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Abstract

Most of small air vehicles with moving wing fly at low Reynolds number condition and the reduced frequency of the 

moving wing ranges from 0.0 to 1.0. The physical phenomena over the wing dramatically vary with the reduced frequency. 

This study examines experimentally the effect of the reduced frequency at low Reynolds number. The NACA0012 airfoil 

performs sinusoidal pitching motion with respect to the quarter chord with the four reduced frequencies of 0.1, 0.2, 0.4 and 

0.76 at the Reynolds number 2.3×104. Smoke-wire flow visualization, unsteady surface pressure measurement, and unsteady 

force calculation are conducted. At the reduced frequency of 0.1 and 0.2, various boundary layer events such as reverse 

flow, discrete vortices, separation and reattachment change the amplitude and the rotation direction of the unsteady force 

hysteresis. However, the boundary layer events abruptly disappear at the reduced frequency of 0.4 and 0.76. Especially at the 

reduced frequency of 0.76, the local variation of the unsteady force with respect to the angle of attack completely vanishes. 

These results lead us to the conclusion that the unsteady aerodynamic characteristics of the reduced frequency of 0.2 and 0.4 

are clearly distinguishable and the unsteady aerodynamic characteristics below the reduced frequency of 0.2 are governed by 

the boundary layer events.  

Key words:  Reduced frequency effect, Pitching NACA0012 airfoil, Smoke-wire visualization, Unsteady lift coefficient, Unsteady 

pressure drag coefficient 

Nomenclature

Rec Reynolds number based on airfoil chord length

C airfoil chord length

C(K)        Theodorsen function

Cl lift coefficient

Cd pressure drag coefficient

Cp pressure coefficient

f oscillating frequency 

K reduced frequency, K=πfC/U∞

U∞ free-stream velocity

x    free-stream direction from the leading edge

xp  chord-wise distance from the leading edge to the 

rotation position

α angle of attack 

αa angle-of-attack oscillation amplitude 

αm mean angle of attack 

α0 angle of attack in the mean position 

α0l zero-lift angle of attack

αunsteady angle of attack for a pitching airfoil
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αs    angle of attack for a static airfoil

αd angle of attack during downstroke motion

αu angle of attack during upstroke motion

ω angular velocity

t time

AOA angle of attack

1. Introduction

For a pitching airfoil, angle of attack (AOA) and reduced 

frequency (K) are known to be the most effective parameters 

influencing the unsteady force generation. Regarding the 

AOA effect, unsteady aerodynamic characteristics can be 

divided into two regimes: beyond the stall angle [1, 2, 3, 

4] and below the stall angle [5, 6, 7, 8]. McAlister and Carr 

[1] and Ohmi et al. [2] observed the formation of leading 

edge vortex (LEV) and trailing edge vortex (TEV) with a 

large scale beyond the stall angle, and the behavior of LEV 

and TEV influences the unsteady force generation. Below 

the stall angle, the time delay of unsteady aerodynamic 

characteristic has to be considered. Ericsson [5] observed 

that the velocity profile in the boundary layer region was 

accelerated or inflected depending on the airfoil motion in 

the vicinity of the stagnation point and concluded that this 

phenomenon might be the main reason for the time delay 

of unsteady aerodynamic characteristics. Thereby, the time 

delay is considered to play an important role in unsteady 

force generation below the stall angle. 

Kim et al. [6, 7, 8] systematically studied the flow structure 

and unsteady force generation for a pitching airfoil at three 

low Reynolds numbers (Rec=2.3×104, 3.3×104, and 4.8×104) 

below the stall angle (αm=0°, αa=±6°). They presented the 

various flow structures, including the separation bubble 

formation in the boundary layer. In their flow visualization 

results (Fig. 5 in Ref. 6), the clockwise-rotating vortex was 

initiated immediately after the separation bubble formation 

and the two clockwise-rotating vortices are generated 

sequentially along the airfoil chord direction. The vortices 

interact and combine with the reverse flow generated. The 

counterclockwise and clockwise-rotating vortices in the 

reverse flow were formed in the vicinity of the trailing edge 

[7] and they convected into the wake region while interacting 

each other. Koochesfahani [9] reported the various vortical 

structures in the wake region of a pitching airfoil, which were 

clearly different from the Karman vortex sheet. The mean 

velocity magnitude in that wake region at a certain reduced 

frequency exceed that of the free-stream velocity [10, 11]. 

This means the dwindling of wake defect, and thrust force 

can be generated from an oscillating airfoil. 

The flow structures of an oscillating airfoil are influenced 

by Reynolds number, reduced frequency, airfoil geometry, 

and motion parameters of the oscillation [7, 9]. For example, 

the phase angles corresponding to the onset of boundary 

layer events decrease as Reynolds number increases. This 

implies that boundary layer events are promoted with the 

increase of Reynolds number. The variation of the phase 

angles corresponding to boundary layer events onset can 

be expressed as Δωt/ΔRec=−10.8×10−4 at K=0.1 [8]. While 

the phase angles corresponding to onset of boundary layer 

events increase as the reduced frequency increases [8, 12]. 

The reference 8 showed that the transition point occurred at 

phase angle of 120° with K=0.1, but at phase angle of 150° 

with K=0.2, and that the transition point behavior exhibited 

nonlinear variation with respect to AOA. The reduced 

frequency, therefore, acts in the opposite direction of 

Reynolds number in the unsteady flow field. 

Most of small air vehicles with moving wing normally 

operate under unsteady flow conditions and at the range of 

Reynolds numbers from 103 to 105 [13, 14]. It is observed that 

the aerodynamic characteristics at this range of low Reynolds 

numbers deviate remarkably from the classical results [15, 16]. 

Kim et al. [15] observed nonlinear variation of lift coefficient 

with respect to AOA (0°≤α≤6°) at Rec=2.3×104, 3.3×104, and 

4.8×104 for a static NACA0012 airfoil. They asserted that 

the nonlinear variation of the lift coefficient was attributed 

to the separation bubble formation. Laitone [16] similarly 

observed the nonlinear behavior of the lift coefficient at 

Rec=7.0×104 for various types of wings. All of these previous 

studies show that aerodynamic characteristics at the low 

Reynolds number range is complicated and more efforts 

are necessary to clarify many ambiguous phenomena of the 

unsteady aerodynamic characteristics at the low Reynolds 

number range and apply them to practical problems. This 

study examines experimentally the effect of the reduced 

frequency at low Reynolds number. The NACA0012 airfoil 

performs sinusoidal pitching motion with respect to the 

quarter chord with the four reduced frequencies of 0.1, 0.2, 

0.4 and 0.76 at the Reynolds number 2.3×104. Smoke-wire 

flow visualization, unsteady surface pressure measurement, 

and unsteady force calculation are conducted.

2. Experimental apparatus

The experiment was conducted in the low-speed wind 

tunnel with a test section size of 0.5 m (H) × 0.5 m (W) × 1.4 

m (L). An NACA0012 airfoil with a chord length of 0.18 m was 

vertically installed in the test section. The airfoil was pitched 

at the quarter chord with an oscillating AOA of α(t)=0°± 6°sin 
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(ωt). For the flow visualization, a Teikoku alloy wire with 

a diameter of 0.14 mm and six 1 kW halogen lamps were 

used. The wire was installed at 3 mm downstream from the 

trailing edge. A Nikon F-100 camera was used for the flow 

visualization. Snapshots were taken with a uniform AOA 

interval of αunsteady=1.0° firstly, and then shots were obtained 

with a non-uniform interval to capture the flow structure for 

a specific AOA in detail. The schematics of the test section 

and the visualization system is shown in Fig. 1. Details of the 

experimental apparatus were described in Kim and Chang 

[6]. The employed reduced frequencies K were 0.1, 0.2, 0.4, 

and 0.76. The Reynolds number based on the airfoil chord 

length Rec was 2.3×104. Chang & Eun [4] studied the effect 

of the reduced frequency (K=0.1 and 0.7) for the near-wake 

of the oscillating elliptic airfoil at Rec=3.3×104. Their results 

showed that the streamwise velocity and turbulent intensity 

in the near-wake region abruptly changed between K=0.1 

and 0.7. Therefore, it was reasoned that the boundary layer 

events changed in the reduced frequency range between 

K=0.1 and 0.7. The determination of the reduced frequency 

of the present study started from this previous study. 

Unsteady force was obtained by integrating unsteady 

pressure on the airfoil surface. When unsteady pressure was 

measured using pneumatic tubing, the phase and magnitude 

of the measured unsteady pressure are different from those 

of the actual pressure because the pressure signal is distorted 

when it transfers through the pneumatic tubing. Kim et al. 

[8] developed the procedure of correcting the distorted 

unsteady pressure by using the pressure transfer function 

and spectral analysis. This procedure provided an excellent 

result for correcting the distortion of the actual unsteady 

pressure signal. The same procedure was employed in the 

present study. The details of the distortion correction are 

described in Kim et al. [8]. 

Pressure transducer (±0.25 in H2O) was employed to 

measure low-amplitude pressure with high accuracy. A 

total of 120 samples were measured per cycle and the trigger 

signal was simultaneously recorded at αunsteady=0°. Data 

were ensemble-averaged over 300 cycles to decrease the 

uncertainty level. Uncertainty estimation was conducted 

according to the procedure suggested by AIAA [17]. The 

uncertainty of the unsteady pressure was less than 1.8% and 

that of the unsteady force was less than 4.2%. 

3. Results and discussion

3.1 Flow visualization 

Figures 2 through 5 compare the flow visualization results 

of the different reduced frequencies. The Reynolds number 

are the same (Rec=2.3×104), and the reduced frequencies 

are 0.1, 0.2, 0.4 and 0.76 for Fig. 2, Fig. 3, Fig. 4, and Fig. 5, 

respectively.  In each figure, the flow direction was from left to 

right, and the smoke wire was installed at 3 mm downstream 

from the trailing edge. Kim and Chang [6] examined the 

flow structure in the boundary layer of the same experiment 

model with the smoke-wire located ahead of the leading 

edge. Their study showed the absence of LEV and TEV and 

guaranteed the AOA range of the present study is below the Fig. 1.  Schematic of test section and visualization system [6, 7]

          

                                      (a) αu=4.2˚                                                                        (b) αu=5.0˚                                                                             (c) αu=5.4˚        

          

                                      (d) αu=5.6˚                                                                       (e) αu=5.8˚                                                                              (f ) αunsteady=6.0˚

Fig. 2. Flow visualization at K=0.1 [6,7] 

First trailing-edge-vortex

Second trailing-edge-vortex
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stall angle.

At K=0.1, the reverse flow started at the trailing edge 

moves toward the leading edge at approximately αu =3.0° 

and is retained up to αunsteady=6.0° during upstroke. The 

clockwise-rotating vortex (“first trailing edge vortex” in 

Fig. 2b) was formed at αu=5.0° in the upper wake region. 

Sequentially, the counterclockwise-rotating vortex (“second 

trailing edge vortex” in Fig. 2c) is observed at αu=5.4°. At this 
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 13

 

 

 

 

 

 

   

             (a) αu=4.3˚                                  (e) αd=4.3˚ 

   

(b) αunsteady=6.0˚                                (f) αd=4.0˚ 

   

(c) αd=4.8˚                                  (g) αd=3.7˚ 
 

Fig. 3. Flow visualization at K=0.2 

     

 13

 

 

 

 

 

 

   

             (a) αu=4.3˚                                  (e) αd=4.3˚ 

   

(b) αunsteady=6.0˚                                (f) αd=4.0˚ 

   

(c) αd=4.8˚                                  (g) αd=3.7˚ 
 

Fig. 3. Flow visualization at K=0.2 

                                      (a) αu=4.3˚                                                                       (b) αunsteady=6.0˚                                                                 (c) αd=4.8˚         

 13

 

 

 

 

 

 

   

             (a) αu=4.3˚                                  (e) αd=4.3˚ 

   

(b) αunsteady=6.0˚                                (f) αd=4.0˚ 

   

(c) αd=4.8˚                                  (g) αd=3.7˚ 
 

Fig. 3. Flow visualization at K=0.2 

     

 13

 

 

 

 

 

 

   

             (a) αu=4.3˚                                  (e) αd=4.3˚ 

   

(b) αunsteady=6.0˚                                (f) αd=4.0˚ 

   

(c) αd=4.8˚                                  (g) αd=3.7˚ 
 

Fig. 3. Flow visualization at K=0.2 

     

 13

 

 

 

 

 

 

   

             (a) αu=4.3˚                                  (e) αd=4.3˚ 

   

(b) αunsteady=6.0˚                                (f) αd=4.0˚ 

   

(c) αd=4.8˚                                  (g) αd=3.7˚ 
 

Fig. 3. Flow visualization at K=0.2 

                                      (d) αu=4.3˚                                                                       (e) αd=4.0˚                                                                         (f ) αd=3.7˚

Fig. 3. Flow visualization at K=0.2

          

                                      (a) αu=2.0˚                                                                       (b) αu=2.6˚                                                                          (c) αu=3.0˚        

          

                                      (d) αu=3.5˚                                                                       (e) αu=4.5˚                                                                          (f ) αu=4.7˚

          

                                      (g) αunsteady=6.0˚                                                              (h) αd=5.0˚

Fig. 4. Flow visualization at K=0.4

          

                               (a) αu=-1.3˚                                                             (b) αu=0.7˚                                                                       (c) αu=4.1˚       

          

                               (d) αunsteady=6.0˚                                                      (e) αd=4.0˚                                                                       (f ) αd=0.7˚

          

                               (g) αd=-1.7˚                                                             (h) αd=-4.8˚

Fig. 5. Flow visualization at K=0.76
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time the second trailing edge vortex which rotates in the 

counterclockwise direction, is positioned over the center 

of the wake. These vortical structures are different from 

the Karman vortex sheet which rotates in the clockwise 

direction in the upper wake part [9, 12]. These interesting 

flow structures are similarly observed at K=0.2, but the 

corresponding AOA range is delayed compared to that of 

K=0.1. The results of K=0.1 and 0.2 are similar to those of Kim 

et al. [8] and Kim and Park [12].

At K=0.4 (Fig. 4), the reverse flow is no longer observed over 

the airfoil surface and the counter-rotating vortices A and B 

positioned in tandem in the wake (in Fig. 4c). Similarly, the 

reverse flow is not formed over the airfoil surface at K=0.76 

(Fig. 5). Also the vortical structure in the wake is significantly 

bent into the opposite direction with respect to the motion 

direction of the trailing edge and it shows an asymmetry 

(Figs. 5c and 5h). In summary, the reverse flow occurs and 

the vortical flow is convected into downstream interacting 

each other at K=0.1, 0.2. While at K=0.4 and 0.76 the reverse 

flow and the vortical flow structure are not observed over the 

airfoil surface. Instead, the unusual vortical flow structure is 

observed in the wake region. Therefore, it is speculated that 

as the reduced frequency increases over a certain reduced 

frequency between K=0.2 and 0.4, the vortical flow structure 

in the boundary layer vanishes and the unsteady force is 

simply influenced by the airfoil motion. 

 

3.2 Unsteady pressure coefficient

The unsteady pressure distributions on the airfoil surface 

during a cycle are shown in Fig. 6. In each figure, x/C  indicates 

the free-stream direction from the leading edge. Thus,  

x/C=0.0 refers to the leading edge and x/C=1.0 indicates 

the trailing edge. The unsteady pressure coefficients in 2D 

domain at αd=4.0°, 2.0°, and 0.0° are compared in Figs. 7a, 7b, 

and 7c. Fig. 7d compares the transition point variation with 

respect to the reduced frequency. Usually separation bubble 

is formed in the boundary layer at Rec=2.3×104 [15,18], and 

the pressure coefficient within separation bubble has almost 

constant value along the chord-wise direction, which is 

called plateau region. The boundary layer transits from 

laminar to turbulent at the end of the plateau region and the 

end point of plateau region can be considered as a transition 

point [19]. The transition points shown in Fig. 7d actually 

indicate the positions of the end points of the plateau region. 

In Fig. 6, the plateau region is observed at K=0.1, 0.2 during 

downstroke. However, the phase angle corresponding to 

the transition point is gradually delayed with the increase 

of reduced frequency as shown in Fig. 7d. At K=0.1, 0.2, the 

amount of the phase delay of the boundary layer events can 

be expressed as 

 7

In Fig. 6, the plateau region is observed at K=0.1, 0.2 during downstroke. However, the phase angle corresponding to 

the transition point is gradually delayed with the increase of reduced frequency as shown in Fig. 7d. At K=0.1, 0.2, the 
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3.3 Unsteady forces  

Figure 8 shows the unsteady lift coefficients calculated from the unsteady pressure distribution. The unsteady lift 

coefficients of the inviscid flow are also presented in Fig. 8, which are obtained by following Theodorsen’s analytic 

solution [20, 21]. Even though Theodorsen’s analytic solution has several non-physical assumptions, it can give a guide for 

a simple qualitative comparison. Data presented in Fig. 8 used the Theodorsen’s function C(K) from the Reference 22.  

, 
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At K=0.1 (Fig. 8a), the unsteady lift coefficient abruptly increases between αu =5.0° and 6.0° from C l =0.4 to 0.6. At 

this moment, trailing edge vortices (Fig. 2b) and discrete vortices (Fig. 2e) are formed in the boundary layer. During 

=2.62 [8]. At K=0.4 the plateau region 

almost disappears except the region around the trailing edge 

at αd=0° and but at K=0.76 the plateau region completely 

vanishes. As shown in Figs. 6a, 6b, the phase angles 

corresponding to the onset of boundary layer events are 

gradually delayed with the increase of the reduced frequency 

and they are physically limited by a half-cycle (in this study, 

αu=0°→ αunsteady=+6° → αd=0°). In Fig. 6c (K=0.4), the phase 

delay in the boundary layer events is maximized up to αd=0°, 

            

                                                                (a) K=0.1[7]                                                                                                           (b) K=0.2

            

                                                                (c) K=0.4                                                                                                                (d) K=0.76

Fig. 6. Unsteady pressure coefficients and transition point
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which shows the intensified pressure distribution over the 

trailing edge. Therefore, there is no extra physical space 

which is needed for the delay of the boundary layer events 

for K≥0.4 and the boundary layer events over the airfoil 

surface disappear at K=0.76. 

Figures. 7a, 7b, and 7c show the unsteady pressure 

coefficients in 2D domain at αd=4.0°, 2.0°, and 0.0°, 

respectively. The plateau regions are not observed at 

K=0.4, 0.76 while they clearly observed at K=0.1, 0.2. This 

phenomenon comes from the reduced frequency effect at 

the low Reynolds number. The boundary layer events such 

as the separation bubble formation vanish for K≥0.4 and 

the unsteady pressure patterns are very similar with those 

of the inviscid flows. It can be concluded that the reduced 

frequency effect is the most influencing factor deciding the 

behavior of the unsteady boundary layer at the low Reynolds 

number region.

3.3 Unsteady forces 

Figure 8 shows the unsteady lift coefficients calculated 

from the unsteady pressure distribution. The unsteady lift 

coefficients of the inviscid flow are also presented in Fig. 

8, which are obtained by following Theodorsen’s analytic 

solution [20, 21]. Even though Theodorsen’s analytic solution 

has several assumptions, it can give a guide for a simple 

qualitative comparison. Data presented in Fig. 8 used the 

Theodorsen’s function C(K) from the Reference 22. 

     

                                                                             (a) αd=4.0˚                                                                                                       (b) αd=2.0˚  
 

     

                                                                              (c) αd=0.0˚                                                                                       (d) Transition point variation

Fig. 7. Unsteady pressure coefficient and transition points variation

Angle-of-attack
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concluded that the reduced frequency effect is the most influencing factor deciding the behavior of the unsteady boundary 
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this moment, trailing edge vortices (Fig. 2b) and discrete 

vortices (Fig. 2e) are formed in the boundary layer. During 

downstroke, reattachment is retained for certain duration 

[6], and this causes the higher lift during downstroke than 

upstroke. The boundary layer events at K=0.2 (Fig. 8b) 

are much delayed when compared to those of K=0.1 and 

the AOA corresponding to the maximum lift difference 

between upstroke and downstoke moves from αs=5.0° 

to αs=0.0°. At K=0.4 (Fig. 8c), the unsteady lift difference 

between upstroke and downstoke remarkably decreases 

while at K=0.76 (Fig. 8d) the rotation direction of the lift 
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The Fig. 8 also shows that the rotation direction of the 
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clockwise. This value of the reduced frequency is lower than 

that of the present data. Theodorsen’s solution is based on 

the inviscid flow and the difference of the reduced frequency 

between Theodorsen’s solution and the present data can be 

considered to be the viscous effect. 

Fig. 9 shows that the maximum lift coefficients and their 

slope gradually decrease with the increase of reduced 

frequency. The relationship between the lift coefficient and 

the reduced frequency and that between the slope of the 

maximum lift coefficient and the reduced frequency are as 

follows. 

Cl,max≈0.0564K−0.7271+0.3473 (2)

     

                                                                                      (a) K=0.1[7]                                                                                   (b) K=0.2  

 

     

                                                                                       (c) K=0.4                                                                                     (d) K=0.76

Fig. 8. Unsteady lift coefficients

Angle of attack(deg.) Angle of attack(deg.)

Angle of attack(deg.) Angle of attack(deg.)

(08~16)16-053.indd   14 2017-04-04   오후 7:24:09



15

Dong-Ha Kim    Unsteady Aerodynamic Characteristics depending on Reduced Frequency for a Pitching NACA0012 Airfoil ...

http://ijass.org

 8

downstroke, reattachment is retained for certain duration [6], and this causes the higher lift during downstroke than 

upstroke. The boundary layer events at K=0.2 (Fig. 8b) are much delayed when compared to those of K=0.1 and the AOA 

corresponding to the maximum lift difference between upstroke and downstoke moves from αs =5.0° to αs =0.0°. At K=0.4 

(Fig. 8c), the unsteady lift difference between upstroke and downstoke remarkably decreases while at K=0.76 (Fig. 8d) the 

rotation direction of the lift hysteresis loop changes.  

The Fig. 8 also shows that the rotation direction of the lift hysteresis loop depends dramatically on the reduced 

frequency. The rotation direction of the lift hysteresis loop is counterclockwise at K=0.1, 0.2, and 0.4, while it is clockwise 

at K=0.76. This result indicates that the phase of the unsteady lift is delayed at K=0.1, 0.2, and 0.4. The reduced frequency 

around K=0.4 appears to be the critical value for the determining unsteady lift. In the Theodorsen’s analytic solution, the 

rotation direction of the hysteresis loop changes between K=0.1 and 0.2 from counterclockwise to clockwise. This value of 

the reduced frequency is lower than that of the present data. Theodorsen’s solution is based on the inviscid flow and the 

difference of the reduced frequency between Theodorsen’s solution and the present data can be considered to be the viscous 

effect.  

Figure 9 shows the variation of maximum lift coefficients. Fig. 9 shows that the maximum lift coefficients and their 

slope gradually decrease with the increase of reduced frequency. The relationship among the maximum lift coefficient, the 

slope of the maximum lift coefficient, and the reduced frequency are extracted. The relationships follow Cl,max ≈ 

0.0564K−0.7271 + 0.3473 and  ≈ 0.1878K−0.7467 + 3.4560. In the sectional pressure distribution (Fig. 7), the values of the 

negative pressure coefficient on the middle of the airfoil suction side at K=0.1 and 0.2 are higher than those of K=0.4 and 

0.76. This is due to the boundary layer events such as the separation and the reattachment (separation bubble). The 

boundary layer events are not occurred at K=0.4 and 0.76 and the increase of the reduced frequency imposes a negative 

influence on the lift generation in the reduced frequency range of the present study.  

Figure 10 shows the unsteady pressure drag coefficient obtained by integrating the unsteady pressure distribution 

measured. At K=0.1, 0.2, the unsteady pressure drag coefficient shows an untidy distribution with respect to AOA because 

of various boundary layer events. Between K=0.2 and 0.4, the magnitude of the drag hysteresis loop abruptly increases and 

this is attributed to the disappearance of boundary layer events at K=0.4 and K=0.76. The average drag coefficient during a 

cycle  decreases as the reduced frequency increases with the relationship of  ≈ −0.0157.  

≈0.1878K−0.7467+3.4560 (3)
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the negative pressure coefficient on the middle of the airfoil 
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and 0.76. This is due to the boundary layer events such as the 

separation and the reattachment. The boundary layer events 

are not occurred at K=0.4 and 0.76 and the increase of the 

reduced frequency imposes a negative influence on the lift 

generation in the reduced frequency range of the present 

study. 

Fig. 10 shows the unsteady pressure drag coefficient 

obtained by integrating the unsteady pressure distribution 

measured. At K=0.1, 0.2, the unsteady pressure drag 

coefficient shows an untidy distribution with respect to AOA 

because of various boundary layer events. The magnitude 

of the drag hysteresis loop of K=0.4 and K=0.76 increases 

significantly compared to that of K=0.1 and K=0.2. The 

disappearance of boundary layer events at higher reduced 

frequencies makes this significant increase of the magnitude 

of the drag hysteresis loop. The average drag coefficient 

during a cycle  decreases as the reduced frequency increases 

with the relationship of 
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downstroke, reattachment is retained for certain duration [6], and this causes the higher lift during downstroke than 

upstroke. The boundary layer events at K=0.2 (Fig. 8b) are much delayed when compared to those of K=0.1 and the AOA 

corresponding to the maximum lift difference between upstroke and downstoke moves from αs =5.0° to αs =0.0°. At K=0.4 

(Fig. 8c), the unsteady lift difference between upstroke and downstoke remarkably decreases while at K=0.76 (Fig. 8d) the 

rotation direction of the lift hysteresis loop changes.  

The Fig. 8 also shows that the rotation direction of the lift hysteresis loop depends dramatically on the reduced 

frequency. The rotation direction of the lift hysteresis loop is counterclockwise at K=0.1, 0.2, and 0.4, while it is clockwise 

at K=0.76. This result indicates that the phase of the unsteady lift is delayed at K=0.1, 0.2, and 0.4. The reduced frequency 

around K=0.4 appears to be the critical value for the determining unsteady lift. In the Theodorsen’s analytic solution, the 

rotation direction of the hysteresis loop changes between K=0.1 and 0.2 from counterclockwise to clockwise. This value of 

the reduced frequency is lower than that of the present data. Theodorsen’s solution is based on the inviscid flow and the 

difference of the reduced frequency between Theodorsen’s solution and the present data can be considered to be the viscous 

effect.  

Figure 9 shows the variation of maximum lift coefficients. Fig. 9 shows that the maximum lift coefficients and their 

slope gradually decrease with the increase of reduced frequency. The relationship among the maximum lift coefficient, the 

slope of the maximum lift coefficient, and the reduced frequency are extracted. The relationships follow Cl,max ≈ 

0.0564K−0.7271 + 0.3473 and  ≈ 0.1878K−0.7467 + 3.4560. In the sectional pressure distribution (Fig. 7), the values of the 

negative pressure coefficient on the middle of the airfoil suction side at K=0.1 and 0.2 are higher than those of K=0.4 and 

0.76. This is due to the boundary layer events such as the separation and the reattachment (separation bubble). The 

boundary layer events are not occurred at K=0.4 and 0.76 and the increase of the reduced frequency imposes a negative 

influence on the lift generation in the reduced frequency range of the present study.  

Figure 10 shows the unsteady pressure drag coefficient obtained by integrating the unsteady pressure distribution 

measured. At K=0.1, 0.2, the unsteady pressure drag coefficient shows an untidy distribution with respect to AOA because 

of various boundary layer events. Between K=0.2 and 0.4, the magnitude of the drag hysteresis loop abruptly increases and 

this is attributed to the disappearance of boundary layer events at K=0.4 and K=0.76. The average drag coefficient during a 

cycle  decreases as the reduced frequency increases with the relationship of  ≈ −0.0157.  ≈−0.0157. 

4. Conclusion

Experiments were performed using a pitching NACA0012 

airfoil to elucidate the reduced frequency effect at 

Rec=2.3×104. Smoke-wire visualization and unsteady pressure 

measurement were conducted and the unsteady force was 

calculated from the pressure distribution measured. 

As reduced frequency increase, the pressure distribution 

and the unsteady force are significantly delayed with respect 

to AOA. The relationships between the maximum lift and 

the lift slope with the reduced frequency are expressed by 

Cl,max≈0.0564K−0.7271+0.3473, 
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downstroke, reattachment is retained for certain duration [6], and this causes the higher lift during downstroke than 

upstroke. The boundary layer events at K=0.2 (Fig. 8b) are much delayed when compared to those of K=0.1 and the AOA 

corresponding to the maximum lift difference between upstroke and downstoke moves from αs =5.0° to αs =0.0°. At K=0.4 

(Fig. 8c), the unsteady lift difference between upstroke and downstoke remarkably decreases while at K=0.76 (Fig. 8d) the 

rotation direction of the lift hysteresis loop changes.  

The Fig. 8 also shows that the rotation direction of the lift hysteresis loop depends dramatically on the reduced 

frequency. The rotation direction of the lift hysteresis loop is counterclockwise at K=0.1, 0.2, and 0.4, while it is clockwise 

at K=0.76. This result indicates that the phase of the unsteady lift is delayed at K=0.1, 0.2, and 0.4. The reduced frequency 

around K=0.4 appears to be the critical value for the determining unsteady lift. In the Theodorsen’s analytic solution, the 

rotation direction of the hysteresis loop changes between K=0.1 and 0.2 from counterclockwise to clockwise. This value of 

the reduced frequency is lower than that of the present data. Theodorsen’s solution is based on the inviscid flow and the 

difference of the reduced frequency between Theodorsen’s solution and the present data can be considered to be the viscous 

effect.  

Figure 9 shows the variation of maximum lift coefficients. Fig. 9 shows that the maximum lift coefficients and their 

slope gradually decrease with the increase of reduced frequency. The relationship among the maximum lift coefficient, the 

slope of the maximum lift coefficient, and the reduced frequency are extracted. The relationships follow Cl,max ≈ 

0.0564K−0.7271 + 0.3473 and  ≈ 0.1878K−0.7467 + 3.4560. In the sectional pressure distribution (Fig. 7), the values of the 

negative pressure coefficient on the middle of the airfoil suction side at K=0.1 and 0.2 are higher than those of K=0.4 and 

0.76. This is due to the boundary layer events such as the separation and the reattachment (separation bubble). The 

boundary layer events are not occurred at K=0.4 and 0.76 and the increase of the reduced frequency imposes a negative 

influence on the lift generation in the reduced frequency range of the present study.  

Figure 10 shows the unsteady pressure drag coefficient obtained by integrating the unsteady pressure distribution 

measured. At K=0.1, 0.2, the unsteady pressure drag coefficient shows an untidy distribution with respect to AOA because 

of various boundary layer events. Between K=0.2 and 0.4, the magnitude of the drag hysteresis loop abruptly increases and 

this is attributed to the disappearance of boundary layer events at K=0.4 and K=0.76. The average drag coefficient during a 

cycle  decreases as the reduced frequency increases with the relationship of  ≈ −0.0157.  

≈0.1878K−0.7467+3.4560, and 
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downstroke, reattachment is retained for certain duration [6], and this causes the higher lift during downstroke than 

upstroke. The boundary layer events at K=0.2 (Fig. 8b) are much delayed when compared to those of K=0.1 and the AOA 

corresponding to the maximum lift difference between upstroke and downstoke moves from αs =5.0° to αs =0.0°. At K=0.4 

(Fig. 8c), the unsteady lift difference between upstroke and downstoke remarkably decreases while at K=0.76 (Fig. 8d) the 

rotation direction of the lift hysteresis loop changes.  

The Fig. 8 also shows that the rotation direction of the lift hysteresis loop depends dramatically on the reduced 

frequency. The rotation direction of the lift hysteresis loop is counterclockwise at K=0.1, 0.2, and 0.4, while it is clockwise 

at K=0.76. This result indicates that the phase of the unsteady lift is delayed at K=0.1, 0.2, and 0.4. The reduced frequency 

around K=0.4 appears to be the critical value for the determining unsteady lift. In the Theodorsen’s analytic solution, the 

rotation direction of the hysteresis loop changes between K=0.1 and 0.2 from counterclockwise to clockwise. This value of 

the reduced frequency is lower than that of the present data. Theodorsen’s solution is based on the inviscid flow and the 

difference of the reduced frequency between Theodorsen’s solution and the present data can be considered to be the viscous 

effect.  

Figure 9 shows the variation of maximum lift coefficients. Fig. 9 shows that the maximum lift coefficients and their 

slope gradually decrease with the increase of reduced frequency. The relationship among the maximum lift coefficient, the 

slope of the maximum lift coefficient, and the reduced frequency are extracted. The relationships follow Cl,max ≈ 

0.0564K−0.7271 + 0.3473 and  ≈ 0.1878K−0.7467 + 3.4560. In the sectional pressure distribution (Fig. 7), the values of the 

negative pressure coefficient on the middle of the airfoil suction side at K=0.1 and 0.2 are higher than those of K=0.4 and 

0.76. This is due to the boundary layer events such as the separation and the reattachment (separation bubble). The 

boundary layer events are not occurred at K=0.4 and 0.76 and the increase of the reduced frequency imposes a negative 

influence on the lift generation in the reduced frequency range of the present study.  

Figure 10 shows the unsteady pressure drag coefficient obtained by integrating the unsteady pressure distribution 

measured. At K=0.1, 0.2, the unsteady pressure drag coefficient shows an untidy distribution with respect to AOA because 

of various boundary layer events. Between K=0.2 and 0.4, the magnitude of the drag hysteresis loop abruptly increases and 

this is attributed to the disappearance of boundary layer events at K=0.4 and K=0.76. The average drag coefficient during a 

cycle  decreases as the reduced frequency increases with the relationship of  ≈ −0.0157.  ≈−0.0157 for 0.1≤K≤0.76. 

For K≤0.2, the vortical structures were observed in 

the boundary layer and near-wake region and these flow 

structures play an important role in the unsteady force 

generation. In this reduced frequency range, the boundary 

layer events induce the local variation in the lift. The lift 

is higher during downstroke than upstroke due to the 

reattachment which occurs only during downstroke. The drag 

shows rapid changes in the region of high angles of attack 

in oscillation. For K≥0.4 the boundary layer events were 

no longer observed and the flow resembles the boundary 

layer characteristics of the inviscid flow. The unsteady 

aerodynamic characteristics for a pitching NACA0012 airfoil 

depends critically on the reduced frequency for 0.1≤K≤0.76. 

The unsteady aerodynamic characteristics of the reduced 

frequency of 0.2 and 0.4 are clearly distinguishable.  
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