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Abstract

This paper deals with experimental investigation of active flow control via synthetic jets using an unmanned combat air 

vehicle (UCAV) planform. Fourteen arrays of synthetic jets, mounted along both leading edges, were fully or partially activated 

to increase aerodynamic efficiency and reduce pitch-up moment. The measurements were carried out using a six-component 

external balance, a pressure scanner, and tuft flow visualization. It was observed that aerodynamic efficiency (L/D) and 

pitching moment were clearly affected by the location of jets. In particular, inboard and outboard actuation could effectively 

increase L/D. Moreover, inboard actuation showed a reduction in the pitch-up, even more than that generated by the full 

actuation. These results suggest that inboard actuation not only effectively increases L/D but also reduces the pitch-up using 

only a few actuators.
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1. Introduction

Active flow control (AFC) via unsteady excitations, such as 

acoustic devices, pulsed vortex generators, and synthetic jets, 

has been widely used to enhance aerodynamic performance. 

AFC is known to be more flexible than passive flow control (PFC) 

because most engineering flows involve complex unsteady 

motions that are sensitive to periodic excitations [1, 2].

Over the past couple of decades, synthetic jets have 

garnered attention owing to their unique zero-net-mass flux. 

This is advantageous to several applications as they transfer 

momentum to the boundary layer without complex piping to 

manage the air supply [3]. Through unsteady actuation, the 

synthetic jets can exploit the instability of the separating shear 

layer, which results in a Coanda-like unsteady reattachment 

[4]. Other researchers have attempted to control the separated 

flow using a cylinder [5, 6], 2D airfoils [4, 7, 8], tilt-rotor 

UAVs [9], or a simple geometric delta wing [10]. The results 

demonstrated that actuation is quite effective under variable 

flow conditions [11].

In recent years, synthetic jet applications have expanded 

to include unmanned combat air vehicles (UCAVs) with 

complex 3D flow structures. The 1303 UCAV, created by the 

United States (US) Air Force Research Laboratory (AFRL) 
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and the Boeing Company [12], is a typical UCAV planform 

involving a blended wing body, a low sweptback, and tailless 

configurations for maneuverability and stealth capability. 

However, this type of configuration is inherently unstable in 

both static and dynamic regimes [13]; the most notable issue 

is its rapid unstable pitch-up (or pitch-break). McParlin et 

al. [14] performed wind-tunnel experiments using the 1303 

UCAV configuration. They showed that flow separation over 

the outboard wing panel not only caused the pitch-up but 

also decreased the effectiveness of the control surfaces. A 

similar result on the same planform was observed by Ol [15]. 

He showed pitch-up results from the loss of suction close to 

the wing tip and a slight increase in suction near the wing 

apex. 

Nevertheless, most synthetic jet applications have focused 

on the control capability of UCAVs [16–20]. There have been 

only a few studies about local actuation effects that are 

directly related to energy efficiency. Farnsworth et al. [18] 

discussed the local actuation effect at low angles of attack, 

which showed that activating only two jets at the wing tips is 

similar to activating all jets embedded in the wing. However, 

these observations were only valid for low angles of attack. 

Mahmood and Smith [20] investigated the proportional 

control of a UAV-based flying wing model with an array 

of synthetic jet actuators. Their testing was carried out at 

high angles of attack in a wind tunnel. Their proportional 

control showed that the outboard actuators were found 

to be as effective at separation control as an entire array of 

actuators. However, detailed flow features have still not been 

sufficiently explained.

Our study was focused on the local actuation effects of 

synthetic jets to identify the efficient locations to improve 

the aerodynamic efficiency and reduce the pitch-up. To this 

end, the study was divided into three parts. First, baseline 

aerodynamics, without flow control, were analyzed to see 

the characteristics of the UCAV planform. Second, all of the 

synthetic jets mounted along the leading edges were fully 

actuated to explore their general effects on the aerodynamic 

coefficients, and then a moderate angle of attack was chosen 

for partial actuation. Finally, partial actuation was applied to 

investigate the local actuation effect of synthetic jets.

2. Experimental Setup

These experiments were conducted in a closed-return 

wind tunnel at the Korea Aerospace Research Institute 
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Fig. 1. UCAV planform installed in the KARI subsonic wind tunnel 

 Fig. 1.  UCAV planform installed in the KARI subsonic wind tunnel
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Fig. 2. Schematic of the left wing of the model 

 

 
Fig. 3. Pressure distribution on the upper surface of the wing; baseline 

Fig. 2. Schematic of the left wing of the model
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(KARI), as shown in Fig. 1. The test section was 4 m wide, 3 

m high, and 10 m long with maximum speed of 120 m/s. The 

streamwise turbulence intensity and flow angularity were 

less than 0.07% and ±0.1°, respectively [21].

Figure 2 shows the schematic of the left wing of the UCAV 

planform, which is based on the NACA 61A210 airfoil with a 

leading edge sweep of 47° and a washout of 5°. The wing-root 

chord length, C, was 1183.5mm and the moment reference 

(star symbol) was located at 602 mm from the apex. 

Seven arrays of synthetic jets (#1 to #7) were mounted at 

both leading edges (for a total of 14). Each jet was 78 mm 

wide, 80 mm long, and 8mm high, and was driven by two 

piezoelectric disks (Piezo Systems, Inc.) with a 200 Hz sine 

wave that corresponds to the harmonic frequency of the time 

of flight (U∞/cmean ≈ 28.5 Hz). This introduces a modification 

to the pressure field in a cavity; thus, the jet can repeat 

blowing and suction through the 17 circular jet exits with 1.5 

mm diameter and gap (see inner view). The peak velocity 

was about 40 m/s. Additional details about circular jet exits 

can be found in Kim et al. [22].

The model was mounted on a six-component external 

balance with a maximum lift force range of 10 kN, a drag 

force range of 3 kN, and a pitching moment force range of 

2 kN∙m (see Fig. 1). The signals were measured by an MGC 

Plus (HBM, Inc.) with 0.02% F.S. accuracy. The sampling rate 

was 10 Hz and was averaged over 7s.

For the pressure measurement, 44 pressure taps were 

mounted between η = 0.28 and 0.85 (η = y/s), which covered 

most of the upper surface of the model. The pressure was 

measured using a digital temperature compensation (DTC) 

Initium pressure scanner (Measurement Specialties, Inc.) 

with ±0.1% F.S. accuracy and ±0.003% F.S. measurement 

resolution (F.S. = 1 psi). The sampling rate was 4 Hz and was 

averaged over 10s.

The uncertainties for the lift, drag, and pitching moment 

coefficients were 0.680±0.0036 (0.6%), 0.096±0.0006 (0.6%), 

and 0.005±0.0003 (6%) at uncontrolled case (α=12°), and 

0.689±0.0027 (0.4%) 0.086±0.0022 (2.6%) 0.003±0.0003 (10%) 

at full actuation case, respectively.  

The calibration and wall-correction method utilized were 

described by Shim and Park [23].

3. Results and Discussion

3.1 Baseline Analysis

To understand the flow topology of the model, the 

features of the uncontrolled case were analyzed. The tested 

freestream velocity was 20m/s with angle of attack, α, ranging 

from 0° to 20°. The corresponding Reynolds number based 

on the mean aerodynamic chord, cmean, was 9.6 × 105. 

Figure 3 shows the time-averaged pressure distributions 

on the wing surface, where the x-coordinates were 

normalized by the cross-sectional chord length, c. At the 

zero angle of attack, peak suction occurs at about 0.4c on 

the outboard (η = 0.55–0.85) rather than at the leading edge 

owing to the washout angle. This suction peak shifts towards 

the leading edge and increases with the angle of attack. There 

is no evidence of flow separation up to α = 8°.

At α ≥ 10°, however, the leading edge vortex (LEV) 
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develops for the first time between η = 0.47 and 0.55. At the 

same time, the onset of flow separation occurs near the wing 

tip. As the angle of attack increase, this LEV location moves 

to the wing apex with increased strength. These observations 

are confirmed by tuft flow visualization in Fig. 4. It shows the 

LEV locations at α = 10° and α = 12° near η = 0.50 and η = 0.40, 

respectively (marked by arrows). In addition, the separated 

region at the wing tip is extended with the reversed flow.

The aerodynamic forces and moment were also analyzed. 

Fig. 5 shows the pitching moment and the lift and drag 

coefficients. In Fig. 5a, the pitching moment decreases at 

lower angles of attack (α = 0°–6°) as the lift continuously 

increases without flow separation.

However, the pitching moment slightly increases at α 

= 8° and decreases again at α = 10°. A similar observation 

was made by Medford [13], who carried out water-tunnel 

experiments using a similar configuration. He showed that 

the vortical flow developing near the trailing edge crank 

induced tip stall even at a low angle of attack. The tip stall 

decreased the outboard lift and resulted in a pitch-up. 

However, the flow recovered from the tip stall as the angle 

of attack increased slightly. The presence of the tip stall is 

supported by slightly decreasing and increasing lift slope at α 

= 8°, as shown in Fig. 5b (marked by the arrow).

At α ≥ 10°, the flow separation over the outboard induces a 

loss of lift, whereas the formation of LEV increases the lift on 

the inboard. As a result, the pitching moment rises sharply 

(pitch-up). It is also noticeable that the drag increases 

rapidly from this angle. This suggests that the formation of 

LEV together with the flow separation significantly increases 

the induced drag and the pressure drag, respectively. For 

this reason, we know that the aerodynamic efficiency has its 

maximum value near α = 8° (not shown).

3.2. Effect of Synthetic Jet Actuation

3.2.1 Full Actuation

To examine the effect of synthetic jet actuation, all 

actuators along the leading edge were driven with angles 

of attack ranging from 0° to 20°. Fig. 6 shows the change 

between the aerodynamic force and the pitching moment. 

At low angles of attack (α = 0–6°), where most of the flow 

is attached to the wing, the activation slightly decreases 

the lift and increases the drag (Figs. 6a, 6b). Similar results 

were reported by Farnsworth et al. [18]. In their Particle 

Image Velocimetry (PIV) experiment, the thickening of 

the boundary layer through actuation increased the upper 

surface pressure of the outboard wing. Hence, at that point 

the pitch-up occurs (Fig. 6c).

At α = 8°, where the tip stall occurs, the lift increases 
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and the drag remains nearly unchanged. This shows that 

activation can recover the lift of the wing tip (Fig. 6a); thus, it 

reduces the pitching moment. Note that the change in the lift 

is about 1.74% of the baseline but produces a large alteration 

of the pitching moment (89.1% of the baseline).

At high angles of attack (α = 10–20°), where LEV develops, 

the activation increases the lift, except at α = 10°, and 

decreases the drag at all ranges. At α = 10°, although the lift 

reduction is similar to that of the low angles, the pitching 

moment has an opposite effect. This lift reduction suggests 

that this activation causes the loss of the vortex lift. Fig. 7 

shows the pressure contours and tuft flow visualization at 

α = 10°. These pressure contours are interpolated by the 

built-in function in MATLAB R2014a for easier analysis. 

In Fig. 7a, the suction force increases (deep blue) close 

to the leading edge, whereas that the force near the mid-

wing decreases (red). This indicates the transition from a 

vortex-dominated flow to the attached flow, which induces 

the lift and drag reduction (compare Fig. 7b with Fig. 4a). 

Since the LEV formed at this angle has low strength, it is 

reasonable to assume that the synthetic jet momentum is 

sufficient for the transition. It is also noticeable that the 

increasing pressure near the leading edge of η = 0.47 and 

the decreasing pressure close to the wing tip of η > 0.78 

reduce the pitch-up (Fig. 6c).

At α > 10°, where the transition no longer occurs, the 

pitching moment changes around α = 13°. Fig. 8 shows the 

pressure contours at α = 12° and α = 14° whether the control 

is off or on. In the case of α = 12°, the LEV formed at η = 0.40 

is reattached to the wing surface by shifting the suction force 
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Fig. 6. Change in lift (a), drag (b), pitching moment (c), and L/D (d); full actuation 

 
Fig. 7. Change in pressure (a) and tuft visualization (b) at α = 10°, the dot symbols are the 

measurement points; full actuation 
 

Fig. 6. Change in lift (a), drag (b), pitching moment (c), and L/D (d); full actuation 
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Fig. 7. Change in pressure (a) and tuft visualization (b) at α = 10°, the dot symbols are the 

measurement points; full actuation 
 

Fig. 7. Change in pressure (a) and tuft visualization (b) at α = 10°, the dot symbols are the measurement points; full actuation
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below the moment reference (marked by the arrows). As a 

result, LEV formation is delayed to η = 0.55, which results 

in the pitch-down moment. The reattachment of LEV is in 

agreement with previous reports by Wood and Roberts [24] 

who carried out the wind tunnel test using a simple geometric 

delta wing. The delay in LEV formation is also observed with 

the tuft visualization, as shown in Fig. 9. Compared with Fig. 

4b, the LEV develops further downstream and the separated 

flow over the outboard is reduced considerably. In the case 

of α = 14°, however, the LEV is strengthened rather than 

delayed. Thus, the pitching moment increases. 

Apparently, the pitching moment is closely related to the 

activating location. In the next section, partial actuation is 

applied to investigate the local actuation effect. Note that 

the maximum increment of L/D = 13% occurs at α = 12° 

(Fig. 6d).

3.2.2 Partial Actuation

Two groups of partial actuation have been used to show 

their effects on L/D and the pitching moment. The 12° angle 

of attack, where the maximum increment of L/D occurs, is 

chosen because the flow at this angle involves both the LEV 

and separation.

As shown in Table 1, Groups 1 and 2 consist of two and 

three operating actuators, respectively. For example, #12 

means that the #1 and #2 actuators are activated, and the 

other actuators are deactivated. By comparing the two 

groups, it is possible to find the local actuation effects as well 

as identify the number of operating actuator effects.

3.2.2.1 Aerodynamic Efficiency

Figure 10 shows L/D and the lift and drag coefficients for the 

two groups. The baseline (#Base) and the full actuation case 

(#FA) are also shown for comparison. All curves illustrate that 

they are clearly affected by the activating location. It appears 

that the outboard (#1 and #2) and inboard (#6 and #7) actuators 

effectively increase L/D because they have a relatively high lift 

and low drag in each group. It is also noticeable that L/D is more 

Table 1. Partial Actuation Cases
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Fig. 8. Pressure contours at α = 12° (a), (b) and α = 14° (c), (d), the arrow and dotted line indicate the 

LEV location and the moment reference, respectively; full actuation 
 

 

 

 

Fig. 8.  Pressure contours at α = 12° (a), (b) and α = 14° (c), (d), the arrow and dotted line indicate the LEV location and the moment reference, re-
spectively; full actuation
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Fig. 9. Tuft flow visualization α = 12°; full actuation 

 

 
Fig. 10. L/D (a) and lift and drag coefficients (b) at α = 12°; partial actuation 

 

 

Fig. 9.  Tuft flow visualization α = 12°; full actuation
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affected by the drag than the lift because the variance in the lift 

coefficient is less than 1.2%, whereas the drag coefficient is 

less than 10.2% (from the baseline). To further explore this, the 

surface pressure was analyzed.

Figure 11 shows the change between the time-averaged 

surface pressure contours (ΔCP = CP, actuated − CP, baseline) for 

Group 1 (Figs. 11a–11c) and the full actuation (Fig. 11d) 

representatively. The arrows in the figures indicate the 

operating actuators. It appears that all actuations increase 

the suction force near the leading edge (deep blue), and that 

the higher suction introduces increased pressure recovery 

near the trailing edge (bright red). However, the detailed flow 

features are somewhat different. The outboard activation 

(#12) has a wide range of suction through η = 0.55–0.85, 

whereas the mid activation (#45) only has noticeable suction 

close to the leading edge of η = 0.55. For this reason, outboard 

activation can have a higher L/D than the mid activation.

Apparently, both outboard and mid activations barely 

affect the inboard region. A substantial inboard change was 

observed when the inboard actuators (#67) were turned on. 

Inboard activation introduced a delay in the LEV formation 

from η = 0.40 to η = 0.55, which produced strong suction at η 

= 0.55–0.71. The pressure increment from the inboard (deep 

red) is approximately equal to that of the full actuation (Fig. 

11d), which suggests that a delay in the LEV formation can 

be achieved by using only a few actuators. Thus, it is possible 

to achieve increased L/D with outboard activation (see Fig. 

10a). This observation is different from the previous studies 

by Farnsworth et al. [18] and Mahmood and Smith [20] who 

only demonstrated that the outboard activation was effective 
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Fig. 11. Change in the pressure contours of Group 1 (#12, #45, and #67) and full actuation (#FA) at α 

= 12°. The arrows indicate the actuating locations 

 
Fig. 12. Change in pitching moment on Group 1, Group 2, and full actuation (#FA) 

 

Fig. 11.  Change in the pressure contours of Group 1 (#12, #45, and #67) and full actuation (#FA) at α = 12°. The arrows indicate the actuating loca-
tions
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for separation control.

Note that the increment in L/D (ΔL/DCASE/ΔL/D#FA) 

is up to 59.3% and 69.6% in the cases of Groups 1 (#67) and 

2 (#123), respectively. This shows that when the number of 

operating actuators is increased, that the leading edge exhibits 

higher and narrower suction, and consequently, the drag is 

further reduced. This is distinct from the lift coefficient that is 

unaffected by to the number of operating actuators (Fig. 10b).

3.2.2.2 Pitching Moment

Partial actuation also affects the pitching moment, as 

shown in Fig. 12. It appears that the examples involving 

inboard actuators, such as #67, #567, and #FA, have negative 

values, whereas the others have positive values. This implies 

that the pitching moment can be reduced or increased by 

operating conditions. 

Despite the small variation in the lift coefficients (less than 

1.2%), the pitching moment is sensitive to the gradient of the 

lift curve (Fig. 10b). The decreasing lift curve corresponds to 

the increasing pitching moment (e.g., #45 and #345), whereas 

the increasing lift curve corresponds to the decreasing pitching 

moment (e.g., #67 and #567). This demonstrates that the 

change in the lift coefficient mostly comes from the local lift on 

the outboard. Moreover, both the lift and pitching moment are 

more sensitive to the activating location rather than the number 

of operating actuators. For this reason, case #67 will generate 

the most negative value, even more than that generated by #FA. 

This is different from our expectations that a higher nose-down 

moment will be generated with more activating actuators. 

Comparing Fig. 11c and Fig. 11d, we see that the two activations 

(#67 and #FA) are similar in that they create lift reduction above 

the moment reference. However, #67 has a broader suction 

region, close to the wing tip, as compared to #FA. Since the 

outboard region has a relatively long-moment arm, #67 may 

generate a slightly more negative pitching moment. The result 

shows that the delay in the LEV formation below the moment 

reference and the increasing local lift of the outboard are critical 

to increasing L/D and reducing the pitch-up.

4. Conclusions

In this study, active flow control via synthetic jets was 

examined using a UCAV planform to increase L/D and reduce 

the pitch-up. To achieve this goal, 14 arrays of synthetic jets 

were mounted along the leading edge. During the study they 

were fully or partially driven, and the aerodynamic forces 

and moment and surface pressure were measured using a 

six-component force balance and a pressure scanner.

In the baseline analysis, flow features over the wing were 

investigated using various angles of attack. The analysis 

indicated that the model has complex flow structures, such 

as flow separation, tip stall, and leading edge vortex, which 

produced undesirable pitch-up progress.

In the full actuation, the control effectiveness could be 

divided into two parts. At low angles of attack, where most of 

the flow was attached to the wing, the synthetic jet actuation 

decreased the L/D and increased the pitching moment. At 

high angles of attack, where the vortex flow was dominant, 

the activation increased the L/D. However, the pitching 

moment differed based on the leading edge vortex behavior.

In the partial actuation case, various test cases were 

considered to investigate the local actuation effects at the 

angle of attack, where the pitch-up is in progress. It was 

shown that the L/D and pitching moment were clearly 

affected by the actuating locations; in particular, both 

activations near the inboard and outboard of the wing 

effectively increased the L/D by producing a wide range of 

suction forces close to the leading edge. Furthermore, the 

inboard actuation showed a noticeable reduction in the 

pitch-up moment, even more than that of full actuation. 

This could be due to the delay in the leading-edge vortex 

formation below the moment reference, which changes the 

entire pressure distribution on the upper surface of the wing. 

This suggests that using partial actuation inboard not only 

effectively increases the L/D but also decreases the pitch-up 

through using only a few actuators. 

Acknowledgments

This research was supported by the Defense Acquisition 

Program Administration and the Agency for Defense 21 

 
Fig. 11. Change in the pressure contours of Group 1 (#12, #45, and #67) and full actuation (#FA) at α 

= 12°. The arrows indicate the actuating locations 

 
Fig. 12. Change in pitching moment on Group 1, Group 2, and full actuation (#FA) 

 Fig. 12.  Change in pitching moment on Group 1, Group 2, and full 
actuation (#FA)



323

Junhee Lee    Active Flow Control on a UCAV Planform Using Synthetic Jets

http://ijass.org

Development (UC100031JD), and Ministry of Science, ICT 

& Future Planning through the project EDISON (NRF-2011-

0020559). We also appreciate the financial supports provided 

by the program of Development of Space Core Technology 

(NRF-2015M1A3A3A05027630) through the National 

Research Foundation of Korea funded by the Ministry of 

Science, ICT and Future Planning, and the Civil-Military 

Technology Cooperation Program.

References

[1] Scott, C. S., Joslin, R. D., Seifert, A. and Theofilis, V., 

“Issues in Active Flow Control: Theory, Control, Simulation, 

and Experiment”, Progress in Aerospace Sciences, Vol. 40, No. 

4-5, 2004, pp. 237-289.

[2] Oster, D. and Wygnanski, I., “The Forced Mixing Layer 

Between Parallel Streams”, Journal of Fluid Mechanics, Vol. 

123, 1982, pp. 91-130.

[3] Glezer, A. and Amitay, M., “Synthetic Jets”, Annual 

Review of Fluid Mechanics, Vol. 34, No. 1, 2002, pp. 503-529.

[4] Chatlynne, E., Rumigny, N., Amitay, M. and Glezer, A., 

“Virtual Aero-shaping of a Clark-Y Airfoil Using Synthetic 

Jet Actuators”, 39th Aerospace Sciences Meeting and Exhibit, 

American Institute of Aeronautics and Astronautics, 2001.

[5] Smith, D., Amitay, M., Kibens, V., Parekh, D. and Glezer, 

A., “Modification of Lifting Body Aerodynamics Using Synthetic 

Jet Actuators”, 36th Aerospace Sciences Meeting and Exhibit, 

American Institute of Aeronautics and Astronautics, 1998.

[6] Naini, A., Greenblatt, D., Seifert, A. and Wygnanski, 

I., “Active Control of Cylinder Flow with and without a 

Splitter Plate Using Piezoelectric Actuators”, 1st Flow 

Control Conference, American Institute of Aeronautics and 

Astronautics, 2002.

[7] Amitay, M., Smith, D. R., Kibens, V., Parekh, D. 

E. and Glezer, A., “Aerodynamic Flow Control over an 

Unconventional Airfoil Using Synthetic Jet Actuators”, AIAA 

Journal, Vol. 39, No. 3, 2001, pp. 361-370.

[8] Kim, S. H. and Kim, C., “Separation Control on 

NACA23012 Using Synthetic Jet”, Aerospace Science and 

Technology, Vol. 13, No. 4, 2009, pp. 172-182.

[9] Kim, M., Kim, S., Kim, W., Kim, C. and Kim, Y., “Flow 

Control of Tiltrotor Unmanned-aerial-Vehicle Airfoils Using 

Synthetic Jets”, Journal of Aircraft, Vol. 48, No. 3, 2011, pp. 

1045-1057.

[10] Margalit, S., Greenblatt, D., Seifert, A. and Wygnanski, 

I., “Delta Wing Stall and Roll Control Using Segmented 

Piezoelectric Fluidic Actuators”, Journal of Aircraft, Vol. 42, 

No. 3, 2005, pp. 698-709.

[11] Greenblatt, D. and Wygnanski, I. J., “The Control 

of Flow Separation by Periodic Excitation”, Progress in 

Aerospace Sciences, Vol. 36, No. 7, 2000, pp. 487-545.

[12] Patel, M. P., Ng, T. T., Vasudevan, S., Corke, T. C. 

and He, C., “Plasma Actuators for Hingeless Aerodynamic 

Control of an Unmanned Air Vehicle”, Journal of Aircraft, Vol. 

44, No. 4, 2007, pp. 1264-1274.

[13] Medford, C. M., The Aerodynamics of a Maneuvering 

UCAV 1303 Aircraft Model and its Control through Leading 

Edge Curvature Change, Master’s thesis, Monterey, 

California. Naval Postgraduate School, 2012.

[14] McParlin, S., Bruce, R., Hepworth, A. and Rae, A., 

“Low Speed Wind Tunnel Tests on the 1303 UCAV Concept”, 

24th AIAA Applied Aerodynamics Conference, American 

Institute of Aeronautics and Astronautics, 2006.

[15] Ol, M. V., “Water Tunnel Velocimetry Results for the 

1303 UCAV Configuration”, 24th AIAA Applied Aerodynamics 

Conference, American Institute of Aeronautics and 

Astronautics, 2006.

[16] Nelson, R. C., Corke, T. C., He, C., Othman, H., 

Matsuno, T., Patel, M. and Ng, T. T., “Modification of the 

Flow Structure over a UAV Wing for Roll Control”, 45th 

Aerospace Sciences Meeting and Exhibit, American Institute 

of Aeronautics and Astronautics, 2007.

[17] Washburn, A. E. and Amitay, M., “Active Flow 

Control on the Stingray UAV: Physical Mechanisms”, 42nd 

Aerospace Sciences Meeting and Exhibit, American Institute 

of Aeronautics and Astronautics, 2007.

[18] Farnsworth, J. A., Vaccaro, J. C. and Amitay, M., “Active 

Flow Control at Low Angles of Attack: Stingray Unmanned Aerial 

Vehicle”, AIAA Journal, Vol. 46, No. 10, 2008, pp. 2530-2544.

[19] Amitay, M., Washburn, A. E., Anders, S. G. and Parekh, 

D. E., “Active Flow Control on the Stingray Uninhabited Air 

Vehicle: Transient Behaviour”, AIAA Journal, Vol. 42, No. 11, 

2004, pp. 2205-2215.

[20] Mahmood, G. and Smith, D., “Proportional 

Aerodynamic Control on a UAV Model Using Synthetic Jets”, 

37th AIAA Fluid Dynamics Conference and Exhibit, American 

Institute of Aeronautics and Astronautics, 2007.

[21] Chung, J., Sung, B. and Cho, T., “Wind Tunnel Test 

of MRP Model Using External Balance”, KSAS International 

Journal, Vol. 1, No. 2, 2000, pp. 68-74.

[22] Kim, W., Kim, C. and Jung, K. J., “Separation Control 

Characteristics of Synthetic Jets Depending on Exit 

Configuration”, AIAA Journal, Vol. 50, No. 3, 2012, pp. 559-570.

[23] Shim, H. and Park, S. O., “Passive Control of Pitch-

break of a BWB UCAV Model Using Vortex Generator”, 

Journal of Mechanical Science and Technology, Vol. 29, No. 3, 

2015, pp. 1103-1109.

[24] Wood, N. J. and Roberts, L., “Control of Vortical Lift on 

Delta Wings by Tangential Leading-Edge Blowing”, Journal of 

Aircraft, Vol. 25, No. 3, 1988, pp. 236-243.




