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Abstract 

The aviation industry faces significant challenges in reducing 

environmental impacts, particularly fuel consumption and noise 

pollution. To address these issues, various aerodynamic 

optimization and flow control technologies have been developed to 

enhance aircraft efficiency. One promising approach is Active Flow 

Control (AFC), particularly in wing-flap configurations. However, 

cambered flaps can induce flow separation, leading to increased drag 

and reduced aerodynamic performance. This study investigates the 

application of AFC using Zero Net Mass Flux (ZNMF) to mitigate 

flow separation and improve aerodynamic efficiency. Numerical 

simulations were conducted using ANSYS Fluent, employing the 

Delayed Detached Eddy Simulation –Spalart-Allmaras (DDES-SA) 

turbulence model to accurately capture flow separation and vortex 

structures. The research explores a novel ZNMF geometry, 

analyzing different frequency and velocity parameters to determine 

the optimal settings for suppressing flow separation. The results 

demonstrate that the Synthetic Jet Actuator (SJA) significantly 

enhances aerodynamic efficiency by optimizing the CL/CD ratio 

through drag reduction without major lift loss. Optimal performance 

is achieved at frequencies of 150–300 Hz and jet velocities of ≥150 

m/s, stabilizing airflow, reducing flow separation, and suppressing 

vortex formation. At an AOA of 0°, a frequency of 100 Hz provides 

the greatest CL reduction, while at an AOA of 10°, frequencies of 

100–250 Hz substantially improve the CL/CD ratio. This study 

confirms that SJA is an effective strategy for drag reduction and 

aerodynamic optimization. These findings highlight its potential to 

improve aircraft performance, reduce fuel consumption and CO₂ 

emissions, and contribute to more sustainable aviation technology 
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1 Introduction 

The aviation industry is actively working to reduce its 

environmental impact by focusing on carbon dioxide emissions, 

noise pollution, and fossil fuel consumption. To achieve this, various 

technologies and strategies have been developed, including 

improving aircraft aerodynamic efficiency and applying more 

environmentally friendly energy sources [1]. One of the main 

approaches is the development of Active Flow Control (AFC) 

systems aimed at reducing flow separation and drag on aircraft 

wings, thereby improving fuel efficiency and reducing the 

environmental impact [2]. Various flow separation control strategies, 

such as Boundary Layer Control (BLC) through blowing and 

suction, aim to delay or prevent flow separation and enhance the 

aerodynamic characteristics of airfoils, such as NACA 0021 [3]. 

Other techniques, such as Pulsed Jet Actuators (PJA), use fluid 

oscillators to enhance the boundary layer momentum without 

moving parts and have significant potential for industrial 

applications [4]. Synthetic Jet Actuators (SJAs) have been proven 

effective in enhancing aerodynamic performance by manipulating 

airflow without adding mass. This technology works by periodically 

expelling and ingesting fluid through holes on the airfoil surface, 

creating vortices that affect the surrounding airflow, potentially 

increasing the lift and reducing the drag. The application of SJAs to 

different airfoil designs yielded significant results. The use of Dual 

Synthetic Jet Actuators (DSJA) on an optimized NACA 0012 airfoil 

increased the lift-to-drag ratio by 13.5% at high angles of attack. This 

improvement was achieved through the Coanda effect, which 

manipulates the flow field and enhances lift [5]. On the NACA 0025 

airfoil, the use of MEMS-based synthetic jets reduced flow 

separation, increased lift by up to 2.5 times, and reduced drag by 

50% compared with conditions without flow control [6]. SJAs are 

also effective in delaying flow separation on symmetric airfoils, 

which is beneficial at high angles of attack. In post-stall conditions, 

the use of SJAs at the leading edge of the NACA 0015 airfoil 

energizes the boundary layer, delays flow separation, and enhance 

lift, even at high angles of attack [7]. The use of SJAs on airfoils with 

circulation control, such as NACA 0015, has shown optimal lift 

enhancement at certain excitation frequencies, reinforcing the 

potential of this technology to improve the aerodynamic 

performance of airfoils under various operational conditions [8]. 

Additionally, synthetic jets can mimic the effect of leading-edge 

tubercles, providing a biomimetic approach to improve aerodynamic 

characteristics under both pre-stall and post-stall conditions [7]. 

In recent years, the use of Zero Net Mass Flux (ZNMF) devices 

as AFC has made significant progress in its application to airfoils, 

similar to piezo-actuators embedded in wing flap systems [9]. Seifert 

and Pack were the first to conduct AFC experiments on the NACA 

0015 airfoil at high Reynolds numbers [10]. On the other hand, many 

researchers have used numerical methods to examine the impact of 

ZNMF synthetic jets on various airfoils [11], [12], [13]. Numerical 

simulations using the Unsteady Reynolds-Averaged Navier-Stokes 

(URANS) and Large Eddy Simulation (LES) methods were 

employed to optimize the actuation parameters of the ZNMF on 

high-lift airfoils. URANS simulations help predict aerodynamic 

performance improvements by optimizing the gap geometry and 

ZNMF placement, as applied to the Deutsches Zentrum für Luft- und 

Raumfahrt (DLR) F15 Leading-Edge Extension (LLE) (DLR-

F15LLE) airfoil [14]. Meanwhile, three-dimensional LES 

simulations provide deep insights into the effects of ZNMF jets on 

the flow separation, flow dynamics, and control effectiveness of the 

NACA 0015 airfoil [15]. This actuator utilizes a piston mechanism 

to generate a synchronized jet flow through blowing and suction at 

the airfoil's leading edge. This method has been proven to prevent 

stall at high angles of attack by maintaining attached flow over the 

airfoil surface, especially at high excitation frequencies [16]. ZNMF 

jets create vortices through alternating blowing and suction, injecting 

momentum into the boundary layer without adding mass. This 

process can generate coherent vortex structures that influence the 

flow field around the aerodynamic surface [17]. The optimization of 

actuation parameters, such as actuation frequency, is also an 

important factor in improving lift and controlling flow separation, 

where stability analysis and numerical simulations help identify the 

optimal frequency for effective flow control [18]. Numerical 

simulations using the URANS model have shown that ZNMF jets 

can force flow reattachment, resulting in a 30% reduction in 

boundary layer thickness and a 17.6% increase in lift-to-drag ratio 

[12]. Marouf et al. [9] demonstrated that ZNMF devices can cause 

flow reattachment and delay flow separation in wings with flaps. 

Steady blowing with different jet intensities enhances flow 

reattachment, with the spacing between the jets forming two 

opposing vortices that interact with each other. The ZNMF is the 

most effective upstream of the flow separation to avoid jet 

momentum loss. 
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This study explored a new ZNMF geometry position that was 

not previously evaluated. By examining various parameters, such as 

frequency and jet velocity, this research aims to find the most 

efficient parameter settings to address flow separation and improve 

aircraft aerodynamic efficiency. The advantage of this study lies in 

the utilization of an innovative ZNMF geometry configuration, 

building upon previous research, which is expected to provide a 

more effective and practical solution for enhancing aircraft 

aerodynamic performance. 

2 Numerical simulation method  

2.1 Description of the studied case 

This study investigated the impact of the ZNMF position on 

drag reduction on an A320 aircraft wing using an NACA 23015 

airfoil. This airfoil has a span length of 0.27 m and a chord length of 

1 m, with the ZNMF installed on a flap with a chord size of 0.35 m. 

The SJA holes used were 10 mm in diameter and were positioned, as 

shown in Fig. 1. The model was evaluated using ANSYS Fluent 

2023 R1 Academic Licence Software at various angles of attack. 

Directed jets were introduced as an additional innovation to enhance 

the performance of flow control systems [11]. 

 
Fig. 1. Geometry model 

2.2 Governing equations and turbulence model 

In this study, the fluid flow was analyzed using the Navier-

Stokes equations, which include the conservation of mass and 

momentum laws [19]. The Continuity Equation, which states that the 

mass of the fluid remains constant throughout the flow, can be seen 

in Eq. (1). 

𝜕𝑢𝑗

𝜕𝑥𝑗
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(1) 

Next, the momentum equation as shown in Eq. (2) is used to describe 

the changes in the velocity and pressure of the fluid. 
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where u is the fluid velocity, p is the fluid pressure, ρ is the fluid 

density, μ is the fluid viscosity, and x represents the spatial 

coordinates. Because the flow velocity is much lower than the speed 

of sound (Mach < 0.3), the assumption of an incompressible fluid 

was applied. Therefore, terms related to compressibility can be 

neglected (Eq. (3)). 

−
2

3

𝜕𝑢𝑘
𝜕𝑥𝑘

𝛿𝑖𝑗 = 0 (3) 

However, this term is included to maintain the stability of the 

solution during numerical computation. The turbulence model used 

in this CFD approach was the Detached Eddy Simulation (DES) 

model, which was first introduced by Shur et al. [20]. This model 

combines the Reynolds-averaged Navier–Stokes (RANS) method 

and LES to improve the accuracy of turbulent flow simulations [21], 

[22]. In this approach, the Spalart-Allmaras turbulence model is used 

to predict the near-wall (boundary layer) flow using the RANS 

method and to model the flow far from the wall using the LES 

method [23]. Delayed Detached Eddy Simulation - Spalart Allmaras 

(DDES-SA) was chosen as it combines RANS (near-wall) and LES 

(off-wall), improving turbulent flow accuracy with computational 

efficiency. 

2.3 Computational domain, mesh setup, and boundary 

conditions 

The computational domain measures (4.5m x 3m x 3m) with the 

inlet velocity defining the flow entering the domain, providing 

realistic initial conditions for the simulation [24]. The use of 

symmetry helps reduce the computational load by simulating only a 

portion of the domain, which is effective if the flow is expected to 

be uniform on both sides [25]. Meanwhile, the outlet pressure 

condition ensures smooth flow out of the domain, preventing 

backflow, and maintaining the stability of the simulation, which is 

crucial for convergence to accurate results [26]. This is divided into 

inlet jet velocity, wall jet, and outlet jet pressure, as shown in Fig. 2. 

 
Fig. 2. Computational domain 

The meshing in CFD divides the physical domain into small 

elements to numerically solve the fluid flow equations [27], as 

shown in Fig. 3. Grid validation was performed for four variations: 

coarse, medium, fine, and very fine, as indicated in Table 1. Meshing 

uses Ansys Meshing with a flexible tetrahedral method for irregular 

shapes [28], [29]. 

 
Fig. 3. Meshing 

The patch-conforming algorithm ensures that the mesh conforms to 

the geometry, which is important for accurate simulations, especially 

in fluid dynamics applications, where the mesh quality influences the 

accuracy of the results [30]. Face meshing with an element size of 4 

mm and local mesh of 0.5 mm was applied to critical areas, such as 

the leading and trailing edges of the airfoil, to capture the flow 
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gradients and flow separation phenomena accurately. Body sizing 

with an element size of 75 mm was applied to the fluid domain to 

reduce the number of elements in areas with small flow gradients, 

thereby saving computational resources. The simulation can capture 

turbulent flow in detail without compromising computational 

efficiency with a total of three million mesh elements (fine mesh). 

The selection of appropriate element sizes in different areas 

enhances the accuracy of the simulation results and optimizes 

resource usage. 

Table 1. Performance comparison with and without SJA at 0° AOA 

for different element sizes 
Configuration Type Coarse Medium Fine Very Fine 

Without SJA Element 1001473 2250265 3105961 4540802 

 CL 0.047 0.048 0.048 0.049 

 CD 0.020 0.020 0.021 0.020 

With SJA Element 1656990 2902621 3782715 5230029 

 CL 0.036 0.037 0.035 0.037 

 CD 0.018 0.017 0.017 0.018 

This simulation used the DDES-SA model with vorticity-based 

production and delayed DES. The air fluid has a 1.225 kg/m³ density, 

viscosity 1.7894×10⁻⁵ kg/ms, and an inlet velocity of 68 m/s. The 

turbulence conditions were set with a turbulence intensity of 5%, 

reflecting the ratio of fluctuating velocity to average flow velocity. 

In comparison, the ratio of turbulent viscosity to dynamic viscosity 

was set to 10% to indicate a high level of mixing. The solver uses a 

pressure-based approach in transient conditions with the SIMPLE 

scheme for pressure-velocity coupling, least square cell-based 

discretization for gradients, second-order upwind for pressure, and 

Bounded Central Differencing for momentum. The transient 

formulation uses a bounded second-order implicit. The relaxation 

parameters included momentum (0.7), pressure (0.3), and modified 

turbulent viscosity (0.8), with the residual monitor set to  10⁻³ to 

ensure stability and convergence, as shown in Table 3. As shown in 

Table 2, the variation in jet velocity ranges from 70 to 300 m/s with 

a frequency of 50-250 Hz. 

Table 2. Variation in inlet velocity, jet velocity, and frequency 

Case U∞ [m/s] Vjet [m/s] Frequency [Hz] 

1 

68 70, 100, 150, 200 

50 

2 100 

3 150 

4 200 

5 250 

6 300 

Table 3. Solver configuration and numerical settings in CFD simulation 

General Setting Explicit relaxation factors 

Solver Pressure-Based Momentum 0.7 

Time Transient Pressure 0.3 

Velocity formulation Absolute Under-relaxation factors 
 

Solution methods 
 

Density 1 

Pressure-Velocity Coupling Simple scheme Body forces 1 

Spacial discretization Gradients Least Square Cell-Based Modified Turbulent Viscosity 0.8 

Pressure Second Order Upwind Turbulent viscosity 1 

Momentum Bounded Central Differencing Residual monitors 
 

Modified Turbulent Viscosity First Order Upwind Continuity equation 10-3 

BCD Scheme Boundedness 1 X-velocity component 10-3 

Transient Formulation Bounded Second Order Implicit Y, Z-velocity components 10-3 

Time step size [s] 1
𝑓

360
 

k, 𝜔 10-3 

This range was selected to accurately model the turbulent flow 

applied to the airfoil's upper surface [9]. Since the synthetic jet 

velocity cannot be directly set as a time-dependent function in 

Fluent because Boundary Conditions (BC) only support constant 

valuesa C-based User Defined Function (UDF) is required. This 

UDF implements velocity as a sinusoidal function, allowing for 

periodic jet behavior. The jet frequency is defined using the 

sinusoidal equation [31], [32] in Eq. (4) and the jet period in Eq. 

(5). 

𝑉𝑗𝑒𝑡(𝑡) = 𝑉𝑀𝑎𝑥 sin(𝜔𝑡) (4) 

  

𝜔 = 2𝜋𝑓 (5) 

The UDF is compiled in Fluent™ and then applied to the 

velocity-inlet boundary condition. The selection of jet frequency 

and velocity significantly impacts the simulation results, 

particularly in increasing the lift coefficient (CL) and reducing the 

drag coefficient (CD). The synthetic jet frequency is defined in the 

UDF using Eq. (5). Where f = 20 Hz (as per specifications) [33]. 

The frequency is controlled in Fluent by defining a time-dependent 

velocity profile using the UDF. The simulation is run in transient 

mode with a sufficiently small time step to capture the oscillation 

dynamics accurately. The lift and drag coefficients are calculated 

using the following equation. To evaluate aerodynamic 

performance, the (CL) and (CD) were calculated using Eqs (6 and 7), 

𝐶𝐷 =
𝐹𝐷

0.5𝜌𝑐𝑈 2
∞

 (6) 

  

𝐶𝐿 =
𝐹𝐿

0.5𝜌𝑐𝑈∞
2

 (7) 

2.4 Validation model 

Validation was performed by comparing the experimental data 

and CFD simulations, mainly focusing on the drag and lift 

coefficients. The experiment was conducted using a wind tunnel 

with a wing model featuring a NACA 23015 airfoil with a chord 

length of 165 mm and a span of 300 mm. The airflow was tested at 

a free-stream velocity of 25 m/s in a subsonic blow-down wind 

tunnel with a test section size of 600 mm × 600 mm × 2000 mm. 

This wind tunnel used compressed air from a compressor and had a 

maximum velocity of 50 m/s with a compression ratio of 9:1. The 

measured experimental data included the lift and drag forces, which 
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were then used to calculate the CD and CL. The CFD simulation was 

performed with the same wing model, and the results were 

compared with the experimental results to validate the accuracy of 

the CFD model in representing real flow phenomena. A comparison 

of CL and CD values from both the experiments and CFD 

simulations (Table. 4) was used to evaluate the validity of the 

simulation and ensure that the simulation results reflect the actual 

flow conditions in the experiment. 

Table 4. Comparison of experimental results and CFD simulation 

at AOA 0° 
Parameter CFD (Present Study) Experiment [33] 

CL 0.052 0.056 

CD 0.015 0.010 

The geometry model is modified with a chord length of 1 m 

and a span of 0.27 m, and a flap with a length of 0.35 m and a span 

of 0.27 m is added. The simulation was performed at a speed of 68 

m/s  and an AOA of 0°. Additional modifications include using a 

SJA on the flap with a jet velocity of 70 m/s and frequency (F) of 

50 Hz to improve the aerodynamic performance. To ensure the 

simulation accuracy, validation was conducted through a mesh 

study with various element sizes to determine the optimal 

configuration that produces the simulation results, as shown in Fig. 

4. 

 
Fig. 4. Grid independence study 

3 Results and discussion  
This study demonstrates that the synthetic jet plays a role in 

controlling the CL of the NACA 23015 airfoil at a flow velocity of 

68 m/s. As shown in Fig. 5, at AOA 0°, the activation of the 

synthetic jet with a velocity of 70 m/s and a frequency range of 50–

300 Hz reduces CL from 0.04822 to 0.03477–0.0378, with the most 

significant reduction occurring at 100 Hz (CL = 0.03477). This 

indicates that the synthetic jet effectively disrupts the airflow and 

reduces lift force at small angles of attack. At AOA 5°, the decrease 

in CL is more limited, ranging from 0.07675 to 0.07791, suggesting 

a more stable influence. Meanwhile, at AOA 10°, CL slightly 

decreases from 0.10699 to 0.09095–0.09196, indicating that the 

effectiveness of the synthetic jet diminishes at higher angles of 

attack. 

Furthermore, Fig. 6 illustrates that synthetic jet velocity also 

affects CL. At AOA 0°, increasing the jet velocity from 70 m/s (CL 

= 0.0378) to 200 m/s (CL = 0.03611) enhances the reduction of CL. 

However, at AOA 5° and 10°, variations in jet velocity result in 

only minor changes, with CL remaining in the range of 0.07675–

0.07791 at AOA 5° and 0.09196–0.09234 at AOA 10°.  

 
Fig. 5. Effect of SJA frequency on lift coefficient and jet velocity 

70 m/s 

This consistency suggests that the synthetic jet is more effective in 

reducing lift force at low AOA, but its impact is limited at moderate 

to high angles of attack. The synthetic jet is most effective in 

controlling airflow at low AOA, particularly in preventing flow 

separation. However, at higher angles of attack, its influence 

becomes increasingly restricted, regardless of frequency or jet 

velocity variations. Therefore, the optimization of synthetic jet 

implementation should consider the interaction of aerodynamic 

parameters to enhance airfoil performance under various operating 

conditions. 

 
Fig. 6. Effect of jet velocity on drag coefficient at 50 Hz frequency 

and 𝑈∞=68 m/s 

The analysis of the lift-to-drag ratio (CL/CD) at AOA 0° and 

10° indicates that the effectiveness of the SJAvaries depending on 

the frequency (F) and jet velocity (Vjet). Based on Fig. 7, at AOA 

0°, CL/CD decreases at lower frequencies (50–100 Hz) compared to 

the condition without SJA. This effect is particularly noticeable at 

Vjet = 70 m/s, suggesting that SJA activation at low frequencies 

tends to increase drag without significantly enhancing lift. 

However, at higher frequencies (150–300 Hz), CL/CD begins to 

increase, particularly at Vjet ≥ 150 m/s, with the highest value 

observed at F = 150 Hz and v_jet = 200 m/s (CL/CD = 2.14647). 

This indicates that at AOA 0°, the effectiveness of SJA in 

improving aerodynamic efficiency is more optimal at moderate to 

high frequencies with high jet velocity. 



Disseminating Information on the Research of Mechanical Engineering - Jurnal Polimesin Volume 23, No. 2, April 2025 156 

 
Fig. 7. Effect of SJA on CL/CD at AOA 0° 

Meanwhile, Fig. 8 shows that at AOA 10°, SJA usage increases 

CL/CD compared to the condition without SJA, particularly at 

moderate to high frequencies (100–250 Hz) and higher jet 

velocities. The highest CL/CD increase occurs at F = 100 Hz and Vjet 

= 70 m/s (CL/CD = 2.5264), indicating that at a higher angle of 

attack, SJA can help improve aerodynamic efficiency by modifying 

the airflow around the airfoil. 

 
Fig. 8. Effect of SJA on CL/CD at AOA 10° 

When correlated with Fig. 5, which presents the CL, it is evident that 

at AOA 10°, SJA activation causes only a minor decrease in CL, 

meaning that variations more influence CL/CD changes in drag. On 

the other hand, Fig. 6, which illustrates the effect of jet velocity on 

CL, shows that variations in Vjet have a smaller impact on CL at 

higher angles of attack. Consequently, the increase in CL/CD at 

AOA 10° is primarily attributed to drag reduction rather than lift 

enhancement. 

Overall, these findings suggest that SJA is more effective in 

enhancing aerodynamic efficiency (CL/CD) at a higher AOA (10°) 

compared to AOA 0°, especially at moderate to high frequencies 

(100–250 Hz) and jet velocities (≥150 m/s). At AOA 0°, the effect 

of SJA on CL/CD is more variable, with low frequencies tending to 

reduce aerodynamic efficiency due to increased drag. In contrast, 

higher frequencies can slightly improve CL/CD by reducing 

aerodynamic resistance. 

The relationship between the CL/CD analysis results and the CL 

can be explained by examining how the SJA influences airflow 

around the airfoil, directly impacting CL and CD. As shown in Fig. 

5, activating the SJA at AOA 10° causes a relatively small decrease 

in CL, indicating that CD influences the primary changes in the 

CL/CD ratio more than CL. Fig. 9 (Velocity Contour) illustrates that 

the SJA helps create a more uniform velocity distribution around 

the airfoil, contributing to sgreater flow stability and reducing flow 

separation. 

 
(a) (b) 

Fig. 9. Velocity contour (a) without SJA (b) with SJA 

This reduction in separation prevents a significant decrease in CL, 

especially at medium to high frequencies (150–300 Hz) and high jet 

velocities (≥150 m/s). Thus, although the SJA does not significantly 

increase CL, the improved flow stability helps maintain a relatively 

constant lift force. Furthermore, Fig. 10 (Streamline Contour) 

demonstrates that the airflow is more organized with SJA 

activation. 

 
(a) (b) 

Fig. 10. Streamline contour (a) without SJA (b) with SJA 

In the baseline condition, the flow exhibits disturbances and sharp 

turns, which can lead to flow separation and a reduction in CL. The 

SJA minimizes flow separation, allowing CL to remain more stable, 

particularly at higher jet velocities. Additionally, Fig. 11 (Vortex 

Contour) reveals that the SJA significantly reduces vortex 

formation, directly contributing to CD reduction. 

 
(a) (b) 

Fig. 11. Vortex contour (a) without SJA (b) with SJA 

In the baseline condition, strong vortices behind the airfoil increase 

drag, reducing CL/CD. However, with SJA activation at V = 70 m/s 

and F = 300 Hz, vortex formation is significantly reduced, leading 

to a decrease in CD without causing a significant change in CL. From 

this analysis, it can be concluded that the SJA is more effective in 

reducing drag than increasing lift. Therefore, the improvement in 

CL/CD observed in Fig.s 7 and 8 is primarily due to a more effective 

reduction in CD rather than an increase in CL. The combination of 

medium to high frequencies (150–300 Hz) and high jet velocities 

(≥150 m/s) demonstrates the optimal effectiveness of the SJA in 

enhancing aerodynamic efficiency without significantly 

compromising CL. 
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4 Conclusions 
The aviation industry faces significant challenges in reducing 

environmental impacts, particularly fuel consumption and noise 

pollution. To address these issues, various aerodynamic 

optimization and flow control technologies have been developed to 

enhance aircraft efficiency. One promising approach is AFC, 

particularly in wing-flap configurations. However, cambered flaps 

can induce flow separation, leading to increased drag and reduced 

aerodynamic performance.  

This study investigates the application of AFC using ZNMF to 

mitigate flow separation and improve aerodynamic efficiency. 

Numerical simulations were conducted using ANSYS Fluent, 

employing the DDES-SA turbulence model to accurately capture 

flow separation and vortex structures. The research explores a novel 

ZNMF geometry, analyzing different frequency and velocity 

parameters to determine the optimal settings for suppressing flow 

separation.  

The results demonstrate that the Synthetic Jet Actuator (SJA) 

significantly enhances aerodynamic efficiency by optimizing the C 

/C ratio through drag reduction without major lift loss. Optimal 

performance is achieved at frequencies of 150–300 Hz and jet 

velocities of ≥150 m/s, stabilizing airflow, reducing flow 

separation, and suppressing vortex formation. At an AOA of 0°, a 

frequency of 100 Hz provides the greatest CL reduction, while at 

an AOA of 10°, frequencies of 100–250 Hz substantially improve 

the C /C ratio. This study confirms that SJA is an effective strategy 

for drag reduction and aerodynamic optimization. These findings 

highlight its potential to improve aircraft performance, reduce fuel 

consumption and CO₂ emissions, and contribute to more sustainable 

aviation technology.  
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