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Abstract. Effects of flexible membrane mounted over suction surface of NACA 4412 airfoil were 

experimentally investigated at Reynolds number of 5x104 and low aspect ratio (AR=1) in this paper. The 

smoke-wire visualization method has been performed for flow visualization to demonstrate flow phenomena 

as laminar separation bubble (LSB), leading edge separation at z/c=0.4 and tip vortices at z/c=0.1. Values of 

velocity, Reynolds stress and turbulence statistics were measured by means of a constant temperature 

anemometer (CTA) system. Results of smoke-wire experiment revealed that size and height of LSB formed 

along z/c=0.4 at lower angles of attack such as α=8° was mitigated. Moreover, stall phenomenon as a result 

of boundary layer separation was apparently postponed at higher angles of attack. Velocity value was 

increased, whereas values of Reynold stress and turbulent kinetic energy was decreased with reduction of 

amount of fluctuations in flow. Consequently, using flexible membrane over suction surface of airfoil 

allowed the LSB to be mitigated or extinguished, resulting in exhibition of more stable flow characteristics. 

1 Introduction  

Micro Air Vehicles (MAVs) mostly run under Reynolds 

(Re) number of 1x105 [1-4]. In this flow regime, 

accurately determination of LSB and prediction of 

transition phenomenon inside LSB are obligatory. 

Because, these two flow phenomena can occur the 

suction surface of airfoils, resulting in the abrupt 

reduction at aerodynamic performance [4-9] because of 

low Reynolds number airfoil drag generally depends 

upon position of transition (essentially in a short LSB) as 

a function of angle of attack. Until now, aerodynamic 

researchers have carried out many experimental and 

numerical methods to investigate and observe the 

location of LSB and transition. Moreover, they have 

applied few control techniques such as acoustic 

excitation [10-11], leading-edge slats [12], vortex 

generators [13], roughness material [14-15] since they 

want to eliminate LSB and hinder the deterioration of 

aerodynamic efficiency.  

In addition to these control techniques, the bio-

inspired design such as flexible membrane for MAVs 

have been started to gain interests and reputations 

recently. Maximum stall angle and lift coefficient as well 

as vehicle agility can be ensured with the use of flexible 

membrane wings for MAVs [16-32]. 

In this study, the experiments containing smoke-wire 

and hot-wire measurements are performed for partial 

flexible NACA 4412 wing, which has aspect ratio (AR) 

of 1, at Reynolds number of 5x105 and angle of attack 

(α) of 8º, 12º, 20º. In addition, the results of partial 

flexible airfoil are compared with the results of our 

former study [19] to see how flexible membrane affects 

the aerodynamic performance.  

2 Experimental Rigs 

The wing airfoil has 18 cm chord and 18 cm span length. 

The experiments are carried out wind tunnel where the 

free stream turbulence intensity is quite low. The 

detailed information with regards to wind tunnel has 

been ensured in Ref. [9, 14-15]. 3D printer has been 

utilized for manufacturing process of partial flexible 

wing. As shown in the Figure 1, membrane is mounted 

between x/c=0.2 and x/c=0.7 since LSB and separation, 

which affects the aerodynamic performance negatively, 

occurs between these points. As the technical features of 

flexible membrane, latex rubber sheet which has 

Young’s modulus (E) of 2.2 MPa and density (ρm) of 1 

g/cm3 [19] is 0.2 mm. It is adhered onto rigid skeleton of 

airfoil with double side tape.     
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As demonstrated in the Figure 2, measurements are 

conducted along z/c=0.1 and z/c=0.4. The experiments 

along z/c=0.1 ensures tip vortices and their effects very 

well, whilst LSB and flow separation are especially 

obtained from experiments along z/c= 0.4.  

Fig. 1.  The fabricating process of partial flexible airfoil [19]. 

Fig. 2. Sketch of the measurements line. 

2.1 Flow visualization system 

Tip vortices occurred at tip of NACA 4412 and flow 

separation, LSB formed over suction surface have been 

visualized by means of smoke-wire experiment. The 

essential components of this technique are electrical 

resistive heating, 0.03 mm diameter steel wire, an oil 

mixture, a compact camera (the Canon EOS-D1100 

type), and two or three halogen lambs. The arrangement 

of smoke-wire technique, the most prevalent of which 

has been performed by Koca et al. [9] and Genç et al. 

[14-15], can be found in mentioned References.  

2.2 Velocity Distribution and Turbulence 
Statistics 

In addition to the smoke-wire experiment, hot-wire 

experiment has been performed to investigate flow 

velocity, turbulence intensity and Reynolds stresses. 

Two-dimensional wire probe has been functioned with 

utilizing of a constant temperature anemometer (CTA) at 

the over and wake of airfoil (at the distance of 1c and 

2c). The probe has been run with the intervals of x/c=0.1 

along the chord-wise via traverse system. 20480 data 

have been obtained with a sample rate of 2 kHz at 

selected x/c. Furthermore, the reference velocity probe 

has been used for probe calibration and the calibration 

error has been measured about ±1%.   

Regarding equations, averages of u and v velocity 

components, the velocity standard deviation, the 

turbulence intensity and Reynolds stresses have been 

calculated with Equation (1), Equation (2), Equation (3), 

Equation (4), respectively as follows:  

3 Results 

3.1 Smoke-wire results 

It is observed from Figure 3(a) that the flow separates 

(referred as S with green arrow) from x/c=0.2 and almost 

reattaches (referred as R with green arrow) to x/c=0.8, 

resulting in formation of long separation bubble. On the 

other hand, it is clearly seen that size of LSB is reduced 

with the using of partial flexible membrane. Because 

LSB is occurred between x/c=0.2 and x/c=0.5. Flexible 

membrane causes the flow to gain momentum and this 

momentum transfer ensures the separated flow to 

reattaches at x/c=0.5. Therefore, the reduction of 50% 

(0.3c) at size of LSB is observed.   

a) 

b) 

Fig. 3. Smoke-wire results for Re=5x104, α=8º and z/s=0.4   
a) uncontrolled case [19], b) partial flexible airfoil.
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Figure 4 and Figure 5 have indicated tip-vortices 

formation at α=12° and at α=20° for both uncontrolled 

case and partially flexible airfoil, respectively. It has 

been clearly noticed from the figures that size of tip-

vortices has decreased with using of membrane material. 

Moreover, the wake region of partially flexible skinned 

airfoil has narrower than the wake region of uncontrolled 

case, meaning that airfoil drag force and coefficient 

decreased. Thereby, utilizing the membrane material 

over suction surface of the airfoil causes aerodynamic 

performance to increase.  

a) 

b) 

Fig. 4. Smoke wire results for Re=5x104, α=12º and z/s=0.1  
a) uncontrolled case, b) partial flexible airfoil.

a) 

b) 

Fig. 5. Smoke wire results for Re=5x104, α=20º and z/s=0.1  
a) uncontrolled case, b) partial flexible airfoil.

3.2 Velocity Distribution and Turbulence 
Statistics 

Velocity measurement and turbulence statistics including 

turbulence intensity and Reynolds stresses at Re=5x104 

and α=8º are investigated for better understanding of 

using of partial flexible membrane over suction surface 

of airfoil. Uncontrolled case of velocity measurement (in 

Figure 6(a)) reveal that flow separation which is caused 

by adverse pressure gradient (APG) occurs between 

x/c=0.4 and x/c=0.5 and lower velocity region at 

leading-edge is observed. But, as seen in Figure 6(b), 

amount of velocity over suction surface is apparently 

increased via flexible membrane, causing the increase of 

lift and aerodynamic performance. Furthermore, 

separated flow does not nearly occur over suction 

surface and energized flow by using flexible membrane 

causes the separated shear layer to approach the surface 

of airfoil.  

a) 

b) 

Fig. 6. Velocity measurements results for Re=5x104, α=8º and 

z/s=0.4 a) uncontrolled case, b) partial flexible airfoil. 

Results of Reynolds stresses and turbulent intensity for 

both uncontrolled case and partially flexible airfoil are 

shown in Figure 7 and Figure 8, respectively. Different 

contour colours at both Reynolds stress and turbulent 

intensity indicate amount of fluctuations in the shear 

layer and flow-field. As seen in Figure 7(a) and Figure 

8(a), fluctuations have increased at x/c=0.42, showing 

the transition to turbulence. As remarked at study of 

Koca et al. [9], vortex shedding driven by both LSB and 

trailing edge have especially played a dominant role 

between x/c=1.1 and x/c=1.25 (near wake of airfoil). 

This means that larger vortices having lower frequency 
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have occurred in this region, causing the drag forces to 

increase. On the other hand, transition point is x/c=0.39 

when membrane material has been used over suction 

surface as a flow controller. That is, transition point has 

moved towards to leading edge. Unlike the uncontrolled 

case, fluctuations because of vortex sheds at near wake 

are less, meaning less drag force and steadier flow in 

terms of aerodynamic performance.  

a) 

b) 

Fig. 7. Reynolds Stress results for Re=5x104, α=8º and z/s=0.4 

a) uncontrolled case, b) partially flexible airfoil.

a) 

b) 

Fig. 8. Turbulence intensity results for Re=5x104, α=8º and z/

s=0.4 a) uncontrolled case, b) partially flexible airfoil. 

 Conclusion 

The objective of this experimental based study is to 

investigate the flow phenomena such as flow separation 

and LSB over suction surface of NACA 4412 airfoil 

with AR=1 at Re= 5x104 and different angles of attack. 

After flow investigation, flexible membrane material has 

been partially mounted between x/c=0.2 and x/c=0.7 to 

understand how membrane material has affected the 

flow characteristics under same flow condition. Smoke-

wire experiment has been performed for z/c=0.1 and 

z/c=0.4 to observe LSB formation, flow separation and 

tip vortices at α=8º, α=12º α=20º. Additionally, hot-wire 

experiment have been employed to obtain velocity 

distributions, Turbulent intensity and averaged Reynolds 

stresses at α=8º. Results showed as follows:  

- Smoke-wire results along z/c=0.4 indicated that along

LSB have formed over suction surface of uncontrolled

case between x/c=0.2 and x/c=0.8 at α=8º. Utilizing

flexible membrane material over surface have obviously

affected the flow characteristics especially by decreasing

the size of LSB.

- Smoke-wire results along z/c=0.1 showed that

increasing of angles of attack from α=12º to α=20º have

led to improve the formation of tip-vortices throughout

mid-span and wake region of uncontrolled case. For both

angles of attack, tip-vortices have gradually been

narrower especially at near wake region as partially

flexible membrane material have been used, causing

effect of drag forces to mitigate.

- Velocity distribution from hot-wire results

demonstrated that LSB and flow separation have formed

near at mid-span of uncontrolled case and α=8º because

of APG, while these flow phenomena have suppressed

by making the flow to reattaches to surface with use of

flexible material.

- Finally, vortex sheds and amount of fluctuations

obtained from turbulent statics including turbulent

intensity and Reynolds stresses have illustrated that

onset of transition have occurred at x/c=0.42 and α=8º

and it has moved towards to leading-edge as flexible

membrane has been used. Moreover, vortex sheds

coming from both LSB and trailing-edge have played

prevailing role on near wake region for the uncontrolled

case, whilst mounting flexible material have restrained

the power of fluctuations by doing damping effect,

resulting in presence of narrower wake region

(inherently meaning of lower drag forces).
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