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We describe how pulsatile blowing, an active flow control strategy, can be used to remove the separation bubble on the surface of an airfoil at high angles of attack. This leads to more lift production even at high angles of attack. It delays stall thus improving post stall performance of the airfoil. Numerical Analysis has been done for NACA 0015, using URANS numerical simulations in STAR CCM+. Table (time) method was used to define different mass flow rates and find their effect on flow physics and airfoil performance in the post-stall region. An optimum frequency was found based on the reattachment time taken which comes out to be 30.30Hz. The percentage increase in C L was found to be 83% compared to non blowing case and the maximum percentage difference in C L between the constant blowing and pulsatile blowing technique 9% and a 50% increase in aerodynamic efficiency that is the C L /C D ratio.

I. INTRODUCTION

A stall occurs when the angle of attack of the airfoil exceeds the value which creates maximum lift as a consequence of the airflow around it. To increase the stall angle of attack and hence to increase lift, the airfoil can be cambered or vortex generators [START_REF] James | Vortex generator jets-means for flow separation control[END_REF] can be attached to the low pressure side of the airfoil. In the post stall region, the flow is totally separated causing the airfoil to lose the lift produced rapidly. This causes many problems and is very dangerous for an aircraft, as this sudden loss of lift on one or both wings of the aircraft will cause it to spin and fall in mid air, and unless the aircraft is at a very high altitude, regaining control over a falling plane is very difficult thus lead to tragic air accidents [START_REF]Why do Airplanes stall and why is it dangerous?[END_REF] , And a majority of stall accidents in recent history have been fatal [START_REF] Aopa | Stall and Spin accidents[END_REF]. The flow separation is caused by the adverse pressure gradient formed on the airfoil. Surface blowingan active flow control technique over the wing to increase the aerodynamic efficiency by positively influencing it's lift characteristics without causing any additional drag penalty [START_REF] Huang | Numerical study of blowing and suction control mechanism on naca0012 airfoil[END_REF]. Other flow control techniques like fluidic actuators [START_REF] Melton | Active flow separation control on a naca 0015 wing using fluidic actuators[END_REF], zero net mass flux jets [START_REF] Raju | Dynamics of airfoil separation control using zero-net mass-flux forcing[END_REF], [START_REF] Tuck | Active flow control over a naca 0015 airfoil using a znmf jet[END_REF], pulsed actuators [START_REF] Amitay | Flow transients induced on a 2d airfoil by pulse-modulated actuation[END_REF], oscillatory blowing [START_REF] Seifert | Oscillatory blowing: a tool to delay boundary-layer separation[END_REF], which have been used in the past to control or delay flow separation. In the post stall region, when tangential blowing is applied, it provides the flow on the surface of the airfoil additional kinetic energy. This causes the separated flow to reattach itself to the airfoil hence it increases the lift. [START_REF] Gad-El Hak | Flow control: passive, active, and reactive flow management[END_REF] The point at which the blowing is imparted is of the most importance as it can effectively alter the aerodynamic characteristics of the airfoil [START_REF] Mcquilling | Effect of chord location on separation control with vortex generator jets on low pressure turbine blades[END_REF]. The computational fluid dynamics (CFD) analysis of the flow done here includes, analysing the flow behavior with increasing jet blowing velocities at an appropriate pulsating frequency, how the flow reattaches and how the separation bubble is eradicated. We explain using the vector scene obtained from post processing and comparing the lift coefficient and the time response in both constant and pulsatile blowing cases and contrast them with the no-blowing case.

II. NUMERICAL SIMULATIONS A. Validation Study

The URANS equations were solved using the commercial code STAR CCM+, The code used for solving our problem is validated using the experiments done at University of Bath Aerospace Laboratory in an open circuit wind tunnel at Reynolds number, Re = 2 × 10 5 . The pressure measurements and oil flow visualisation was done for NACA 2415 test wing [START_REF] Serdar Genc | Performance of transition model for predicting low re aerofoil flows without/with single and simultaneous blowing and suction[END_REF]. The experimental conditions were simulated and solved using the STAR CCM+ code and compared with the experimental results at angles of attack -10°,-4°, 0°, 8°,12°, 18°and is illustrated in Figure 1. There is a quantitative agreement between the prediction of the liftcoefficient predicted by the present numerical simulations and that observed in the experiments [START_REF] Serdar Genc | Performance of transition model for predicting low re aerofoil flows without/with single and simultaneous blowing and suction[END_REF].

. All the CFD Simulations done here are two dimensional (2D) simulations. Hence the mesh operation created was always automated mesh (2D) after badge for 2D Mesh, that finds surfaces coinciding with z=0 plane. To visualise the flow field over the airfoil, we use the vector plots with the line integral convolution model activated. The line integral convolution is a type of scientific visualisation technique to visualise vector fields.

B. Airfoil Geometry

The NACA 0015 Airfoil data points were plotted in the in-built CAD modeler of STAR CCM+, and the three dimensional (3D) wing was cut out to get an appropriate domain with one surface coinciding with XY Plane for 2D meshing. The dimensions of the blower outlet are kept with physical constraints in mind, so that it bleeds just the amount of mass flux required to eradicate the separation bubble.

The Airfoil is kept at an angle of attack of 20 • which implies that the airfoil has already stalled and the analysis is done in the post stall regime. Simulations at extreme angles of attack ensure that the aircraft does not stall at angles of attack lower than 20 • upon using active flow control techniques. The airfoil along with the blower outlet is shown in Figure 2.

C. Mesh Specifications 1) Grid Convergence: Prism Layer -Polygonal Volume Mesher was chosen for meshing here, with default operation controls like base size kept at 0.001m, prism layer thickness kept at 15%, number of prism layers at 12, prism layer stretching kept at 1.2 and total cells were 37589. The Mesh scene with the refinements is shown in Figure 3 Figure 3: The Mesh Scene with refinements at the blower outlet and the trailing edge

Total Number of cells C L C D 6759 

D. Physics Model

The Unsteady Reynolds averaged Navier-Stokes (URANS) equations were solved, with time variation kept as implicit unsteady [START_REF] Lozano | Experimental approach to characterize base region coanda flow topology induced by pulsating blowing[END_REF]. The material of the flow was gas, with the equation of state being ideal gas. The flow was considered to be a segregated flow, with a turbulent flow field for the RANS model set as the SST (Menter) K-omega model.

The time step for unsteady simulation was 0.002s. With 1% turbulent intensity, the inlet velocity is 13m/s and reference pressure is 0 P a, and the reference area is 0.0675m 2 , reference velocity being same as the inlet velocity is 13m/s and reference density is 1.2 kg/m 3

E. Methodology and Set up

The pulsatile frequency was determined from the time period within which the flow reattaches/separates completely and attains a stable value. The input mass flow table was given using the table method available in STAR CCM+ that is a function of time and plotted by creating a monitor as shown in Figure 4. The mass flow rate is shown negative because the normal vector of the surface assigned as a jet is against the flow, here we have used blowing throughout. The pulsatile blowing is done using a square wave function, as shown in Figure 6. For the simulation to be as close as the practical scenario, the values generated for the Table method, were obtained using Gaussian smoothing on the square wave function. 

III. RESULTS AND DISCUSSION

In Figure 7, The light blue colored region near the blowing outlet in the dark blue wake shows how the blown air curls opposite to the flow. It is clear that this blowing velocity is much lower when compared to the back flow due to the flow separation, but the data from the Lift Coefficient Monitor plot (Figure 8) shows that Coefficient of Lift value oscillates between 1.84 and 1.89 which averages out at 1.865 as seen in the solid line. The dotted line shows the constant blowing time response which is mostly coinciding in this case.

A minute change in the velocity field around the blower outlet can be seen in Figure 9 with the blowing velocity as half the inlet velocity. The oscillation of C L in Figure 10 varies from 1.93 to 1.81 and averages out at 1.87, higher than the case with half this blowing velocity but the amplitude oscillation has increased when compared to the last case. Peak C L value of 2.08 and goes as low as 1.72 which averages around 1.9, quite an incremental jump is seen increasing the blowing velocity to the point it equals the inlet velocity which is qualitatively shown in Figure 11. The peaks get sharper and much more prominent for the time response shown in Figure 12.

Figure 13, shows the vector scene of the maximum blowing velocity case, twice in the inlet velocity, analysed in this study. the blowing velocity is enough to oppose the backflow along the surface of the airfoil for a considerable length and the maximum C L is around 2.37 and minimum C L is about 1.66, the limits between which the value of C L oscillates has increased furthermore. C L averages out The result in Figure 15 was obtained for qualitative appreciation of how the flow behaves when the blowing velocity is increased to much higher values, (3-5 times inlet velocity) in which we can see that the flow appearing to reattach completely to the surface of the airfoil, which is quite remarkable at this angle of attack, but this is done for constant blowing and maintaining such high blowing velocity will require greater external energy and pulsatile blowing at this speed will also require a much higher frequency to have the same effect as constant blowing.

Figure 16 and Figure 17 airfoil has already stalled), the pressure in the wake region is also reduced, thus reducing drag.

The plot in Figure 18 shows the comparison of Aerodynamic Efficiency (C L / C D ) for different blowing velocities and it is observed for blowing at quarter inlet velocity the C L /C D response is averaging at 3.26, and at half the inlet velocity, its marginally increasing to 3.28, a drastic jump in peak values is seen when the blowing is done at inlet velocity to 3.37, and there is almost no difference when the blowing speed is increased to twice the inlet velocity, and it came out to be 3.38. The injection velocity when changed from quarter to twice the inlet velocity, C L / C D varies by hardly 10% , The lowest injection velocity requires much lesser energy to obtain nearly the same C L / C D response. The Aerodynamic Efficiency is improved by 50% when compared to a NACA 0015 at the same angle of attack without blowing. This makes pulsatile blowing an even more effective method to suppress stall, as it not only improved C L response but also improved C L /C D response, considering the fact that at such a high angle of attack, the drag coefficient increases drastically. 

IV. CONCLUSIONS

As the blowing velocity increased, C L also increases in case of both pulsatile and constant blowing. The values of C L for pulsatile blowing drift away from the C L values for constant blowing. The range of oscillation of C L is minimum when blowing velocity was minimum and increases as blowing velocity is increased for a given pulsating frequency. This would mean that, as blowing velocity increases the pulsating frequency should also be increased to avoid the loss of the stall suppression effects we obtained from constant blowing.

While studying these techniques, the RANS computations average out the turbulent fluctuations and thus, restrict the scope of analysis. In future, we aim to use PIV and LES simulations for more detailed and reliable results. A loworder representation of these high-fidelity data will prove to be more efficient in both data analysis and implementing more efficient flow control using blowing.

Also, jet blowing on airfoil can be made significantly more efficient by implementing closed-loop control in both simulations and experiments.

Experimentally, the mass flow rate can be modified using solenoidal valves according to the Lift or pressure values recorded by the sensors. The placement of sensors and implementing closed-loop control for such a system is a challenge.
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 12 Figure 1: Validation Study : Comparison of the numerical simulations ( ) for NACA2415 with experimental results [5]( )
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 4 Figure 4: The mass flow monitor plot at the blower outlet At 0.075s the C L curve stabilises as shown in Figure 5. Thus we can say that the flow reattached after 0.033s the blowing was initiated thus the pulsating frequency should be 30.30Hz. Because the flow temporarily stays attached to the airfoil for this short duration of time after the instant jet stops
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 5 Figure 5: The C L plot used to find the time required for the flow to reattach
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 6 Figure 6: Mass Flow following a square wave function with time for pulsatile blowing
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 78 Figure 7: The vector scene with blowing velocity 0.25 times the inlet velocity
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 9 Figure 9: The vector scene with blowing velocity 0.5 times the inlet velocity
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 10 Figure 10: C L time response for constant and pulsatile blowing at half the inlet velocity. [ ] pulsed blowing, [ ] constant blowing.
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 11 Figure 11: The vector scene with blowing velocity same as the inlet velocity.
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 12 Figure 12: C L time response for constant and pulsatile blowing at inlet velocity [ ] pulsed blowing, [ ] constant blowing.
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 1 99 (refer to Figure14), which is highest C L we have obtained in the study and in the time response we can see the peaks getting sharper and amplitude of oscillation increasing, with the dips much farther from the constant blowing line (dotted).
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 13 Figure 13: The vector scene with blowing velocity 2 times the inlet velocity

  summarise the differences in the time responses obtained from both constant and pulsatile blowing case by varying blowing velocities, the pulsatile C L values for every blowing velocity was close to the constant blowing value, maximum difference in the value being 9% and without implementing any flow control technique the C L for NACA 0015 at 20 • angle of attack is 0.32 which shows how vastly active flow control has improved the lift characteristics. Overall efficiency has to deal with both C L & C D , When we blow at such high angles of attack (when the
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 15 Figure 15: The vector scene with very high blowing velocity completely attaching the flow
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 18 Figure 18: Plot comparing the C L /C D ratios. [ ]Twice the inlet velocity, [ ]Same as inlet velocity, [ ]Half of inlet velocity, [ ]Quarter inlet velocity

ACKNOWLEDGEMENTS

We would like to express our gratitude to Aerospace Engineering Department, Indian Institute of Technology Kharagpur and the group members for playing a critical role in completion of our project and IIT Kharagpur overall for allowing us to stay back in campus with all the basic amenities made available to us which were instrumental in writing of this paper, during a nationwide lockdown due to the global pandemic.

NOMENCLATURE

C L Coefficient of Lift C D Coefficient of Drag α Angle of Attack Re Reynolds Number