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Flow control for performance enhancement over airfoils (both stall and load enhancement) has become an increasingly
important topic. This numerical work describes the characteristics of flow control using synthetic jets over a NACA
0015 airfoil at a Reynolds number of 8.96 x 10° (based on the chord length and free-stream velocity) and at 20° angle
of attack (wherein the flow is separated). A range of synthetic jet parameters were chosen to visualize their effects on
the controlled flow. Analysis of key flow parameters indicate that the synthetic jet is efficient in increasing the lift
coefficient while simultaneously reducing the drag coefficient, more so for larger jet amplitudes and at smaller angles
of jet injection. A regression model for predicting the flow parameters is also specified. Toward the end of the study,
a new parameter—the differential time of suction and blowing—uwas identified and its effect on the flow dynamics
was observed. While the time modulation offers some benefits, it is the opinion of the authors that the benefits are
too marginal to justify the implementation of such a system. This work serves as a platform to qualitatively and
quantitatively understand the effects of the jet parameters on the separated flow over the airfoil, by understanding the
flow parameters and structures.

KEY WORDS: flow control, synthetic jet, vortex dynamics, unsteady aerodynamics, jet—cross-flow inter-
action

1. INTRODUCTION

The performance of an airplane wing, and thus an airfoiibitte aeronautical industry—be it in energy expenditure,
noise, or emission levels. This performance is usually Emipiith two important aspects: the load control over a
wide range of angles of attacks and the delay of flow separatinits surface (thus leading to higher stall angles).
This performance depends on a multitude of factors. To aangéxie design of the airfoil is crucial in determining its
performance. However, the use of exotic airfoil profilesristed, due to orthogonal constraints in material selegtio
manufacturability, and cost. In spite of this limitationgvave found ways to reap benefits, such as high lift and
less thrust. The aforesaid performance enhancement cdfebtvely achieved by using flow control techniques, as
highlighted in the past (Jahanmiri, 2010). Flow controlé$ided as the ability to alter the character or disposition of
a natural flow field actively or passively in order to effectessided change.

Passive flow control devices, such as flaps and vortex gemsratve been effective in reducing flow separation
under limited conditions (Jirasek, 2005). Although theseicks require no additional energy expenditure, they are
unable to adapt to changes occurring in the flow system. Tenises degradation in performance in cruise condi-
tions (when no flow separation occurs). Active flow contraht@iques, however, are very adaptive to external flow
conditions and are hence extremely popular, despite thaltyeon extra energy expenditure. Active flow control
encompasses a variety of techniques, ranging from conismblmwing, continuous suction, and periodic oscillations
among others. Continuous blowing and suction (De Giorgil.et2@15) incorporates traditional ideas on prevent-
ing flow separation. Flow separation usually takes placeasec low-momentum flow is present near the solid
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surface. Both continuous suction and continuous blowingtaido the same, but by different means. While this is an
attractive option in theory (as it produces effective coitit fails in implementation due to its bulky nature and the
comprehensive piping systems and fluid inlet/outlet resglir

Unsteady active flow control has been an actively pursueadatneesearch in the past decades. A major advantage
of such an unsteady control technique is that it can expieitexisting instabilities in the flow (Collis et al., 2004).
Periodic excitation accelerates and regulates the gémerat large coherent structures with the flow and hence
transfers high-momentum fluid across the mixing layer. Qfipalar interest in periodic excitation control is the
use of zero net mass flux devices, also called synthetic@ezér and Amitay, 2002). Synthetic jets are formed by
oscillatory flow through an orifice. Hence they offer no maddition (or removal), entrain low-momentum fluid, and
promote mixing through the formation of vortical structsir@his means that they are compact, use less energy (as
they exploit the instabilities in the flow), and are effeetiThe performance of the synthetic jets in controlling a flow
greatly relies on its key parameters—the amplitude, fraqyget inclination angle, location of the synthetic jdts,
name a few (Mittal and Rampunggoon, 2002; Okada et al., 28k€yoz and Tuncer, 2009).

Numerical simulations are best suited to undertake an edédgarametric study based on the synthetic jet
parameters. This can be attributed to the disadvantagesimaj the same experimentally: cost, complexity, and lack
of conclusive clarity. While such complex unsteady flowstsest predicted by methods such as large eddy simulations
(LES), Reynolds-averaged Navier—Stokes Equation (RANSSES solutions offer adequate accuracy which can be
used to investigate associated physics (laccarino etGil4)2

Several experimental and numerical works in charactegittie flow control over an airfoil have been done in the
past. Experimental data for the same airfoil at differegfi@smof attack for a Reynolds number (RelU/,,C /v, where
U is the free-stream velocity, is the chord length, and is the kinematic viscosity) of 896,000 (Gilarranz et al.,
2005) suggest that the maximum lift coefficient value canrieaced by 80% and the stall angle can be pushed back
from 12° to 18°. Other such experiments also conclusivaty@that synthetic jets are indeed effective in affectirgy th
flow environment (Goodfellow et al., 2012; McCormick, 2008umerical studies also demonstrate and characterize
the effect of synthetic jets on a wide range of airfoils afetént angles of attack (Raju et al., 2008; You and Moin,
2008; Lasagna et al., 2013). Another similar numericals{iuvigneau and Vissoneau, 2006) explores the effect
of some jet parameters on the lift and drag coefficients foA&A 0015 airfoil at the same Reynolds number, and
suggests an increase in the lift by as much as 34%.

In the present study, numerical investigations have beriedsout to understand the effects of the synthetic jet
parameters on the external flow over a NACA 0015 airfoil. Bfiig given in understanding the reason behind the
performance enhancement on using the synthetic jets insparated flows. A commercial RANS code (FLUENT)
utilizing an unstructured grid was employed to simulateftne over an airfoil that has a jet actuator implanted in it.
In Section 2, the computational method and the flow configumadre listed and a benchmark comparison between
the present work and a previous work (Duvigneau and Visaar206) is made. The effect of the jet parameters on
the external flow and the resulting physics is elaborateceiti®n 3. Concluding observations and future directions
are mentioned in Section 4.

2. METHOD

2.1 Numerical Method

The numerical algorithm and solution methods of the comiaktode FLUENT, provided by ANSYS Inc., are used
to investigate the phenomenon. The incompressible Nabiekes equations after averaging are

81[1- 0 _ 8’% _ 8]7 1 90 8121-
ot + 8—% (’U%UJ) 8(Ej N 8ZE1 * Rean 8Ij (1)
ou;

whereT;; is the Reynolds stress tensor modeled by the Spalart—Adsnaodel in this case (Spalart and Allmaras,
1992). While the Spalart—Allmaras one-equation model @o¢perform well in predicting isotropic turbulent decay,
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it performs fairly well in documenting effects associateithveuch flows. It has also been advocated that employing
two-equation models offer no significant benefits. A compagastudy of different models for the particular case of
unsteady high-speed aerodynamic flow over airfoils was mlacand no significant difference was observed. The
Spalart-Allmaras model was thus an attractive option asifoilar accuracy, only one turbulent quantity rather than
two needs to be solved for, accelerating the performanckeo€bde. The coordinates, velocity, pressure, and time
are normalized by the airfoil chord lengfh the free-stream velocity .., and the dynamic pressure teaﬁio and
C/U ., respectively. Discretization of spatial elements is dasiag an upwind scheme that results in a second-order
accuracy using linear reconstruction. A second-ordey fatiplicit integration scheme in time is used to resolve the
temporal scales. The solver utilizes a pressure correetjoation to satisfy the continuity equation (2), couplethwi
the velocity variables using the well-tested SIMPLE altfori. At a particular time step, the solver is run either until
the normalized residuals decreases to at least three aflaragnitude or until a particular number of iterations is
attained—whichever is satisfied last. The solver then dsevith the iteration corresponding to the next time step
and the entire process is repeated again. The solver isestopben a quasi-steady state solution (a solution that
repeats itself periodically) is reached.

2.2 Flow Configuration
2.2.1 Geometric Details

Figure 1 details the flow configuration and the dimensionk@#&irfoil and the jet. This is a similar setup tested earlier
(Gilarranz et al., 2005; You and Moin, 2008) but does notudel blocking. A NACA 0015 airfoil with chord length
(C) of 0.375 mis used. The synthetic jet is fixed at 12% of the dimoeasured from the leading edge (Lasagna et al.,
2013) and it opens into the suction side of the airfoil. Bameg@revious studies (Dannenberg and Weiberg, 1952), the
width (w) of the jet opening is suitably chosen to be 0.53% of the chargth. Sufficient spacing is given so that the
outflow boundary conditions do not significantly alter theMlover the airfoil, as seen in Fig. 1, which also specifies

No shear

Qutlet (Pressure)

Uniform inflow

FIG. 1: Flow configuration and geometry for the flow over a NACA 0018adli with synthetic jet
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the necessary boundary conditions. The computational moimdence of size 35 x 30C. A no-slip boundary
condition is applied on the airfoil surface and the cavityllsvand a pressure outflow condition for the velocity is
applied at the exit. The pressure outlet boundary condiigenerally applied when a “free” boundary is required in
an external flow. A no-shear condition is applied on the tog e bottom walls to simulate open conditions. It is
prudent to specify that the synthetic jet is modeled alorty ie cavity, as previous studies (Raju et al., 2009) have
shown that this gives the best results. The jet is modeleld twid walls on the side, and a time-varying sinusoidal
boundary condition is given at the sinusoidal velocity fisleown in Fig. 2, in such a way that at the jet exit, the flow
is fully developed and has the desired exit jet velocitysTikidetailed later.

o o o o

T

-7.06E+05-4.41E+03-3.34E+02-1.89E+01 1.58E+02 2.08E+03

(b) ()

FIG. 2: (a) Representative mesh; (b) close-up of the mesh with thredded synthetic jet actuator; (c) boundary conditions and
vorticity contours for a representative case
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2.2.2 Grid Details

Atwo-dimensional unstructured grid is employed, and iswle@ sufficient enough, based on previous studies (Kitsios
et al., 2006). The computational grid employed changesiftardnt angles of jet, as the geometry changes. However,
the number of nodes is kept nearly the same over the diffenashes. A C-Grid is used to capture the physics
associated with the flow, and is refined as the mesh appro#tuhesfoil wall. The number of grid points placed on
the semi-circular inlet, horizontal, and vertical edges,263, 120, and 240, respectively. As represented in Fibel,
semi-circular inlet has a radius of @Bwith 363 points distributed equally across, giving a ciréerantial spacing of
0.13C'. The horizontal spacing on the top (and bottom) edge varid$ss0001C closest to the airfoil wall and grows
with a constant ratio of 1 as it goes away from the wall. Similarly the vertical spgaitiffers, from near @01C
beside the wall and grows with a constant ratio of 1.1. Thetmieshown in Fig. 1. Three different meshes were
chosen to study the effect of the grid on the flow: Mesh |, wBt2BO cells; Mesh I, with 74,879 cells, and Mesh llI,
with 144,000 cells. A grid independence study is done witltha aforementioned grids (I, II, and Ill) (Fig. 3), base
on which Mesh Il is employed for further calculations. Thesimés constructed to capture the physics associated with
the flow near the cavity, and hence the mesh is concentragee, twith as much as 20 mesh points allocated along
the cavity slot. The spacing valua¢/C) near the jet exit is 2.01 x 1@, at the point of maximum (near the airfoil
wall) is 7.36 x 103, and normal to the wall is 2.6 x 10 corresponding to a'yvalue of 1). The mesh is radial in the
semi-circular region and is concentrated as mentionedeahithe jet opening. At the wake of the airfoil and normal
to the wake, the mesh consists of rectangular elements. ifthéasion uses a maximum time step adt{U,./C)

of 7.7 x 1073, corresponding to Courant—Friedrichs—Lewy (CFL) numiméwse to 1 in most of the computational
domain.

2.2.3 Flow Details

An inlet velocity of 34.9 m/s, with very low turbulent intahs (~1%), is specified to achieve a flow of Reynolds
number 8.96 x 10ased on the chord length, for which data are available forpesison. Based on the previously
selected grid, a comparison of the lift coefficient agaihetangle of attack is made with a previous work (Duvigneau
and Vissoneau, 2006), as shown in Fig. 4. Comparison is m@tieamumerical work rather than an experimental
work (Gilarranz et al., 2005) because of several reasoresd& bre highlighted in previous works (Ravindran, 1999;
Donovan et al., 1998), but is reproduced here for the sakéadfyc First, we compute a fully turbulent flow, while
the Reynolds number corresponds to a regime where tramgffects might play an important role. Second, the

Lift Coefficient

— @ — X Foil Data
—:+@-+=— McAlister & Takahashi [1991]
=imimims Mesh 1, 35200 cells
——yp— Mesh 2, 74879 cells

- = @= = Mesh 3, 144000 cells

N I RN RIS S S SRS | I
0i2 10 15 20
Angle of Attack, in °

FIG. 3: Grid independence study on the uncontrolled flow over the NAXD15 aerofoil. Also shown is the comparison of
numerical data adapted from Drela (1989) and experimeatal adapted from McAlister and Takahashi (1991)
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FIG. 4: Comparison of the results of the present study adapted frolfis@t al. (2004)

experiments (Gilarranz et al., 2005) conducted in a windhélinave significant blocking effects courtesy of the
height of the wind tunnel, which is only 2.3 times the chondgth. The same argument can be made for the effect
of finite width of the wind tunnel on the measured data. Thepse of the present study is to understand the effect
of the jet parameters in a free-stream flow, and as such, aisopao experiment does not seem to be critical. A
good match is obtained, indicating that the present sotvérdeed capable of simulating the flow reasonably well.
The present study will focus on the case with 20° angle otkftahere leading edge type separation occurs and the
location of separation is just near the location of the sgtithjet (Lasagna et al., 2013).

2.2.4 Synthetic Jet Details

As mentioned before, the synthetic jet is modeled as a wglodet with a sinusoidal boundary condition. Of impor-
tance is the value of the jet exit velocity{), the jet frequencyf), the angle of injection normal to the wall); and

the new parameter to be explored—the differential suctimh ldowing times within a cycle timet{,. andty;o.)-

The non-dimensional parameters that will correspondibglysed in the rest of the present study: amplitude ratio at
jetexit (VR = V;/Us), non-dimensional frequency(= fC/U), and the suction parametér € ¢,./tp00). The
jetlocation and width are fixed based on previous studiesdgaa et al., 2013; Duvigneau and Vissoneau, 2006). The
model of the synthetic jet is constructed, akin to the odgjiston cylinder setup used in the experiments (Gilarranz
et al., 2005), such that the jet exit velocity can be repriegkim terms of the dimensional parameters as given below.
The jet contributes to net zero mass flux (the integral overayale of jet operation is zero), while adding momentum
flux (and consequently vorticity flux) to the external flow.

(u,v,w)jet_inlet = (cos(«), sin(er), 0) V; (sin (2 ft)) 3)

Apart from the aforesaid non-dimensional parameters, gitiadal (one among many such) parameter called
the jet momentum coefficient is quite useful in charactagzhe jet, and is defined as

2 .
hV fsin(0)
CUZ
The range of parameters tested in this particular studgtisdiin Table 1 and the corresponding jet momentum
coefficients are given in Table 2.
The amplitude ratios of magnitude greater than 2.25 areassiple due to the high velocities involved (Akcayoz

and Tuncer, 2009). Furthermore, the range of non-dimeakfoeguencies tested is limited toO (1) and literature
indicates varied physics at higher non-dimensional fragigs (Raju et al., 2008).

Cy = (4)
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TABLE 1: Summary of parameters

393

Non-dimensional frequency | Amplitude ratio at jet Angle of jet injection | Suction parameter
(F = fC/Uq) exit (VR = V;/Ua) (8,in°) (k)
0.6446 15 30 0.25
0.967 2 45 0.5
1.1281 2.25 60 1
1.2893 25 90 2
1.6117 3 — 4
TABLE 2: Jet momentum coefficient
C Angle (6, in °)
H 30 45 60 90
1.5 | 0.006 | 0.0085| 0.0104| 0.012
2 | 0.0107| 0.0151| 0.0185]| 0.0213
Amplitude Ratio ¥ R) | 2.25| 0.0135| 0.0191| 0.0234| 0.027
2.5 | 0.0167| 0.0236| 0.0289| 0.0333
3 0.024 | 0.0339| 0.0416| 0.048

3. RESULTS

The results of the parametric study—the quantitative aralitgtive aspects, and the flow physics acquired—are
detailed here in the aforementioned order, for all the patars varied. For the sake of brevity, only the important
facets are presented and conclusions are drawn from the $améft and the drag values for the airfoil are obtained

after a quick control volume analysis.

3.1 Lift and Drag Characteristics

As specified earlier, the characteristics are observed thrceystem reaches a quasi-steady state. This means that
the quantitative characteristics are also periodic andéaeed to be averaged over a time period to obtain the mean
values. One such example is given in Fig. 5. Figure 6 givegsszry details of the effect of the amplitude ratio,
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FIG. 5: History of the characteristic coefficients on the aerofaillw
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FIG. 6: Parametric study of the unmodulatéd £ 1) jet on the quantitative characteristics (i) lift, (ii)ady, and (iii) lift/drag

versus (a,d,g) amplitude ratio, (b,e,f) non-dimensioreiiency and (c,f,i) injection angle

frequency, and the injection angle on the lift, drag, anddifg, respectively, for select cases. These charaitsris
are important to not only gauge quantitatively the benefitssing the jet, but also give insights into the behavior of
the input—output curve. The aforesaid curve behavior isiatin analyzing the sensitivity of the parameters on the
body forces on the airfoil and is thus important for systendalimg and subsequent optimization.

The amplitude ratio affects the characteristics the mdss i expected as the efflux of the jet exhibits quadratic
growth with an increase in the amplitude ratio. Thus, theagds more momentum flux to the flow and hence,
can contribute to better control. The lift tends to rapidigriease (concave upward, monotonically increasing with
proportional slope) as the amplitude increases [Fig. B(llhe behavior of the lift-amplitude curve is somewhat
local, in that its characteristics (slope, concavity) depen the angle and frequency chosen. As the angle of injectio
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increases (with constant frequency), a slope decreaseirsisd-ig. 6(i)c. With an increase in the frequency (with
constant angle), the curve displays increasing linear\ieharag remarkably decreases with an increase in the
amplitude ratio [Fig. 6(ii)d]. The curve exhibits neardar behavior, and is a strong function of the injection angle
while weakly depending on frequency. With increase in thedition angle (or frequency), the slope of the curve
decreases—suggesting that the solution is not very semgdi changes in the injection angle or frequency. The
lift/drag curve depends upon the individual output paranbthavior (i.e., the lift and the drag) and thus increases
rapidly as the amplitude increases, which is clear from &fiigj)g. It can be said that the curve is concave upward and
monotonically increasing, more so for smaller angles addtipn. The lift/drag can help one to visualize the benefits
of using a synthetic jet, and hence is taken as the princgurampeter of importance in the rest of the study.

The effect of frequency on the output characteristics, evhiinimal, cannot be overlooked. One can expect a
reduction in the cycle time with an increase in frequencyudthe frequency increase essentially means that for the
same amount of time, we have more oscillations that can be taseontrol the flow. The effect of the frequency
of the jet on the lift again depends strongly on local paramsedf amplitude and angle. However, it can be said
that as frequency increases, a mild increase in the lift @axXpected. With an increase in angle (and at constant
amplitude ratio) the curve is concave upward and monottyidacreasing, while with increasing amplitude ratio
(and at constant angles) the curve becomes linear and s&sr@sonotonically. The effect of higher frequency on drag
is marginally beneficial—the higher the frequency, thedefise drag [Fig. 6(ii)e]. The response of the aforesaideurv
(which is concave upward and monotonically increasing imegal) with an increase in the amplitude and injection
angle is different—while the former is responsible for deging the slope to zero, the latter increases the concavity
of the curve. As can be inferred from the behavior of the Iiftl @lrag versus frequency, the lift/drag value increases
with an increase in frequency, albeit very marginally [F8¢ii)h]. A linear curve can be witnessed and the slope of
this curve increases with either a decrease in the injeetnge or an increase in the amplitude ratio.

The effect of injection angle is more straightforward. Wty injection angles, the jet blows (sucks) into the fluid
with the major component in the direction of the external fléwhigher angles, the jet blows (sucks) predominantly
perpendicular to the boundary layer flow, probably dismgpthe same. Any major disruption in the boundary layer
due to transverse high momentum leads to separation, teet &ff which can be seen in the characteristic values
at 90° angle of injection. Thus, as expected the lift de@eagth an increase in the angle of injection. The curve
again shows strong dependence on the local values—strdragethe lift versus frequency curve. The curve has an
inflexion point and varying local slopes, and is not discddsether for the sake of conciseness. The variation of the
drag with the angle is less complex than its counterpartttaadrag increases with an increase in the injection angle
almost linearly. A change in the slope from a smaller to adawglue is visible at 45°, and this is more predominant at
higher amplitude ratios and lesser frequencies. Lift/d@mg/erges at 90° for every case, irrespective of the anaditu
and frequency. The curve is linear and decreasing for loweglitudes, while at higher amplitudes it changes its
behavior drastically to include an inflexion point. Freqexedoes not affect the lift/drag characteristics much.

Based on the above (and on the sensitivity of the parametem)es can be fitted for this particular angle of
attack (the usefulness of which was discussed earlier) bEhavior of the curves for most of the input parameters
shows linearity, while the other had inherent non-linéasitHence a multi-polynomial regression fit on the data was
attempted (the polynomial-type expansion was chosen dilretiinearities observed earlier) and it works reasonably
well, with 2 values typically greater than 0.95. The fit equations forlifté L), drag (D), and lift/drag (./D) are
given by (5), (6), and (7), respectively. The results forttiree output parameters are given in Fig. 7.

L = 0.262VR) — 0.137(F) + 0.061(F)(V R) + 0.007(6) — 0.006(6)(V' R)

—5/n2 2 2 (5)

— 0.002(6)(F) + 0.828+ 2.687 x 10 °(62) + 0.024(F?) + 0.059V R?)
D = —0.141(VR) — 0.056 F) 4+ 0.013 F)(V R) — 0.002(6) + 0.001(8)(V R) 6
— 0.001(0)(F) + 0.387+ 2.394 x 107°(62) + 0.009 F?) + 0.005V R?) ©)
% = 0.835VR) + 0.556( F') + 1.713(F)(V R) + 0.251(6) — 0.336(6)(V R) -

— 0.054(0)(F) — 1.797+ 0.002(6?) + 0.224(F?) + 5.669V R?)
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FIG. 7: Curve fits for the (a) lift, (b) drag, and (c) lift/drag

3.2 Flow Physics

Furthering the above discussions on the benefits of flow obasing synthetic jets, it is important that one under-
stands the phenomenon that elicits the control response cah be understood through qualitative arguments made
by comparing the flow streamlines, vorticity contours, dmeldirfoil wall pressure coefficient. Furthermore, the con-
trolled flow exhibits different flow structures for a differeset of parameters, making it worthwhile to look at these
structures for a range of parameters. Figure 8 gives thdtatize features for the baseline flow at 20° angle of attack,
which can be used to delineate the cause of the control.

A particular case 0f0.6446/30°/1.5/1 (that corresponds to a non-dimensional frequency of 0.63@%angle
of injection, amplitude ratio of 1.5, and a suction ratio dfslused to delineate the associated physics. The synthetic
jets adds momentum flux and vorticity flux to the external fiaithout any mass flux addition. This momentum flux
is instrumental in separation control, which is done by addiigh-momentum fluid to the boundary layer during the
blowing stroke [Fig. 9(i)b] and by removing the proximal lamomentum fluid during the suction stroke [Fig. 9(i)d],
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FIG. 8: Qualitative flow structures for the uncontrolled case at20A: (a) Streamfunction, (b) vorticity, and (c) wall pressu
coefficient Cp)

leading to stifled separation across the phases, as canbenddg. 9(i). A synthetic jet in a quiescent flow is char-
acterized by the vortex rings (which are observed as a paiwafiter-rotating vortices in 2D and which is essentially
a manifestation of the vorticity flux) emanating into thersundings, which carries the aforesaid momentum flux
along with it. On observing the vorticity contour diagrarfgy. 9(ii)], it can be said that the control aspect involves
the convective transport of these generated vortices dogam. The vortices are generated during the blowing stroke
[Fig. 9(ii)b], while the suction stroke is marked by coalessce of these vortices with the external flow [Fig. 9(ii)d],
which is achieved by bringing higher-momentum fluid of théeemal flow to mix with these vortices [Fig. 9(ii)d].
While the strength of the anticlockwise vortex (from the kdige of the synthetic jet wall) is diminished, the other
vortex is sustained and can be seen as a thick blob of vgrtitite vortex becomes physically significant in the
suction stroke, after traveling a particular distance davegam due to reasons mentioned before. A typical vortex
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FIG. 9: (i) Streamline and (ii) vorticity contours for the contred flow {0.6446/30°/1.5/} at (a) ® = 0°, (b) @ = 90°,
(c) ® = 180°, and (dyp = 270°. Phased) is defined as seen in Fig. 5

shedding pattern is then presented, while there was nohe ibaseline case. The vortex shedding causes a decrease
in the wake width subsequently, thereby decreasing drag ablve explanation is bolstered by observing the phase
(¢)-averaged pressure coefficient plots (Fig. 10). The discoity in the pressure coefficient plot of the aerofoil walll
[Figs. 10(b) and 10(d)] is because of the presence of the [E2% chord length. It can be seen that the vortex ema-
nating from the synthetic jet contributes to a low-presswave” [Fig. 10(b)]. This wave travels downstream from its
point of origin [marked in Fig. 10(c)], much like the vorteatid causes an increase in the area bound within the pres-
sure coefficient curve (thus increasing the lift). This “wais caused due to high magnitudes of differential pressure
generated by the jet at different phases of the operatidie clyor example, suction causes local decrease in pressure
on the suction side before the jet and local increase in pressdter the jet [Fig. 10(d)], due to appropriate deflection
of streamlines (and thus fluid velocity), which causes aghourhe same applies for blowing [Fig. 10(b)], which
creates a crest. As stated in a previous work (You and Moi@8@he suction stroke removes the low-momentum
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fluid in the upstream and the blowing energizes the downstteaadding momentum to the same. While the above
explanation summarizes the basis for the controlling aspfabe flow, differences creep in based on the parameters
selected.

Upon changing the jet parameters, several observationsecarade. The amplitude changes the momentum flux
and significantly affects the external flow. This means thatortices generated are stronger and can affect the flow
significantly. The impact of this is felt when the leading edgpe of the separation bubble of the baseline case is
converted to a pre-stall trailing edge type separationgtidri amplitudes. Frequency affects the number of vortices
being shed per unit time, and thus leads to a different nurobeortices/waves/separation bubbles as observed in
the qualitative figures. The angle of injection, as expldirarlier, changes the transverse velocity component into
the boundary layer and causes reattachment (or) separAtlalitionally, the generated vortex manifests itself and
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later sheds at different spatio-temporal values, basederflow parameters selected. The same can be said for
the amplitude, frequency, and location of the generateslspre “waves.” Figures 11, 12, and 13 show the changes
in the qualitative flow structures based on the parametdested. The results shown are not exhaustive, but are
representative of the findings.

Figures 11(i), 12(i), and 13(i) indicate the results of ardin the amplitude ratio from the controlled case
shown earlier. One can see that the body appears more stredrahd thinner than the external flow from Fig. 11(i),
and the separation is effectively controlled. Also, as thmpl#ude ratio is high, the fluid elements having intense
vorticity have higher velocities, and convect downstreaith #he same. Thus the diffusion of these vortices into the
wake takes longer due to the high velocity. Thus the vortaggsear stretched, and hence take more time to expand
and dissipate out [Fig. 12(i)]. The pressure coefficientgt not show variation across phase [Fig. 13(i)]. This is
expected as the separation in this case is delayed, appeady $Fig. 11(i)], and the vortex essentially spans the
downstream distance quickly.

The jet with a change in the frequency from the controllecegagsented in Figs. 9 and 10 behaves as shown in
Figs. 11(ii), 12(ii), and 13(ii). The body appears more btafthe external flow but is locally thin at some locations
[Fig. 11(ii)d]. As expected, the frequency changes the nremab vortices generated per unit time and more such
vortices are generated at higher frequencies. The shdadesmdomparatively travel lesser distance downstreanréefo
the next cycle, and so any particular case captures mor&e®wrin the contour diagram [Fig. 12(ii)]. This also
explains why the pressure coefficient diagram [Fig. 13éitfjoss the phases appears to have multiple local crests and
troughs—i.e., the vortices shed in the previous cycle imgreephysics of the subsequent one. The same can be said
upon observing the streamlines of Fig. 11(ii).

A change in the angle of inclination changes the compondmtglocity and the flow structures are a direct
result of the same. This can be seen in Figs. 11(iii), 126éimd 13(iii). By blowing perpendicularly into the boundary
layer the separation bubble size seems to have increagedL[Kiii)a] locally. The vortices also diffuse quicker and
contribute to a bigger wake as they drift apart from the wak daster rate [Fig. 12(iii)]. The size of the vortex at

(d)

(ii) (iii)

FIG. 11: Streamline contours for the controlled flow cases @D.6446/30°/2.25/1, (i) {1.1281/30°/1.5/},
(iii) {0.6446/60°/1.5/}at (a)® = 0°, (b)® = 90°, (c)® = 180°, and (d)p = 270°
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FIG. 12: Vorticity contours for the controlled flow cases {{).6446/30°/2.25/Y, (i) {1.1281/30°/1.5/3, (iii) {0.6446/60°/1.5/1
at (a)® = 0°, (b)® = 90°, (c)® = 180°, and (d)yp = 270°

any phase is also significantly bigger. As seen in Fig. )3(lie pressure “wave” is now sharper in its form, but
unfortunately the troughs dig too deep in the area occupyetid plot. Thus the net area occupied is lesser, and the
flow separates sooner, leading to the conclusion that aanaadble is preferable for jet operation.

While load control and separation control in this case (2@fl@of attack) are inherently linked due to the base-
line flow, itis possible to identify certain characteristibat indicate the degree of separation control that arie\adh
by the input parameters. Two such characteristics are siecuhere: the shape factor (versus phase) immediately af-
ter the jet (based on wall normal velocity profile at a secthwat begins on the wall at 16% chord length from the
leading edge) and the phase-averaged wake charactessticdownstream location (at a section perpendicular to
the chord line at 120% chord length from the leading edgeg. Sttape factorH) is the ratio of displacement thick-
ness §*) to the momentum thickness*(") and higher magnitude of the same indicate that the flow isertikely to
separate (thus the location of measurement is valid andingfal), the reason for which can be easily understood
by looking at the definition ob* and 6**. Figure 14 is representative of the same and shows the mesiriamt
cases. Figure 14(a) indicates that the separation conitedégy is indeed effective. Furthermore, it also shows tha
the latter half (suction) of the cycle contributes to a lretparation control than the former half (blowing). Even fo
the controlled cases, one can witness thdt at 180°, the separation characteristics are undesirabléndrigmpli-
tude ratios lead to better separation control as expectedsdodoes higher frequency! Some values corresponding
to the casq0.6446/60°/1.5/are not shown, as the flow is separated there. The wake widthemnterline velocity
lag significantly affects the theoretical drag calculasioand also indicate the performance of the jet. The effect of
amplitude, frequency, and injection angle on the wake ahtearstics follows from the discussions made previously:
with higher amplitude, lesser injection angle cases perfoetter [Fig. 14(b)].
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FIG. 13: Wall pressure coefficient(C),) for the controlled flow cases (iJ0.6446/30°/2.25/}, (ii) {1.1281/30°/1.5/},
(iii) {0.6446/60°/1.5/1at (a)® = 0°, (b)P = 90°, (c)® = 180°, and (dyp = 270°

3.3 Time Modulation of the Synthetic Jet

An interpretation of the load (Fig. 5) and shape factor [Ri¢(a)] plots seems to indicate that more benefits can be
reaped by controlling the time duration of suction and btayiA simple case of the same was studied earlier (Feng
and Wang, 2014). There are, according to the authors’ krdyeleno studies on its application to flow control over
aerofoils. Physically speaking, this can be achieved inptilesent case by using piston cylinders attached to quick
return mechanisms. The controlling parameter in this cabéethe ratio of suction and blowing time within a time
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FIG. 14: (a) Shape factor measured at x#3.16 and (b) wake measured at X4C1.2 for some controlled cases

period defined by the parameter As with the synthetic jet that was modeled using a simplesiidal function,
the time-modulated synthetic jet can also be modeled alonilgs lines, although the profile is now piecewise to
satisfy the various conditions imposed (continuity and sniisx conservation, etc.). The time peri@dis based

on the frequency f)). A suitable profile for initial analysis (although the dettives are not continuous) is given
below, such that the maximum amplitude in the cycle corredpdo the amplitude ratio similar to the one considered

earlier:
Ab sin (Zﬂ'fbt) y 0 <t< Tb
‘/}et: (k*l)T
A, si 2 t+ —-— Ty, <t<T
(o o B3T]). e
T
T, = ——
PT k+1
k+1
fb:W (8)
k+1
fs= 2kT
Ay = A, Ab:fbA k<1
Ao I
- A
A, =4, A=A sy
fo

Figure 15 indicates the quantitative results of applyirgtitmne-modulated synthetic jet on the airfoil, for varying
amplitudes (as this affected the curves earlier the most) rain-dimensional frequency of 1.6117 and 30° angle
of injection. It can be clearly seen that at lower suctioomat: < 1) the performance is abysmal throughout the
range for all the characteristics, while at higher suctiatios ¢ > 1) there is marginal improvement in lift for
practically achievable amplitudes. This is however offsea marginal increase in drag as well. An overall marginal

improvement in the lift/drag values can be seen.
Figures 16, 17, and 18 give the qualitative structures ofithe-modulated flow. The phase used to describe the

modulated flow corresponds to the phase of the unmodulatéitiepiT his is because the modulated profile consists of
two different functions, and the term phase loses meanimgekample, while 90° implies a maximum in blowing for
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the unmodulated profile, it does not imply the same for theutaidd profile. The flow structures for all cases in the
lower suction ratios are of a similar type. This is true fagtsuction ratio flows as well. Thus a comparison between
low-suction ratio, unmodulated: (= 1), and high-suction ratio flows is adequate. Low-suctidioriows appear
bluffer to the flow with increased local thickness, as candendrom Fig. 16(i). The vorticity pattern [Fig. 17(i)] is
akin to a flow with lower convective motion [with respect t@thnmodulated case, Fig. 17(ii)] than its high-suction
counterpart, which is expected as fluid is injected withdessnplitude, but over a prolonged period. The pressure
coefficient curve [Fig. 18(i)] indicates major fluctuatiofakie to stronger suction amplitude, which creates troughs
with higher magnitudes) and this causes a net decrease iocthupied area. Meanwhile high-suction ratio flows
are more streamlined [Fig. 16(iii)] and exhibit vortex stied) [Fig. 17(iii)] that can clearly be distinguished. The
pressure coefficient curves [Fig. 18(iii)] are comparabléhe unmodulated flow except for a slight increase in the
occupied area due to the local pressure decrease (creisty due blowing stroke (which is not captured in the given
figures).
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FIG. 18: Wall pressure coefficient{C}) for the controlled flow cases (§)1.6117/30°/2.25/0.p (ii) {1.6117/30°/2.25/}, (iii)
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Figure 19 similarly gives an insight into the shape factod arake width. As can be seen in Fig. 19(a), the
separation characteristic is the best for the high-suctio flow, while the unmodulated flows offer a marginally
reduced performance. The low-suction ratio flows, as exgeao not perform well. The same can be observed in
the wake characteristics [Fig. 19(b)], wherein the wakeheflow-suction ratios is wider, and the centerline velocity
lag is more pronounced—thus leading to more drag.
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4. CONCLUSIONS

In the present work, a RANS simulation of a turbulent segatfiow over a plain and synthetic jet embedded NACA
0015 airfoil was performed. The effectiveness of the syiithiet, as listed in previous studies, was once again
confirmed. A detailed parametric study of the conventiogatisetic jet parameters was carried out. Its effect on the
lift, drag, and lift/drag values of the airfoil were recottend analysed. A curve-fit model for the same was presented,
which can be used for sensitivity and optimization studkes. practically achievable actuators, the free-streain lif
is maximum at higher amplitudes, lower injection anglesl higher frequencies and increases by as much as 36%.
Detailed flow structures were presented and the controbresspcould be explained. By bringing in higher momentum
fluid into the near-wall flow (and thus contributing to prasstwaves” that convect downstream), the synthetic jet
engenders flow control. Separation delay for the actuatsralgo studied and both the suction and blowing phases
were found to be beneficial. On the basis of the aforemendishedies, a new parameter for eliciting good control
response—the suction ratio—was explored. Investigaiitieshe same revealed that the performance enhancement
from the same at its optimal value is only very marginal: a B&sease in lift/drag. This does not justify installing a
quick return mechanism for this particular scale of opergtalthough synthetic jets based on piezoelectric aatsiato
can be quickly tuned to the same and hence can exploit thebsaiefits. The separation performance of the time
modulated jet is also looked into. Future studies into theraction between multiple jets, development of a wing-
control mechanism, and control-related heat transfer gimemon can be done with the present study acting as a
guide.
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