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ABSTRACT

The synthetic jet parameters for a NACA 0015 airfoil are optimized at various angles of attack to
maximize the lift to drag ratio (L/D). Unsteady, turbulent flows are computed using a Navier-Stokes
flow solver in a parallel computing environment. The Spalart-Allmaras turbulence model is employed
in all computations. The Response Surface Methodology (RSM) is employed for the optimization of
synthetic jet parameters; the jet velocity, the jet location, the jet angle and the jet frequency. The
optimization study is performed for a constant value of jet power coefficient. The jet slot size is used
as a dependent parameter in the optimization studies. The optimization study has shown that the jet
velocity and the jet location are the dominant synthetic jet parameters. The optimum jet location is
observed to be moving through the leading edge and the optimum synthetic jet angle is observed to
be increasing as angle of attack increases for the separated flows. The flow separation on the suction
side of the airfoil is observed to be delayed after the application of the synthetic jet. The L/D ratio is
increased especially at the post stall angle of attacks. The effectiveness of the synthetic jet decreases
for the attached flows.

INTRODUCTION

Flow control, either active or passive, aims to manipulate the flowfield over an aerodynamic body
using various techniques [5]. The aim of the flow control can be to prevent/provoke separation,
suppress/enhance turbulence or delay/advance transition to obtain benefits in the fields of L/D
enhancement, drag reduction, lift enhancement, mixing augmentation and flow induced noise
suppression [14]. In the active flow control, the flowfield is controlled by adding energy to the flow as
opposed to the passive flow control. Using the active flow control, the lift coefficient can be increased
without changing the angle of attack or deflecting the control surfaces.

The flow control devices working on the principle of steady suction or blowing and periodic suction or
blowing are currently being investigated with applications in cars [3], helicopters [14], airplanes [11]
and naval ships [4]. Suction or blowing type actuators require large amount of power, large space and
they are mechanically complex, making them practically difficult to implement [8,12].

An effective active flow control device has been introduced recently which is called the synthetic jet.
The synthetic jet is also called Zero Net Mass Flux (ZNMF) jet since it is created by oscillating the fluid
around the airfoil periodically. The net mass flux is zero since the air surrounding jet orifice is sucked
and blown periodically. The synthetic jet generates momentum difference that changes the behavior of
the flow [1].

Figure 1 illustrates the sketch of a synthetic jet actuator. The fluid is drawn into and out of the cavity in
the suction and blowing phases, respectively. The periodic suction and blowing motion of the air forms
a vortex pair. As the vortex pair moves away from the orifice, the diaphragm sucks the fluid into the
cavity and in the blowing phase, a new vortex pair is created. The generated vortex pairs interact with
the separated flow region and causes low pressure region in the interaction zone. The low pressure
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Figure 1: Schematic representation of the synthetic jet actuator

region around the synthetic jet causes partial or complete reattachment of the flow. Reattachment of
the separated flow is responsible from the reduction in pressure drag [10].

The recent experimental and computational studies carried out for the flow control investigated the
effect of synthetic jets on the flowfield over airfoils. However, the use of active flow control in the
industrial aircraft design is still very limited.

An experimental study performed by Traub et al. [5] aims to evaluate the effectiveness of a synthetic
jet actuator for the flow control on a pitching airfoil. The jet momentum coefficient and the slot exit
width are the synthetic jet parameters varied. In all experiments, the airfoil was pitched from 0° to 27°
at a constant angular velocity in 1 second. The results of the experiment have shown that the synthetic
jet actuation delays the formation of the dynamic-stall-vortex to higher incidence angles.

Hamdani et al. [7] have studied the flow over NACA 0018 when alternating tangential blowing/suction
is applied. The active flow control is found to be ineffective for the attached flows. The suction is found
to be more effective than the blowing. It is observed that when the jet slot is located before 75% of the
chord, the flow control becomes effective and the flow separation is suppressed. However, the flow
control becomes ineffective when the slot is located at 0.75c which is at the downstream of the
separation point.

A study performed by Martin et al. [9] aims to decrease helicopter pylon/fuselage drag using the active
flow control. A thick airfoil, NACA 0036 is chosen as the baseline 2D test geometry. The separation
point is observed to be much more severe at 10° than 0° angle of attack. The displacement thickness
of the separated shear layer was reduced when the flow control is applied but still, a separated bubble
is observed near the trailing edge. The flow control is reported to be more effective at 0° angle of
attack case.

The synthetic jet recently has an application on Unmanned Air Vehicles, UAV. The synthetic jet
concept over the wings of a UAV is applied by Parekh et al. [6]. It is reported that the turn rate was
increased by controlling the leading edge separation and the weight of the flight control system was
reduced. Another study performed by Patel et al. [8] for UAVs points out that the active flow control
can be used in the development of UAVs without conventional control surfaces with a purpose of
increasing maneuverability and reducing the weight.

The synthetic jet technology is used in a concept car named as Renault-Altica. The synthetic jet is
located at the backside of the roof where the flow separates from the vehicle. A discreet mechanical
system is used to generate air which is alternately blown and sucked through a 2mm wide slot. The
drag is reduced by 15% at 130 km/h with an energy consumption of just 10 Watts by controlling the
flow over the edge of the roof. The thickness of the separated flow region at the base of the car is
reported to be decreasing when the synthetic jet is applied [3].

Donovan et al. [13] have investigated numerically the effect of the active flow control using steady and
synthetic jets over NACA 0012 and NACA 0015 airfoils. Results of the Navier-Stokes computations
using Spalart-Allmaras and SST turbulence models are compared with the experimental data. It is
reported that both models show very good agreement before the stall, but deviate from the
experimental data after the stall in the uncontrolled case. The computational results are not in exact
agreement with the experiment for the controlled case, but the general trend is captured. In order to
get same post-stall lift enhancement obtained with oscillatory jet, a steady jet with one to two orders of
magnitude larger blowing momentum coefficient is required. For separated flow, the primary benefit of
the actuator is reported to be reattachment of the separated flow partially. The studies over NACA
0012 airfoil showed that the actuators placed near the leading edge had a stronger effect than the
actuators placed farther aft.
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Figure 2: A typical C-grid for NACA 0015 airfoll

The Response Surface Methodology (RSM) is employed by Kaya et al. [2] for the optimization of
periodically flapping airfoil parameters to maximize the thrust generation. The optimization using the
RSM is found to be much more efficient than the optimization with the steepest ascent method. The
RSM allows obtaining optimum parameters with similar accuracy by performing less number of
computational evaluations.

In this study, the active flow control with a synthetic jet applied over a NACA 0015 airfoil is studied.
The jet velocity, the jet frequency, the jet angle and the jet location are determined to be the
optimization parameters. The jet slot size used as a dependent variable and all parameters are varied
in a physically acceptable range such that the power coefficient of the synthetic jet is kept constant in
each case. The RSM is used in the calculation of the optimum synthetic jet parameters. The
optimization is carried out at three angles of attack values (a= 10°, a= 14°, a= 18°) starting from pre-
stall angle of attack and going up to post-stall angle of attack. The objective of the optimization is to
determine synthetic jet parameters that maximize the lift to drag ratio.

METHOD

The numerical simulation of the active flow control is performed by a 2D Navier-Stokes flow solver.
The unsteady flow calculations are performed at M=0.1, Re=8.96x10°. The flow is assumed to be fully
turbulent and one equation Spalart-Allmaras turbulence model is used. Computations are performed in
parallel in a computer cluster. A structured, C-type grid is employed in the solution of flows around
airfoil (Figure 2). The computational grid is refined at the synthetic jet location and at the leading and
trailing edges.

The synthetic jet is introduced as a boundary condition at a specified location on the airfoil surface.
The no-slip boundary condition applied on the airfoil surface is not valid at the synthetic jet location
since a velocity vector is defined along the jet slot on the airfoil surface. The parameters used in the

modeling of the synthetic jet are the non-dimensional jet velocity (U jet (s,t)), non-dimensional jet

location (X, ) , non-dimensional jet frequency (F,), non-dimensional jet slot size (L) and jet

angle (ajet) . A representative picture for the synthetic jet over the airfoil profile is shown in Figure 3.

The non-dimensionalization of the synthetic jet parameters are accomplished by the freestream speed
of sound (@, ) and airfoil chord length (C) as follows:

* * * *

_ Xjet _ Ljet _ ujet F et
jet — ’ jet — ' jet — ' -
C C

X

The jet momentum coefficient (C ,) and the jet power coefficient (C ) are defined as follows:

Cyzpjetl‘ ujet’ Cp=pjet|—2 U2 I:jet

jet jet™ jet
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Figure 3: The synthetic jet representation

The Response Surface Methodology is employed in the optimization of the synthetic jet parameters. A
quadratic response surface is approximated for L/D based on the Least Square method. The quadratic
equation is the function of the jet velocity, the jet location, the jet angle and the jet frequency:

_ pn2 2 2 2
L/ D= ﬂoujet +ﬂ1Fjet +ﬂ2ajet +ﬂ3Xjet +ﬂ4ujet I:jet +ﬂ5ujetajet + ﬂﬁujetxjet +
BiF i iq + BsFiaXjer + Lo jerXjer T Broljer + BraFie + Lol e + PraXjer + Pua
where B, Byeeene. , P, are constant coefficients and L/D is the measured response.

The Box-Behnken (BB) and Full-Factorial (FF) Design of Experiment (DoE) techniques are employed
to construct the optimization space. The optimization process is terminated if the relative error
between the predicted and calculated responses is less than 1%.

The unsteady computations are carried out until a steady or a periodic behavior in aerodynamic
coefficients is observed. The computed flowfields are analyzed in terms of pressure coefficient
distribution, aerodynamic loads, wall shear stress and flowfields over the airfoil.

The optimization study is performed for a constant value of jet power coefficient (Cp = 6><10‘7)

which is the function of the density of air at the jet location, the jet velocity, the jet frequency and the
jet slot size. In the computation of jet power coefficient, Piet is assumed to be equal to the freestream

density. The L/D is optimized by varying the synthetic jet parameters in a physically allowable range
while keeping the value of the jet power coefficient constant. The jet slot size is calculated for each set
of optimization variables therefore it is included to the optimization study as a dependent variable. The
value of jet slot size observed to be changing between 0.15% and 0.9% of the chord. The jet location
is changed between 10% and 90% of the chord length for all angles of attack values.

The design space for the optimization study is determined by considering the results of the parametric
study together with the physical limitations of the synthetic jet. Table 1 summarizes the design space
for the synthetic jet parameters employed in the optimization study.

Table 1: Design space for the optimization study

Variable Minimum value Maximum value
Jet velocity 0.1 0.3
Jet frequency 0.8 3
Jet angle 10 50
Jet location 0.1 0.9
4
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Optimization casel:  =10°

The optimization study is carried out first at & =10° which is a pre-stall angle of attack for the NACA
0015 airfoil. Convergence criterion is satisfied in 2 optimization steps as shown in Table 2. The
optimization study is performed for 4 optimization variables then the jet velocity is excluded and 3
optimization variables are optimized in the second optimization step. The optimum jet location is
estimated to be 10%c which is the most forward location in the optimization space. The absolute error
in the L/D for the second optimization step is calculated to be 0.3%.

The response surfaces approximated at the second optimization step are shown in Figure 4. It is
noted that the optimum L/D is estimated at the constraint boundary for the jet velocity, the jet

frequency and the jet location with &, = 28.5°.

Table 2: Results of the optimization steps at o =10°

Optimization Estimated  Calculated

Step uje.' Fjer (rjef(o) xje.' L/.D L}"D Error (%)
| 0.3 3.0 22.0 0.1 80.97 76.6 5.7
2 0.3 0.8 285 0.1 79.99 80.3 -0.3
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Figure 4: Response surfaces at 2" optimization step at o =10°
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Figure 5: Average Mach contours at o =10°
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Figure 6: Lift and drag coefficient histories at o =10°

Table 2: Aerodynamic coefficients at o =10°

@] Cy L/D

No jet 1.0l 0.0137 742
With jet 1.03 00128 803
Change(%) 1.5 -6.2 8.2

The average Mach contours are shown in Figure 5 for the cases before and after the application of the
synthetic jet. The flow separation is observed through the trailing edge and the synthetic jet is
observed to be almost ineffective on the separated flowfield around airfoil.

The variation of lift and drag coefficients in time is given in Figure 6. The variation in the lift and the
drag coefficients after the synthetic jet application is observed to be relatively small. As given in Table
2, the reduction in the drag coefficient is observed to be 6.2% and the enhancement in the lift
coefficient is observed to be 1.5%. The increase in the L/D is 8.2%.

Optimization case2: o =14°

The optimization study is next performed at o =14°. The results obtained through 3 optimizations
steps are shown in Table 3.

Table 3: Results of the optimization steps at o =14°

(S)tllt;nnzatwn Wer F o @ r(®) or E./sgmated E /a[l;:ulated Error (%)
l 03 3.0 46.0 0.5 495 46.1 7.4
2 03 0.8 40.2 042 482 475 14
3 0.3 0.8 425 043 485 48.4 0.3

The response surfaces approximated at the third optimization step are shown in Figure 7. The
optimum L/D is estimated when &, = 42.5°, X;,, = 0.42, F,,, =0.8.

Figure 8 shows the average Mach contours around airfoil before and after the synthetic jet application.
It is observed that the vortex formed on the suction side of the airfoil reduces in size and moves
towards the trailing edge after the application of the synthetic jet with the optimum parameters.

The variation of the lift and drag coefficients are shown in Figure 9. The variation of the lift and drag
coefficients after the application of the synthetic jet are shown in Table 4. The reduction in the drag
coefficient is observed to be 10.3% and the enhancement in the lift coefficient is observed to 5.6%.
The L/D ratio is increased by 17.9%.
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(a) No jet (b) With jet

Figure 8: Average Mach contours at o =14°
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Figure 9: Lift and drag coefficient histories at o =14°
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Table 4: Aerodynamic coefficients at o =14°
C; C; LD
No jet 1.27 0.031 41.1
With jet 1.34 0.028 485
Change(%) 5.8 -103 179
Table 5: Results of the optimization steps at o =18°
Optimization o Estimated  Calculated
Step Uier  Fjor aje(”) S 1p I/D Error (%)
1 0.3 3.0 40.8 0.18 19.7 11.5 71.6
2 0.3 0.8 41.4 023  17.0 14.9 13.9
3 0.3 0.8 447 036 183 18.2 0.6
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Figure 10: Response surfaces at 2" optimization step at o =18°

Optimization case3: o =18°

The optimization study is finally performed at o« =18° which is a post stall angle of attack for the
NACA 0015 airfoil. The optimization process is terminated in 3 optimization steps. Table 5 shows the
values of the optimum design parameters and relative errors obtained in optimization steps.

The RSM surfaces approximated for 3 optimization variables (when Ujet =0.3 ) at the final

optimization step are shown in Figure 10. The RSM surfaces illustrates that the maximum L/D is

obtained when &, = 44.7°, X;,, =0.36, F,, =0.8 .

The average Mach contours around the airfoil before and after the application of the synthetic jet are
shown in Figure 11. The vortex formed on the suction side of the airfoil is observed to be significantly

reduced in size and the flow separation moves towards the trailing edge.
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(a) No jet (b) With jet

Figure 11: Average Mach contours at o =18°
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Figure 12: Lift and drag coefficient histories at oz =18°

Table 6: Aerodynamic coefficients at o =18°

c, C; 1L/D

Nojet 087 015 59
Withjet 133 0.077 182
Change(%) 52.6 -51.0 211

The variation of lift and drag coefficients are shown in Figure 12. Both the lift and the drag coefficients
are observed to be oscillating at a constant amplitude and frequency when synthetic jet is applied. The
frequency of oscillations and frequency of the synthetic jet are observed to be the same. The
application of the synthetic jet increases the average lift coefficient by 52.6% and reduces the average
drag coefficient by 51% which corresponds to 211% increase in the L/D when compared with the no
jet case as given in Table 6.

The variations of the lift and drag coefficients, the L/D ratio and the point of separation with angle of
attack are summarized in Figure 13. It is seen in Figure 13 (a) that the lift coefficient increases when
the synthetic jet is applied with the optimal parameters. The stall angle of attack is also delayed with
the synthetic jet actuation. The variation of drag coefficient with angle of attack is shown in Figure 13
(b). It is observed that drag coefficient is reduced significantly at & =18°. The L/D variation shown in
Figure 13 (c) reveals that the L/D curve also shifts upward with the synthetic jet actuation. The location
of the separation point with varying angle of attack before and after the synthetic jet application is
given in Figure 13 (d). It is noted that the application of the synthetic jet delays the flow separation at
all angles of attack. The synthetic jet is observed to be least effective at & =10°where the flow is
mostly attached.
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Figure 13: Results of the optimization study

CONCLUSIONS

The numerical simulation of active flow control with synthetic jets is successfully studied for flows over
airfoil sections. Unsteady flow solutions are obtained by a 2D Navier-Stokes flow solver. The flow is
assumed to be fully turbulent and one equation Spalart-Allmaras turbulence model is used.
Computations are performed in parallel in a computer cluster. The synthetic jet parameters are then
optimized at various angles of attack to maximize the L/D ratio using the Response Surface
Methodology. The computational results are investigated by examining the instantaneous and the
phase averaged flowfields, the aerodynamic load variations in time and the separation point location.
The optimization study shows that the synthetic jet is the most effective at post-stall angles of attack. It
enhances the L/D ratio significantly and delays the flow separation for separated flows. The optimum
synthetic jet velocity is always observed to be the maximum value in the design space at all angles of
attack. The optimum synthetic jet angle is observed to be increasing as the angle of attack increases.
The optimum synthetic jet location and the location of separation point are observed to be moving
through the leading edge as the angle of attack increases from 14° to 18°. A smaller jet frequency
corresponds to a larger jet slot size for a constant jet power coefficient, and the optimum synthetic jet
frequency is observed to be the minimum value in the design space at all angles of attack
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