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Numerical Investigations of Dynamic Stall Active Control
for Incompressible and Compressible Flows

John A. Ekaterinaris¤

Foundation for Research and Technology Hellas (FO.R.T.H.), 71110 Heraklion, Greece

Numerical investigationsof active � ow control, which can offer signi� cant improvements to aircraft, helicopter,
and wind-turbine rotor performance by suppressing detrimental effects of separated � ow and dynamic stall, are
presented. Simulations of pulsating jet � ow control applied on airfoils executing oscillatory motion are carried
out to demonstrate improvements in dynamic performance obtained for high-Reynolds-number turbulent � ow
dynamic stall. Currently available ef� cient and accurate numerical methods for the Navier–Stokes equations and
advanced turbulence models are used for the prediction of the complex, unsteady � ow� elds. Both incompressible
and compressible � ow conditions are considered. It is found that pulsating jet � ow control can signi� cantly reduce
the adverse effects of dynamic stall. The effect of the jet location on dynamic stall characteristics is investigated.

I. Introduction

A CTIVE and passive � ow control of separated � ow over cylin-
ders and airfoils at high incidences or airfoils executing dy-

namic motion has been a subject of experimentaland theoretical in-
vestigationfor thepastdecades.Passiveandactive� ow controlscon-
cepts have been tested in numerous experimental investigations.1¡7

It has been demonstrated that its application can yield signi� cant
improvements in aerodynamicperformance.For example, in Ref. 1
� ow separation over airfoils at high incidence has been success-
fully suppressedby high-frequencytransversevelocity � uctuations
generated by acoustic excitations. More recently, control of sepa-
rated� ows with pulsatingjets2;3;8;9 yieldedveryencouragingresults.
Advances in “smart,” compact � ow actuation devices, such as syn-
thetic jets,10 opened new horizons in � ow actuation and can lead to
signi� cant improvements in aerodynamic performance of existing
con� gurations. These devices can be used to control � ow sepa-
ration, to enhance existing capabilities of control surfaces, and to
provide additional maneuverability by either replacing or enhanc-
ing the effectivenessof traditionalcontrol surfaces, such as trailing-
edge � aps. In contrast to older techniques for manipulation of � ow
separation,11 such as steady blowing/suction,4 the new active � ow
actuation methods8;10 have the advantage that they require signi� -
cantly less power input and introduce smaller design complexities.
For example, the innovative method of � ow control with synthetic
jets requires only electric power and produces a high-frequency
pulsating jet with zero net mass input. Pneumatic � ow control with
pulsating jets, on the other hand,2;3 can yield large improvements in
performance with a small jet output rate.

In many practical applications, such as wind turbines and heli-
copter rotors, as well as turbomachinary, rapid pitching blade mo-
tions generate dynamic stall. Dynamic stall is a limiting factor for
more widespread use of helicopters in both military and civilian
applications and can cause extreme loading to wind-turbine rotors
and turbomachinary blades. Because of the negative impact of dy-
namic stall, basic research (see Ref. 12 and references therein) has
focused on the understanding of the basic mechanisms causing its
occurrence.Developing the ability to numericallypredict and devis-
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ing means to prevent, control, or possibly eliminate, dynamic stall
is important to efforts toward improving aerodynamic performance
of rotating machinery and maneuvering aircraft. Dynamic stall re-
duces the maximum cruise speed of helicoptersbecauseit generates
excessive loads on the rotor and � ight controls.Passive7 and active5

� ow controls can be used on rotors to reduce or possiblycompletely
eliminate the detrimental effects of dynamic stall.

Alterations of the � ow at the leading-edge region of thin airfoils
are most effective in controlling dynamic stall. Therefore, several
leading-edgeboundary-layercontrol methods have been employed
in rotorcraft applications. These methods include steady blowing
or suction,4 unsteady blowing,2¡5 and boundary-layertransition.6 It
has been demonstrated2;5 that oscillatory blowing is more effective
than steadyblowing in delayingdynamicstall. This � ow control im-
proves dynamic airfoil performanceby reducing dynamic stall hys-
teresis effects signi� cantly and by eliminating large excursions in
lift, drag, and pitchingmoment during the oscillationcycle.Another
categoryof dynamic stall controlmethods,which have been investi-
gated, are based on modi� cations of the blade leading-edgegeome-
try. Examples include passive controls, such as leading-edgeslats,7

active airfoil geometry modi� cations, such as nose drooping,13 and
dynamically deforming leading-edge radius.6

Numerical prediction of the bene� cial effects of � ow control re-
ported in experimental studies was the subject of recent investiga-
tion by Wu et al.,14 where � ow control was simulatedby a pulsating
jet, which was located at sJ D x=c D 0:025, and blowing was pre-
scribed in the normal to the airfoil surface direction. It was found
that lift increase in the poststall regime can be achieved as was re-
portedin theexperiments.The effectivenessofa pulsatingjet located
at the leading edge sJ D 0 chord of a NACA-0015 airfoil to control
static stall was also investigated in the numerical investigation of
Ref. 15. Hassan and JanakiRam16 and Hassan17 investigated the
effectivenessof a jet located at sJ D 0:13 chord to control � ow sep-
aration using Navier–Stokes methods and reported that a high jet
momentum is needed to obtain a signi� cant lift increase. In the nu-
merical studyof Ref. 18, simulationsof steadyand pulsatingjet � ow
controls were shown. McCormick9 developed a new concept for
boundary-layer separation control, the so-called directed synthetic
jet. The blowing slot of this jet is curved in the downstream direc-
tion. The jet energizes the boundary layer and makes it, in the time
average, more resistant to separation.Calculated lift coef� cients of
the directedsyntheticjet for airfoil static stall control9 were in agree-
mentwith the experiment.In the present investigationthe jet exit ve-
locity is also prescribedin a directionalmost tangential to the airfoil
surface.

Effective control of dynamic stall over oscillating airfoils was
achieved with pulsating jets.5 In contrast to the synthetic jets,8 pul-
sating jets apply unsteadybleedingor blowingusingmore hardware
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intensive mechanisms. They require external pumps and piping in
order to generate the pressure oscillations necessary for the zero-
mass-� ux � ow control.More recently the effectivenessof pulsating
jets was demonstrated for control of compressible, high-Reynolds-
number separated � ows.3 Synthetic jet � ow control devices,8 on
the other hand, use membranes or springboards, which are driven
at resonance piezoelectrically or mechanically by motors and en-
hance the momentum of boundary layer by zero mass vortical � ow.
Synthetic jets were successfully used to control � ow separation of
low-Reynolds-number incompressible � ows.8 Further demonstra-
tion of the ability of pneumatic � ow controls to improve aerody-
namic performance of high-Reynolds-number incompressible and
compressible unsteady � ows and dynamic stall is needed. To date,
there are no analytical tools available to determine the range of pa-
rameters, such as jet location and speed or momentum coef� cient
and pulsation frequency, for which � ow control methods are most
effective.As a result, for every new airfoil shape at � xed incidences
or for pitching airfoils with different unsteady parameters, such as
oscillation amplitude or rate, the � ow actuation parameters are de-
termined heuristically.

Numerical simulation of active pneumatic � ow control over air-
foils with synthetic jet actuators as it was done in Ref. 8 for sim-
ple � ows is computationally intensive because it requires detailed
simulation of the synthetic jet device including the cavity and the
exit slot. The � ow scales that must be resolved in the synthetic jet
actuator and the vicinity of the exit slot are small compared with
the airfoil boundary-layer scale. A well-resolved simulation of the
synthetic jet requires a large number of grid points and incorpo-
ration of the cavity actuation mechanism, such as an oscillating
membrane at the end of the cavity. Simulation of pulsating jet � ow
control for high-Reynolds-number(Rec > 106 ) airfoil � ows, on the
other hand, can be accomplished either by time-accurate simula-
tion of the Reynolds-averagedNavier–Stokes (RANS) equationsor
by large eddy simulations (LES). LES computations of the time-
dependent � ow� eld generated by the synthetic jet are beyond the
available computing resources.

In the present investigationpulsating jet � ow control5 is applied
on oscillating airfoils as it was done in Refs. 15–17 for stationary
airfoils.The jet � ow is imposedas a boundaryconditionon theairfoil
surface.Time-accuratesolutionsof the RANS equationsare used for
both � ows at � xed incidence and for � ows over oscillating airfoils.
A schematicof a pulsatingjet locatedon the suctionside at x=c D sJ

chord distance from the leading edge exiting almost tangent to the
airfoil surface at an angle µjet is shown in Fig. 1. An increased grid
resolutionis used in the regionwhere the pulsatingjet is considered.
For leading-edge pulsating jets the airfoil shape is slightly altered
in order to include a jet blowing almost tangentially to the airfoil
surface.The detail of the grid used for numerical simulationof � ow
control with a leading-edgepulsating jet is shown in Fig. 2.

The effectivenessof pulsating � ow controls is evaluated for fully
turbulent � ow conditions and for incompressible and compressible
� ow speeds by performing RANS numerical simulations with ad-
vanced turbulence models. The computational tools that are used
for the numerical simulations have been extensively validated for
unsteady � ow computations and dynamic stall19¡22 by comparison
with experimental data.

It was demonstrated in the experiments5 that the important pa-
rameters for airfoil � ow control with pulsating jets are the reduced
excitationfrequency FC D f J c=U1, where c is the airfoil chord; f J

is the jet pulsation frequency; the oscillatory blowing momentum
coef� cient is C¹ D hJ i=cq , where q D 0:5½U 2

1; hJ i is the oscilla-
tory momentum, hJ i D ½V 2

J HJ ; HJ is the jet slot width; and VJ is

Fig. 1 Schematic of slat for pulsating jet at the upper surface.

Fig. 2 Leading-edge grid detail and schematic of pulsating jet at the
leading edge.

the jet velocity oscillationamplitude.For the numerical simulations
in order to ensure that effective � ow control is obtained, we use
high values of jet pulsation frequency FC > 1 and momentum co-
ef� cient C¹ > 0:1%. Dynamic stall developing over a NACA-0015
airfoil for low pitch-uprate,k D ¼ fac=U1 D 0:05, is computed� rst.
The numerical simulations are fully turbulent, and, except for the
Reynolds number, the other � ow parameters match the parame-
ters of the measurements by Greenblatt et al.2 and Greenblatt and
Wygnanski.5 Therefore, dynamic stall measurements by Piziali,23

performed for high-Reynolds-numbertripped � ow, are also used to
validate the computationsand to demonstrate the effect of � ow con-
trol on hysteresis loops. Numerical simulations of pulsating jet � ow
control where the location of the jet is a free parameter are carried
out next. The objective of this investigation is to demonstrate that
numerical solutions can be used to perform a sensitivity analysis
of � ow control parameters. As an example, the jet location for the
most effective control of two-dimensional airfoil dynamic stall is
identi� ed.

II. Governing Equations
Pulsating jet � ow control simulations require time-accurate solu-

tions of the governing equations.The governingequations used for
the numerical simulations of both incompressibleand compressible
subsonic � ows are shown in the next sections. In both cases the � ow
was assumed fully turbulent, and the eddy viscosity was obtained
from the one-equation turbulence model.

A. Incompressible Flow Equations

In many industrial applications the performance of components,
such as � ows over hydrofoils and wind-turbine blades, is affected
by dynamic stall developing at low speeds M1 < 0:1, where the
� ow is practically incompressible.The primary problem with time-
accurate solutions of the incompressible� ow equations is the dif� -
culty of coupling changes in the velocity � eld with changes in the
pressure � eld while satisfying the continuityequation.The arti� cial
compressibility or pseudocompressibilitymethod is often used to
overcomethese dif� culties.This method was initially introducedby
Chorin24 for the solutionof steady-stateincompressible� ows, and it
was subsequently extended25 to time-accurate incompressible � ow
solutions. The arti� cial compressibility formulation can be utilized
for the solution of unsteady � ows when a pseudotime derivative of
pressure is added to the continuity equation. This term directly cou-
ples the pressure with velocity and allows the equations to advance
in physical time by iterating until a divergence-freevelocity � eld is
obtained at the new physical time level.

The arti� cial compressibilityor pseudocompressibilityformula-
tion is obtained from the original incompressible� ow equations by
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introducingan additional time derivativeof pressure to the continu-
ity equation as
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Additionof this � ctitiouspressurederivativeenablesfull coupling
of the continuity with the momentum equations and signi� cantly
facilitates the numerical solution. In Eq. (1) ¿ does not represent
physical time; therefore, in the momentum equation t is replacedby
¿ , and the pseudocompressibleform of the governing equations is
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where OQ D [p; u; v]T =J is the solution variable vector and OF, OG,
and OFv , OGv are the inviscid and viscous � ux vectors, respectively.

In these equations ¿ is referred to as pseudotime, which can be
considered as a time iteration parameter. Steady-state incompress-
ible solutionsare obtainedwith the arti� cial compressibilitymethod
by time marching as in the compressiblecase. The numericalmeth-
ods for the solution of the pseudocompressible equations are very
similar to the methods used for the solutions of the compressible
� ow equations.26;27 At convergence, however, the time derivative
of pressure, and consequently the divergence of the velocity, ap-
proach zero. The parameter ¯ , which is referred to as the arti� cial
compressibility or pseudocompressibilityparameter, usually takes
a value between 1 and 5, but larger values might be required for
solutions on highly stretched grids. Time-accurate solutions of un-
steady � ows with the pseudocompressibility formulation with im-
plicit schemes are obtained using dual time stepping26;27 as shown
in the next section.

B. Compressible Flow Equations

In the compressible � ow simulations the thin-layer approxima-
tion of the Navier–Stokes equations is used. These equations in
curvilinear,body-� tted coordinates .»; ´/ are
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where Q D J ¡1[½; ½u; ½v; e]T D q=J is the solution vector, J
is the Jacobian of the coordinate transformation, and F and
G are the � ux vectors in curvilinear coordinates. For example,
F D J ¡1[½U; ½uU C »x p; ½vU C »y p; .e C p/U ¡ »t p]T , whereU
is the contravariant velocity component U D »x u C »yv C »t , and
u; v are the Cartesian velocity components. The pressure p for a
calorically perfect gas is related to the other variables through the
equation of state as p D .° ¡ 1/[e ¡ 0:5½.u2 C v2/].

III. Numerical Implementation
Simulations of the time-dependent � ow� elds generated by the

pulsatingjets are obtainedon C-type meshes.At the locationslot for
the pulsatingjet, an almostuniformgrid resolutionof approximately
20 points for the slot width Hh (see Figs. 1 and 2) is used.Grid points
are clustered in the streamwise direction upstream and downstream
of the jet slot location. In the direction normal to the airfoil surface,
a suf� cient number of grid points is used to provide the resolution
needed for the high-Reynolds-numberturbulent � ow. The detail of
the grid used for a jet at the leading edge s D 0:0 is shown in Fig. 2.

For both incompressible,Eq. (2), and compressible,Eq. (3), � ow
formulations space discretization of the convective � uxes is per-
formed using upwinding and Roe’s approximate Riemann solver.28

Third-order-accurate,upwind-biased formulas are used to evaluate
the convective� ux derivatives.The viscous terms are computed us-
ing second-order-accuratecentraldifferences.The eddy viscosity is
computed using the one-equation turbulence model of Spalart and
Allmaras.29 Essential details of the numerical algorithms are given
in the following sections.

A. Incompressible Formulation

A three-dimensional version of the incompressible � ow solver
was used before to obtain time-accurate solution over a rotat-
ing blade.26 Using the same formulation, two-dimensional, time-
accurate solutions needed for the present investigationare obtained
by using the following second-order-accurate, three-time level for-
mulas to evaluate the time derivatives in the momentum equations

3un C 1 ¡ 4un C un ¡ 1

21t
D ¡Rn C 1 (4)

where R represents the right-hand-side terms R D . OF ¡ OFv/» C
. OG ¡ OGv/´ and 1Q D Qm C 1 ¡ Qm .

Equation (4) is solved for a divergence-freevelocity � eld at the
.n C 1/ time level by introducing a pseudotime level, which is de-
notedby the superscriptm in the followingarti� cial compressibility
relation:
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An iterative solution of this equation is performed so that
un C 1;m C 1 approachesun C 1 as r ¢ un C 1;m C 1 approaches zero.

The delta form of the linearized, unfactored, implicit algorithm,
for both steady-state and time-accurate solutions is given by
"
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where Itr D diag[1t=1¿; 1:5; 1:5]=1t and Im D diag[0; 1; 1]. The
algorithm for steady-state solutions is obtained from Eq. (6) when
the internal iteration index m is dropped, and only the � rst term R
is retained on the right-hand side.

B. Compressible Formulation

In the past years severalnumerical investigationsof dynamicstall
of simple airfoils19 and pitchingblades20 have been performed with
the code we use to simulate compressible � ows. The computed re-
sults for dynamic stall cases were in agreementwith measurements,
and theyare summarizedin the reviewofRef. 12.The computercode
solves the time-dependent compressible � ow equations in curvilin-
ear body-� tted coordinates.It has been developed for the numerical
investigationof dynamic stall � ows19;20 and has also been tested for
other unsteady aerodynamic applications.21;22 It performs implicit
time marching using an alternating-direction-implicit scheme.

IV. Results
Flow control with pulsating jets for stationary NACA-0015 air-

foils was performed � rst as an additional validation test of the
computational approach. For incompressible � ow a solution with
� ow control at the leading edge was obtained at ® D 22 deg, Rec D
1:2 £ 106 for a NACA-0015 airfoil. The same values of control
parameters, k j D FC D 0:58, C¹ D 0:0003 of Ref. 15, were used.
The computed load variation was in agreement with the low-Mach-
number (M D 0:15) computationsof Ravindran.15 For compressible
� ow, the computedload variationfor � ow cotrolwith transverse jets
at x=c ¼ 0:1 was in good agreement with the results of Hassan and
Munts.30

Numerical simulations of � ows over an oscillating NACA-0015
airfoil with pulsating jet � ow control for compressible and incom-
pressible � ows were carried out next.Different locationsfor the pul-
sating jet are considered.A schematic of the pulsating jet is shown
in Fig. 1, and an example of the numericalmesh used for simulation
of � ow control with leading-edge pulsating jet is shown in Fig. 2.
It was found that the direction of the jet exit velocity with respect
to the airfoil surface (denoted as µjet in Fig. 1) is an important � ow
controlparameter.Numerical experimentsdemonstratedthat for the
poststall regime no effective � ow control of dynamic stall can be
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achieved for a jet exiting normal to the airfoil surface. In addition,
the computed loads showed a large variation at the jet pulsation fre-
quency. Using a smaller, near-tanget exit angle, µjet D 30 deg, as in
staticstall computationsof Refs. 9 and 30, it was found that dynamic
stall was suppressed, but a fairly large oscillation amplitude of the
computed loads at the jet pulsation frequency was also obtained. A
further reduction of the jet exit angle to µjet D5 deg reduced more
of these oscillations. Therefore, µjet D 5 deg is used in the simula-
tions. The jet exit speed Vjet , which is nondimensionalizedwith the
freestream, varies as V .t/jet D V0 C Va cos.Ä J t/, where V0 is the
mean and Va is the amplitude. For a vanishing mean component
V0 D 0:0, a zero net mass � ux jet is obtained.The zero net mass � ux
jet is used in the simulations.

A. Baseline Airfoil Computations

Compressible � ow simulations are carried out at relatively low
freestream speed M D 0:3, which matches the freestream speed of
the dynamic stall measurements in Ref. 23. The Reynolds number
for all cases is � xed at Rec D 5:0 £ 106 , and the � ow is assumedfully
turbulent. This Reynolds number is representative of in-� ight � ow
conditions but higher than the Reynolds number reported in mea-
surements of both Greenblatt et al.2 and Greenblattand Wygnanski5

and Piziali.23 In the � rst case2;5 the experimental Reynolds number
is 0:3 £ 106 < Rec < 0:9 £ 106, and transitional� ow effects are im-
portant, whereas in the second case the � ow is tripped and the fully
turbulent � ow assumption is a good approximation. Comparisons
with the experiment of the computed load hysteresis loops obtained
for deep stall for both incompressible and compressible � ow and
oscillatory motion with ®.t/ D 13 deg C 5 sin.!a t/; k D 0:05 are
shown in Fig. 3. The arrows indicate the loop direction from up-
stroke to downstroke.A C-type 381 £ 91 point grid with 301 points
on the airfoil surface was used for the computation. The com-
putations were performed for Reynolds number Rec D 5:0 £ 106,
and the � ow was assumed fully turbulent. Comparisons are shown
with the incompressible � ow data of Ref. 5 for measurements ob-
tained at Rec D 0:3 £ 106 and the compressible � ow measurements
of Ref. 23 where the freestreamspeedwas the same as in the compu-
tation .M1 D 0:3/ and the � ow was tripped. The � ow of Ref. 23 at
Rec D 2:0 £ 106 is expected to be fully turbulent as the computatios
for Rec D 5:0 £ 106.

Time periodic response is obtained after two cycles, and the
load hysteresis loops of Fig. 3 correspond to the second compu-
tation cycle. The incompressible � ow experiment5 was performed
at low Reynolds number (Rec D 0:3 £ 106 ), and transitional � ow
behavior might be responsible for the development of dynamic
stall at a lower angle of incidence during the cycle. Fully turbu-
lent compressible � ow computations for the same Reynolds num-
ber as the experiment Rec D 2:0 £ 106 have shown very little dif-
ference from the results obtained at Rec D 5:0 £ 10:6 In the com-
pressible � ow computations it was found that during the upstroke
at approximately ® D 14 deg a supersonic � ow region is developed
close to the leading edge. As the angle of incidence is further in-
creased,a weak shock is generated.This shock does not cause,how-
ever, � ow separation.Both the incompressibleand the compressible
computations are in reasonably good agreement with the turbulent
� ow measurements of Ref. 23. However, they show only quali-
tative agreement with the low-Reynolds-numbermeasurements of
Ref. 5. In the following comparisons only the compressible � ow
measurements are retained to indicate the bene� cial effects of � ow
control.

Simulations of dynamic stall control with pulsating jets were ob-
tained for nondimensional jet reduced frequencies k j D FC D 6:3
and FC D 3:1 and blowing rates of C¹ D 0:5 and 2.5%. As already
stated, the a high value of the jet reduced frequency was chosen to
ensure effective � ow control and keep the oscillationof the loads at
the jet pulsationfrequencyat low levels.For this choiceof � ow con-
trol parameters, � ow control simulations with pulsating jets were
carried out for stationary airfoil at incidences above the static stall
angle ® D 16 and 18 deg. The numerical solution was carried out
for a large number of forcing cycles until all of the startup transients
were removed. The mean value of the computed, time-varying lift

coef� cient at these � xed incidences exceeded the computed values
without the control. Similarly for the dynamic stall � ow control
computation the � ow with the pulsating jet on was computed at the
lower angle of incidence until time periodicity was reached. The
oscillatory motion of the airfoil with the � ow control on was com-
puted for two oscillation cycles. The computed loads reached time
periodicity, and the results of the second cycle were identical to the
results of the third cycle. In the following section computed results

Fig. 3 Comparison of the computed loads for Rec = 5:0 £ £ 106 (as-
sumed fully turbulent), ®(t) = 13 deg + 5 sin(!a t); ka = 0:05, and the
measured loads of Ref. 5 for Rec = 0:3 £ £ 106 and Ref. 23 for Rec =
2:0 £ £ 106 and tripped � ow.
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are presented � rst for incompressible and then for compressible
� ow.

B. Incompressible Flow Control

The implicit time-integrationscheme requires subiterationsin or-
der to ensure that incompressibility is enforced.The implicit solver
time step, however, is not limited by Courant–Friedrichs–Lewy nu-
merical stability. High pulsation frequenciesof the pneumatic � ow
control, on the other hand, introduce small time scales, which need
to be suf� ciently resolved during the time-accurate computations.
Therefore, the physical time step in the computations of incom-

Fig. 4 Effect of pulsatingjet � ow control on the computed loads; Rec =
5:0 £ £ 106 (fully turbulent incompressible), ®(t) = 13 deg + 5 sin(!a t);
ka = 0:05 and sJ = 0:0; F+

J = 6:3; C¹ = 0.5%.

pressible � ow� elds for both stationary and harmonicallyoscillating
airfoils was adjustedso that one jet pulsationperiod is resolvedwith
at least 40 time steps.

The computed load hysteresis loop for � ow control obtained by a
leading-edgepulsatingjet (seeFig. 2)with F C D 6:3 andC¹ D 0:5%
is comparedin Fig. 4 with thehigh-Reynolds-numbermeasurements
of Ref. 23 and the baseline airfoil computation. The leading-edge
pulsating jet reduces the dynamic stall hysteresis effects and causes
a more rapid � ow reattachment during the downstroke. A signi� -
cant reduction of the maximum excursions of the drag Cd.®/ and
pitching moment Cm.®/ coef� cients is observed. The small-scale

Fig. 5 Effect of pulsating jet � ow control on the computed loads; Rec =
5:0 £ £ 106 (fully turbulent incompressible), ®(t) = 13 deg + 5 sin(!at);
ka = 0:05 and sJ = 0:1; F+

J = 6:3; C¹ = 2.5%.
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oscillation of the computed loads during the oscillation cycle is at
the pulsation frequency of the jet.

The computed load hysteresis loop for � ow control obtained by
a pulsating jet located at sJ D 0:1 with FC D 6:3 and C¹ D 2:5% is
compared in Fig. 5 with the high-Reynolds-numbermeasurements
of Ref. 23 and the baselineairfoil computation.The higherpulsation
level jet (C¹ D 2:5%) reduces the dynamic stall hysteresis effects
effectively but causes an additional oscillation of the loads at the
jet pulsation frequency and with a larger amplitude than the lower
output level (C¹ D 0:5%) leading-edge jet of the preceding case.

Fig. 6 Effect of pulsatingjet � ow control on the computed loads; Rec =
5:0 £ £ 106 (fully turbulent incompressible), ®(t) = 13 deg + 5 sin(!a t);
ka = 0:05 and sJ = 0:7; F+

J = 6:3; C¹ = 2.5%.

Signi� cantreductionsof themaximumexcursionsof thedragCd.®/
and pitching moment Cm.®/ coef� cients are observed.

The computed load hysteresis loop for � ow control obtained by a
a pulsating jet located at sJ D 0:7 with FC D 6:3 and C¹ D 2:5% is
compared in Fig. 6 with the high-Reynolds-numbermeasurements
of Ref. 23 and the baseline airfoil computation. It appears that dy-
namic stall has been effectivelysuppressed,and for qualitativecom-
parison the measured lift hysteresis loop of Ref. 5 is shown in the
same � gure. The computed drag and pitching moment show in-
signi� cant hysteresis effects.

Fig. 7 Effect ofpulsatingjet � ow controlon the computedloads;M 1 =
0:3, Rec = 5:0 £ £ 106 (fully turbulent), ®(t) = 13 deg + 5 sin(!a t); ka =
0:05 and sJ = 0:1; F+

J = 3:1; C¹ = 2.5%.
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C. Compressible Flow Control
The computed load hysteresis loop for control of compressible

� ow dynamic stall, obtained by a pulsating jet located at sJ D 0:1
with FC D 3:1 and C¹ D 2:5%, is compared in Fig. 7 with the high-
Reynolds-numbermeasurementsofRef.23.The highpulsationlevel
of the jet C¹ D 2:5% reduces the dynamic stall hysteresis effects ef-
fectively but causes a signi� cant oscillation of the loads at the jet
pulsation frequency.A lower jet pulsation frequency FC D 3:1 was
chosen for the control of compressible � ows. As a result, the reduc-
tions of the maximum excursions of the drag Cd.®/ and pitching-

Fig. 8 Effect nonzero mean (V0 = 0:1) on the computed loads; M 1 =
0:3, Rec = 5:0 £ £ 106 (fully turbulent), ®(t) = 13 deg + 5 sin(!at); ka =
0:05 and sJ = 0:1; F+

J = 3:1; C¹ = 2.5%.

moment Cm.®/ coef� cients are not as large as in the incompressible
� ow case. Numerical experiments with pulsating jet � ow control
for � xed angles of incidence indicated that for certain angles of
incidence and jet locations addition of a steady component to the
zero mass oscillating jet can have bene� cial effects. It is seen, how-
ever, in Fig. 8 that � ow control of dynamic stall with a pulsating
jet, which generates the same momentum coef� cient C¹ as the zero
net mass � ow pulsating jet of the preceding case but has a steady
component (V0 > 0), is not effective. The computed excursions for
� ow control with a nonzero net mass � ux pulsating jet, shown

Fig. 9 Effect ofpulsatingjet � ow controlon the computedloads;M1 =
0:3, Rec = 5:0 £ £ 106 (fully turbulent), ®(t) = 13 deg + 5 sin(!at); ka =
0:05 and sJ = 0:7; F+

J = 3:1; C¹ = 2.5%.
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Fig. 10 Variation of the computed surface pressure coef� cient caused
by pulsating jet � ow control at sJ = 0:10.

in Fig. 8, have the same order of magnitude as the uncontrolled
� ow.

Finally, the computed load hysteresis loop for control of com-
pressible � ow dynamic stall obtained by a pulsating jet located at
sJ D 0:7 with FC D 3:1 andC¹ D 2:5%is comparedin Fig.9 with the
high-Reynolds-numbermeasurements of Ref. 23. The high output
of the jet (C¹ D 2:5%) reduces the dynamic stall hysteresis effects
effectivelyand for the location sJ D 0:7 causes a small oscillationof
the loads at the jet pulsation frequency.The reductionsof the max-
imum excursions of the drag Cd.®/ and pitching-moment Cm.®/
coef� cients are signi� cant as in the incompressible � ow case.

It has been observed in experiments2 that pulsating jets gener-
ate coherent structures that propagate downstream and energize the
boundary layer. The coherent structures generated by a pulsating
jet at 10% chord can be clearly seen in Fig. 10, where the surface-
pressure coef� cient during several cycles of pulsation is plotted vs
angle of incidence.

V. Conclusions
Numerical simulations of pulsating jet � ow control for a NACA-

0015 airfoil were carried out. Time-accurate solutionsof the RANS
equations with a one-equation turbulence model were used. The
pulsating jet � ow control was simulated by imposing a harmoni-
cally varying transpiration boundary condition on the airfoil sur-
face. It was found that effective � ow control can be achieved
for the time-dependent � ow over the harmonically oscillating air-
foil, which if uncontrolled leads to development of deep stall.
Both incompressibleand compressiblehigh-Reynolds-number� ow
was considered. The effect of control parameters such as jet lo-
cation and exit angle, momentum coef� cient C¹, and pulsation
frequency F C were considered in both incompressible and com-
pressible � ow investigations. For both incompressible and com-
pressible � ow the best location of the pulsating jet for most effec-
tive suppression of deep dynamic stall was predicted at the 70%
chord location.
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