass filter only at high spatial wave numbers
where the solution is poorly resolved. This allows a mechanism for
the turbulence energy to be dissipated at scales that cannot be
accurately resolved on a given mesh system, in a fashion similar to
subgrid modeling. For purely laminar flows, filtering may be
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required to maintain numerical stability and preclude a transfer of
energy to high-frequency spatial modes due to spurious numerical
events. The ILES methodology thereby permits a seamless transition
from large eddy simulation to direct numerical simulation as the
resolution is increased. In the ILES approach, the unfiltered
governing equations may be employed, and the computational
expense of evaluating subgrid models, which can be substantial, is
avoided. This procedure also enables the unified simulation of
flowfields where laminar, transitional, and turbulent regions
simultaneously coexist.

It should also be noted that the ILES technique may be interpreted
as an approximate deconvolution SGS model [60], which is based
upon a truncated series expansion of the inverse filter operator for the
unfiltered flowfield equations. Mathew et al. [61] have shown that
filtering provides a mathematically consistent approximation of
unresolved terms arising from any type of nonlinearity. Filtering
regularizes the solution and generates virtual subgrid model terms
that are equivalent to those of approximate deconvolution.

VI. Details of the Computations
A. Computational Meshes

The computational mesh system surrounding the baseline cylinder
case consisted of three distinct geometric regions, which appear in
Fig. 3a and 3b. The origin of the system in Fig. 3a is located at the
inboard centerline of the cylinder, but for clarity it is shown at the
outboard boundary in the figure. Each of the regions comprises
planar grids that were uniformly distributed in the spanwise
direction. The spanwise extent of the domain is 7D and is described
by 197 of the planar grids.

An O-grid topology was used to define the near-surface flowfield,
using a mesh of (255 x 171) points in the circumferential and radial
directions, respectively. The grid extends a distance of one diameter
from the surface and has a uniform nondimensional radial spacing of
0.00025 at the wall. A five-grid-point overlap of the mesh was
constructed upstream of the cylinder leading edge in order to enforce
circumferential periodicity. Downstream of the near surface region, a
rectangular grid employing (355 x 141) points in the x and y
directions was used to capture the cylinder wake flow. The
streamwise distribution in this region was uniform up to x = 5.0 and
then was stretched to the downstream boundary, which was located
at x = 100. In the uniform region, Ax = Ay =0.02. A C-grid
topology was employed to connect the near-cylinder and wake
regions to the outer boundary, which was located 100D from the
cylinder axis and wake centerline. The far-field boundary can be
observed in Fig. 3b. The C-grid mesh consisted of 295 points in the
circumferential direction, and 81 points normal to the near-cylinder
and wake grids. For one of the control cases to be described
subsequently, a locally refined mesh was used in the near-wall
region, as is seen in Fig. 3c. For this case, the outer O-grid consisted

a) b)

locally refined
region

)

Fig. 3 A computation mesh system.

of (255 x 89) points, whereas the refined region was composed of
(787 x 89) points that were distributed nonuniformly in the
circumferential direction. These grid systems resulted in flowfields
that were described by 34.0 x 10° total points when the locally
refined mesh was employed and 23.6 x 10° points for all other cases.

Flow variables in regions of overlapped meshes were transferred
between the grids via explicit sixth-order accurate Lagrangian
interpolation formulae. This interpolation approach for high-order
numerical solutions has been successfully applied by Sherer and
Visbal [62,63] for acoustic problems and large eddy simulations
using overset grids, and by Rizzetta and Visbal [64,65] for direct
numerical simulations and flow-control applications.

In addition to the meshes defined here, a coarse-grid system was
constructed by removing every other point in each coordinate
direction. The coarsened system was used to provide a resolution
study for the baseline flow without actuation and to perform
preliminary explorations of control strategies.

B. Boundary Conditions

Along the circumferential outer boundary of the C-grid domain,
freestream conditions were specified for all flow variables.
Downstream, the exit static pressure (p.,) was fixed, and other flow
variables were extrapolated from within the interior domain. The
downstream domain was intensionally severely stretched in the
streamwise direction to prevent spurious reflections from the outflow
boundary. This technique transfers information to high spatial wave
numbers and then dissipates it by the low-pass filter [66].

On the cylinder surface, the no-slip condition was enforced along
with an isothermal wall, and a fourth-order accurate representation of
the zero-normal pressure gradient. Periodic conditions were applied
at the spanwise domain boundaries. This was facilitated by using a 5-
plane overlap at z = 0 and z = 7, so that a total of 201 grid points
were employed in the spanwise direction.

C. Temporal Considerations

Operationally, DBD actuators are inherently unsteady devices. As
mentioned previously, within the context of the empirical model,
however, the body force imposed on the fluid is assumed to be steady
owing to the high frequency of the applied voltage. These devices
may also be operated in a pulsed manner as described by Corke and
Post [67], thereby reducing total power consumption. The pulsed
mode of operation also introduces low-frequency forcing to the flow,
which may be more receptive to control, and offers the potential of
improved effectiveness. For simulation of pulsed actuation, the
forcing amplitude is modulated according to the duty cycle
illustrated in Fig. 4. Here, ¢, is the portion of the fundamental period
t, over which the device is active. The ratio t,/t, x 100 expressed as

= ta/ty |

1.0 4

0.8 ~

A/Amax

0.4 4

0.2 1

0.0 T T T T |
0.0 0.2 0.4 0.6 0.8 1.0

11,

Fig. 4 Amplitude function time history.
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apercentage is commonly referred to as the duty cycle, which is 50%
in the present case. The amplitude time history for one cycle
appearing in the figure consists of a series of piecewise continuous
cubic and linear functions, which were used to represent the pulsing
duration. The amplitude function was then appended as a factor to the
plasma-force magnitude in order to establish pulsed control. This
description is identical to that used in previous flow-control
simulations [65,68]. It should be noted that the applied waveform
introduces multiple harmonics of the primary frequency, as was
demonstrated in [39,69]. The nondimensional forcing frequency F
was chosen as 1.25, where

F =Df/us 15)

Apart from one solution that was generated to study temporal
resolution, all the computations presented here were obtained using a
time step of Ar=5.0 x 10™*, where ¢ is nondimensionalized by
reference quantities. For this value, the duty cycle displayed in Fig. 4
was described by 1600 time steps. Flowfields for each case were
initialized from previously obtained solutions, and processed for
100,000 time steps in order to remove transients and attain an
equilibrium state. Final results were then evolved for at least an
additional 200,000 time steps during which statistical information
was collected. Statistics were monitored to assure that a converged
sample was achieved. This duration represents approximately
20 cylinder vortex-shedding cycles, and 125 actuation cycles of the
pulsed control.

D. Actuator Configurations

The cylinder configurations of the baseline and control situations
are found in Fig. 5. Two different arrangements of actuators were
considered in this investigation. The first of these employed actuators
located at the top and bottom of the cylinder (6 = 90, 270 deg), which
extended 30 deg circumferentially along the surface. The
nondimensional arc length along the surface (0.5A#6, 6 in radians)
here corresponds to the actuator length AC in Fig. 2. These actuators
produced a plasma-force vector with components directed
streamwise in the flow direction and toward the solid surface,
resulting in a wall-jet-like flow along the cylinder. The wall jet
created a Coanda flow, thus delaying separation and reducing the
effect of shedding vortical structures. Both continuous (case C)
pulsed actuation (cases CPI, CPO) were simulated for this
arrangement. With pulsed actuation, the top and bottom actuators
could be operated independently. Solutions were obtained with
pulsing cycles that were synchronized (case CPI) and also that were
180 deg out of phase (case CPO). The second arrangement consisted
of very small pulsed actuators located at the top and bottom of the
cylinder (case S), which manipulated the unstable shear layer near
the separation point, in order to exert control. We note that case C was

s \Z

SEE
YA

configuration B configurations C, CPl, CPO configuration S
Fig. 5 Cylinder actuator configurations.

similar to the configuration considered by Thomas et al. [32,33] for
cylinders at higher Reynolds numbers.

The electric field of the empirical plasma model, shown
schematically in the Cartesian system of Fig. 2, is represented in
cylindrical coordinates for the present application. The maximum
nondimensional extent of the field from the cylinder surface was
taken as 0.0125, which corresponds to BC in Fig. 2. This value is
approximately one half of the boundary layer thickness in the region
of attached flow upstream of the separation point. The
circumferential extents of the electric field are specified as Af =
30 deg for cases C, CPI, and CPO, and A6 = 2.825 deg for case S.
The arclengths of these extents correspond to AC in Fig. 2.

E. Domain Decomposition

For parallel processing, the previously described computational
domains were decomposed into a series of subzones, which were
then distributed on individual processors of a massively parallel
computing platform. Decompositions were constructed to provide an
approximately equal number of grid points in every subzone, thereby
balancing the computational work load among the processors. Faces
at the boundaries of each subzone block were overset into adjacent
domains, such that an overlap of five planes was established.
Although this incurred an overhead due to redundant computation, it
maintained the formal high-order accuracy of both the numerical
differencing and filtering schemes. Because a vast majority of the
overlapping mesh points of the respective decompositions were
coincident, no further interpolation was required. Automated
software [70] was used to identify donor and recipient grid points in
the overlapping domains. Internode communication among the
processors was established through standard message-passing
interface (MPI) library routines [71], which were used to transfer
information between the various subzones of the flowfield at domain
boundaries. A total of 288 processors were employed for
computations using the three-block mesh system shown in Fig. 3a
(cases B, C, CPIL, and CPO), and 368 processors used when the four-
block system of Fig. 3¢ was required (case S).

VII. Baseline Case

Features of the baseline cylinder flow without control are found in
Figs. 6-11. Given in Table 1 are quantities of interest for all
simulations, which can be used to compare the control cases with
each other and with the baseline flow. Also included in the table are
results from Dong et al. [27], which solved an incompressible
formulation of the governing equations using a spectral element
method. For the baseline case, the time-mean lift coefficient C;
provides an indication of convergence of the temporal average. The
baseline case appeared to be characterized by a low-frequency wake
mode. Because of this, time-mean quantities were based upon a
temporal sample of 500,000 time steps. In control situations, vortex
shedding and wake unsteadiness was reduced, and so an extended
sample for time averaging was not necessary.

A. Time-Mean Flowfield

Time-mean surface pressure coefficient distributions are
presented in Fig. 6. These results have been averaged both
temporally and in the spanwise direction. It should also be noted that
for all of the results appearing in Figs. 6, 7, and 10, averaging was
also performed about the cylinder vertical midplane (y = 0.0). This
was done in order to achieve a long-time statistical representation
with a minimum expenditure of computational resources. Seen in the
figure are simulations performed on both the standard and coarse
computational mesh systems. Because there are no experimental
measurements at the given flow conditions (Re = 10, 000), data are
displayed for Re = 3900 from [20] and for Re = 8000 from [3]. The
figure indicates that the coarse-grid result is not sufficiently fine to
obtain the proper pressure distribution. It should be remembered that
the coarse-mesh system contains just one-eighth the number of grid
points as that of the finer mesh and is only used to provide some
indication of spatial resolution.
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Fig. 6 Time-mean surface pressure distributions for the baseline
case B.

Fig. 7 Time-mean contours for the baseline case B showing a) u
velocity, and b) spanwise vorticity, of the experiment (upper) and the
LES (lower).
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Fig. 8 Time-mean turbulent Kinetic energy spanwise wave-number
spectra for the baseline case B.

Time-mean planar contours of the streamwise velocity component
u and the spanwise vorticity are compared with the experiment of
Ekmekci [7] in Fig. 7. The contour levels in the figure are identical to
those of [7,27]. The extent of the separation bubble for the present
computation seems to agree reasonably well with the experiment.

Time-mean turbulent kinetic energy spanwise wave-number
spectra are observed in Fig. 8 at two different locations in the
flowfield. Wave-number spectra were generated for each time step,
and then temporally averaged to produce results in the figure. One of
the positions is on the wake centerline (x = 1.0, y = 0.0), whereas
the other lies in the region of the unstable shear layer (x = 0.38,
y = 0.54). Solutions on the standard and coarse computational
meshes are represented in the figure. Spectra at both locations contain
long extents in wave-number space within the inertial range. This is
an indication of adequate resolution in the spanwise direction. Apart
from a lack of the ability to represent the energy at higher wave
numbers correctly, it is considered significant that the coarse-grid
result compares well with its more refined counterpart.

B. Instantaneous Flowfield

Shown in Fig. 9 are time histories of the integrated cylinder lift and
drag coefficients. The irregular patterns in these distributions
emphasize the difficulty in collecting long-time statistical samples.
Time-mean planar contours of the fluctuating streamwise velocity
component (u,,,;) and the Reynolds stress (#'v’) are compared with
the experiment of Ekmekci [7] in Fig. 10. As in Fig. 7, the contour
levels are the same as those in [7,27]. Although the respective
comparisons are qualitatively similar, some specific details differ.

Turbulent kinetic energy frequency spectra are observed in
Fig. 11. Locations in this figure are the same as those of the spatial
wave-number spectra in Fig. 8. Results in the figure were constructed
by generating spectra at all spanwise locations and then spatially
averaging these in the spanwise direction. Found in the figure are
spectra arising from simulations using two different time-step sizes.
Spectra at both locations illustrate the fundamental vortex shedding
frequency with a Strouhal number St ~ 0.2 (see Table 1), and its first
harmonic. Instabilities in the shear layer are not detected in the
spectra of the wake midplane (x = 1.0, y = 0.0). The frequency of
the shear-layer instability lies in a band centered at approximately
15 times that of the fundamental, which is consistent with the direct
numerical simulation of Dong et al. [27]. The smaller time-step
solution gives slightly higher energy levels, presumably due to better
temporal resolution of fluctuating quantities. The fact that the larger
time-step result produces the same frequency peaks as that of the
small time-step solution supplies some level of confidence to the
simulations in general. Because statistics with the small time step
were collected for only 150,000 time steps (as opposed to 500,000),
spectral features are sharper for the large time-step result.
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Fig. 9 Time history of the cylinder lift (upper) and drag (lower)
coefficients for the baseline case B.
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Fig. 10 Time-mean contours for the baseline case B showing a) u/,,,
and b) «’v', of the experiment (upper) and the LES (lower).
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Fig. 11 Turbulent Kinetic energy frequency spectra for the baseline
case B.
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VIII. Control Cases

For the control cases producing Coanda flow (C, CPL, CPO), D,
was prescribed as 50.0. This value was derived from preliminary
coarse-grid simulations and corresponds approximately to the least
amount of plasma actuation required to exert effective control. In the
shear-layer manipulation case (S), D, had to be increased to 100.0
due to the limited extent of the actuator electric field. Without this
increase, only minimal control was exerted. Pulsed actuation was
employed for cases CPI, CPO, and S, using the 50% duty cycle
demonstrated in Fig. 4 to lower the total power requirements. The
forcing frequency in these cases F =1.25, was taken as
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approximately one half that of the natural shear-layer frequency of
the baseline case B. This choice was motivated by the experimental
investigation of Chyu and Rockwell [14] for oscillating control of
cylinders at low Reynolds numbers, who determined that excitation
was most effective when applied at subharmonics of the shear-layer
frequency. It was found in the present investigation that pulsed
plasma actuation imposed at a higher frequency (F =4.0)
established no effective control.

As previously noted, Table 1 provides a number of quantities by
which to compare the respective simulations. Single actuator energy
requirements may be estimated by the integrated power-per-unit
span generated by the electric field arising from the empirical plasma
model. This power usage is given by

Pooltde D,
[ : ]p,. (16)
where
P :tl / "’ // A(1)|E(r, 6)|rdrd6ds (17)
» Jo

In the preceding expression, the region in r, 6 corresponds to the
extent of the electric field, shown schematically for the Cartesian
system in Fig. 2. For pulsed actuation, A(z) is given by the amplitude
function illustrated in Fig. 4 and in the continuous case A(f) = 1.0.

In the unsteady Coanda flow-control case CPI, actuators on the top
and bottom of the cylinder were pulsed in phase with each other. The
initial condition of the flowfield was established as the equilibrium
state for the continuous case C. It was expected that the pulsed case
would attain an equilibrium condition with a time-mean flow that had
zero lift. On the contrary, case CPI produced a time-mean flowfield
with negative lift. It was thought that no stable flowfield with time-
mean zero lift was possible for the pulsed case, but it was believed
that both negative and positive lift situations could be achieved.
Unsteady Coanda flow control was also investigated, where the top
and bottom actuators were pulsed 180 deg out of phase from each
other (case CPO). This case was also initialized from the continuous
case C. Actuation was begun by having the top actuator active and the
bottom actuator inactive. This procedure resulted in positive lift
immediately following the onset of actuation, in the hope that a time-
mean flowfield with positive lift would result. This was in fact the
case. Thus the time-mean flows for Coanda control, which were
pulsed in phase and out of phase, appeared to be mirror reflections of
each other about the wake centerline (y = 0).

Apparently, there is no stable time-mean symmetric solution for
the configuration considered, and the bistable positive or negative lift
states are a function of the initial conditions. This is probably not
surprising, considering the complexity of the highly nonlinear
transitional near-wake flow. The instantaneous flowfield is never
symmetric about the wake centerline, so that at any point in time,
vortical shedding at the top and bottom of the cylinder are in different
stages of development. When actuation is initiated, the body force
can shift the shedding dynamics to a new configuration. Because of
the initial position and strength of the respective vortices, there is no
reason to assume that the new shedding should remain symmetric
about the centerline. The new equilibrium dynamics will be dictated
by the initial state of the flow when actuation is commenced, as well

Table 1 Summary of cylinder computational results

Case Control D, Designation C C, Cps Clems St P;
Baseline NA NA B 0.002 1214 —1.145 0.550 0.204 NA
Baseline coarse grid NA NA NA 0.003 1.115 —-0962 0417 0.196 NA
Baseline At = 0.00025 NA NA NA 0.000 1.261 —1.425 0.646 0.200 NA
Baseline [27] NA NA NA NA 1.143 —1.129 0448 0.203 NA
Coanda Continuous 50.0 C 0.004 0342 —-0.297 0.024 NA 3.453 x 1073
Coanda Pulsed in phase 50.0 CPI —0.631 0329 —-0.128 0.033 NA 1.726 x 1073
Coanda Pulsed out of phase 50.0 CPO 0.607 0328 —0.118 0.051 NA 1.726 x 1073
Shear layer Pulsed in phase 100.0 S 0.002 0574 —0.465 0.032 NA 3.297 x 107*
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as the manner in which pulsing is begun (i.e., which actuator is
started first when pulsing out of phase).

A. Time-Mean Flowfields

Presented in Fig. 12 are time-mean surface pressure coefficient
distributions for all four control cases. For this figure, and others to
follow (Figs. 16-18 and 21), symbols on the respective curves are
used only to differentiate one result from another and do not represent
only isolated locations where the solutions are available. The
baseline result has also been provided for comparison. As seen in the
figure, cases B, C, and S all have distributions, which are symmetric
about the top and bottom cylinder surfaces. The pulsed Coanda cases
CPI and CPO are asymmetric, and, as noted previously, the two
results are mirror images of each other. Figure 13 exhibits time-mean
planar contours of the u velocity component. These contours, and
other time-mean results to follow, have been averaged in the
spanwise direction as well as temporally. Wakes for the Coanda
cases C, CPI, and CPO appear to be the smallest.

Appearing in Fig. 14 are streamline patterns of the time-mean
flowfields. The recirculating flow in the cylinder base regions are
clearly visible, indicating a very long extent for the shear-layer
control case (S) and much shorter zones for Coanda control. All of
the control cases appreciably reduced the cylinder mean drag (see
Table 1), which was attributed to a modification of the base pressure,
so that the extent of recirculation was not directly a measure of
control effectiveness. Corresponding time-mean contours of the
spanwise vorticity are displayed in Fig. 15. Here, expansion of the
wake in the vertical direction for the baseline flow, relative to the
control cases, is evident.

Shown in Fig. 16 are time-mean turbulent kinetic energy spanwise
wave-number spectra. In the cylinder wake (x = 1.0, y =0.0),
spectra for the control cases are observed to be similar to the baseline,
and all evidence an appreciable inertial range. This is not true for the
spectra obtained at a point just above the cylinder (x = 0.38,
y = 0.54). For the baseline case, this point was located within the
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Fig. 12 Time-mean surface pressure distributions for the control cases.

Fig. 13 Time-mean planar contours of u velocity for the control cases.
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Fig. 15 Time-mean planar contours of spanwise vorticity for the
control cases.
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Fig. 16 Time-mean turbulent Kinetic energy spanwise wave-number
spectra for the control cases.

unstable shear layer, contributing to the roll up of shed vortices.
Because of the wall-jet-like flow created in the Coanda control cases,
the shear layer no longer traverses this location. With shear-layer
control, the spectra is similar to the baseline case.

B. Instantaneous Flowfields

Time histories of the integrated lift coefficients are displayed in
Fig. 17. All of the control cases have essentially removed lift
unsteadiness (see Cy,,,s in Table 1). This was brought about because
shedding of large-scale vortical structures has been reduced or
eliminated. Corresponding histories of the drag coefficients are given
in Fig. 18. Time-mean values of drag have been decreased by more
than 70% for all of the Coanda cases (C, CPI, CPO), and by more than
50% for the shear-layer control (S). It should be noted that the power
requirement for the shear-layer case is substantially lower than that of
the Coanda cases (see P; in Table 1). Also, for the pulsed Coanda
cases (CPI and CPO), although the mean drag has been decreased,
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Fig. 17 Time history of the cylinder lift coefficient for the control cases.
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Fig. 18 Time history of the cylinder drag coefficient for the control
cases.

there is a nonzero mean lift contributing an average force acting on
the cylinder.

Instantaneous planar contours of the u velocity component at the
midspan location are found in Fig. 19. Features of the unsteady wake
are visible in the figure, where dark contours indicate the low-speed
region. Corresponding contours of the spanwise component of
vorticity in Fig. 20 illustrate fine-scale fluid structures. Small vortical
structures evolving from the shear-layer near separation may be
observed in the flowfields of the pulsed cases (CPI, CPO, and S). For
the continuous actuation Coanda case (C), the shear layer has been
regularized by the wall-jet flow.

Presented in Fig. 21 are turbulent kinetic energy frequency spectra
for the control cases. Spectra taken in the cylinder wake region
(x=1.0, y=0.0) do not exhibit peaks associated with a
fundamental shedding frequency, as seen with the baseline case.
Also at this location, the control cases exhibit a less substantial
inertial range. Virtually no inertial range appears in the spectra at the
location that characterized the shear-layer for the baseline case
(x = 0.38, y = 0.54). Here, for the pulsing cases, harmonics of the
forcing frequency are apparent in the spectra. Higher harmonics are
naturally excited by the step-function-like character of the amplitude
function A (see Fig. 4). Subharmonics are generated by the vortex
formation process in the unstable shear layer and have been
previously observed in plasma-base control for low-pressure turbine
blades [65]. In case CPO, the out-of-phase pulsing of actuators also
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Fig. 19 Instantaneous planar contours of u velocity for the control
cases.

Fig. 20 Instantaneous planar contours of spanwise vorticity for the
control cases.
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Fig. 21 Turbulent kinetic energy frequency spectra for the control
cases.

produces a subharmonic of the fundamental frequency. At the shear-
layer location, little inertial region is evident for any of the control
cases.

Three-dimensional representations of the cylinder flowfields are
provided in Fig. 22 by isosurfaces of the vorticity magnitude, which
have been colored by u velocity. The value of the vorticity magnitude
in the isosurfaces corresponds to that at the edge of the boundary
layer in the flow upstream of separation. Fine-scale structures, which
have been captured by the high-order solutions, are evident in the
figure. Massive roll up of the primary vortex is obvious in the
baseline case B. With continuous Coanda control (C), the virtual wall
jets generated by plasma actuation have cut off large vortical
shedding immediately behind the cylinder. The shear layers can been
seen rolling up further downstream in the wake for this situation.
When pulsing is employed in the Coanda control (CPI and CPO), the
full span actuators produce coherent vortical structures, which are
generated by a roll up of the shear layers. These bring high
momentum fluid from the outer flow region into the unsteady wake
and help preclude massive shedding. A similar situation occurs for
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Fig. 22 Instantaneous isosurfaces of vorticity magnitude colored by
u velocity for the control cases.
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Fig. 23 Time-mean planar contours of turbulent kinetic energy for the
control cases.

the shear-layer control case (S), but here the long vortical structures
are initiated closer to the top and bottom of the cylinder in proximity
to the actuator locations. This is brought about by manipulation of the
shear layer near separation, as no wall jet is present.

Time-mean turbulent kinetic energy contours are displayed in
Fig. 23. The figure illustrates that all of the control cases have
dramatically reduced the large velocity fluctuations that were present
in the baseline flow. As can be seen in the figure, a large amount of
energy is present in the near wake for the baseline case. In control
situations, small amounts of turbulent energy reside primarily in the
shear layers.

IX. Conclusions

An implicit large eddy simulation technique was used to explore
plasma-based control strategies for flow about a circular cylinder at a
Reynolds number of 10,000. A high-order numerical method with an
overset grid approach captured fine-scale fluid structures in the
transitional and near-wake regions. For the baseline case without
control, the simulation was found to agree reasonably well with
available experimental data. A phenomenological model was used to
represent the body forces induced by actuators on the surrounding
fluid. This simplified approach allowed the investigation of complex
flow situations, without incurring the additional computational
overhead associated with more sophisticated physical descriptions.
Two separate strategies were considered in the investigation,
consisting of Coanda flow control and shear-layer manipulation.

All of the control cases were effective in reducing the cylinder
unsteady lift and mean drag coefficients. A reduction in mean drag by
70% was achieved by Coanda actuation and by 50% for the shear-
layer control. Oscillating lift components were virtually eliminated
in all situations. It should be mentioned that in all control cases, large-
scale unsteadiness eventually evolved in the wake, at a distance of
several diameters downstream of the cylinder. This was promoted by
the unstable shear layers, which have a natural predisposition to roll
up. The amplitude of the wake oscillation, however, was
considerably reduced from those in the baseline case. A bistable
state was identified for pulsed Coanda control, which led to nonzero
time-mean lift. Pulsed actuation with a 50% duty was found to be as
effective as continuous control but reduced the overall power
requirements. In this regard, shear-layer control had the smallest

power utilization and was only slightly less effective than other
strategies.

These simulations compliment previous experimental inves-
tigations of plasma-based actuation for bluff body flows. They
evidence the potential of plasma actuators for reducing forces acting
on these bodies and eliminating massive unsteadiness. Such control
may be useful for increasing efficiency, reducing adverse aeroelastic
effects, prolonging fatigue life, and decreasing acoustic noise in
practical applications.
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