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Reduced Frequency Effects on the Near-Wake of an Oscillating 
Elliptic Airfoil 
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200-1, Hwajeon-dong, Deokyang-gu, Goyang City, Kyonggi-do 412-791, Korea 

An experimental study was carried out to investigate the reduced frequency effect on the 

near-wake of an elliptic airfoil oscillating in pitch. The airfoil was sinusoidally pitched around 

the center of the chord between --5 ° and +25 ° angles of attack at an airspeed of 3.4 m/s. The 

chord Reynolds number and reduced frequencies were 3.3;<104, and 0.1, 0.7, respectively. 

Phase-averaged axial velocity and turbulent intensity profiles are presented to show the reduced 

frequency effects on the near-wake behind the airfoil oscillating in pitch. Axial velocity defects 

in the near-wake region have a tendency to increase in response to a reduced frequency during 

pitch up motion, whereas it tends to decrease during pitch down motion at a positive angle of 

attack. Turbulent intensity at positive angles of attack during the pitch up motion decreased in 

response to a reduced frequency, whereas turbulent intensity during the pitch down motion 

varies considerably with downstream stations. Although the true instantaneous angle of attack 

compensated for a phase-lag is large, the wake thickness of an oscillating airfoil is not always 

large because of laminar or turbulent separation. 
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Nomenc la ture  
C Airfoil chord 

f Frequency of oscillation 

K Reduced frequency, K = n ' f C / U ~  

RN Chord Reynolds number 

T Time 

U~ Freestream velocity 

u Velocity component 

u' Turbulent velocity fluctuation 

X, Y ~ Streamwise, normal coordinates 

a ~ Instantaneous angle of attack 

a0 : Mean incidence angle 

a't ~ Oscillation amplitude angle 
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1. Introduction 

The study of tile near-wake characteristics of 

an oscillating airfoil is an important problem 

(Ho, 1981, Hah et al., 1982) with respect to noise 

generation, inefficiency, and the performance of 

interdependent devices(for example, the propel- 

ler, rotor blades, etc.). De Ruyck and Hirsch 

(1983) measured instantaneous velocity and tur- 

bulent intensity in the near wake of an oscillating 

airfoil at downstream stations from 0.007 C to 

0.2 C. They found a hysteretic phenomenon be- 

tween increasing and decreasing incidences in 

the neat" wake of an airfoil. Traditionally, the 

research on oscillating airfoils has focused on 

the flows in which the incidence oscillates close 

to tile static stall. However, recent developments 

in aircraft technology and turbomachines have 

increased the need to examine airfoils oscillating 

at large incidences in excess of the static stall 
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angle. Mayle (1991) presented laminar-turbulent 

phenomena and their role in aerodynamics in a 

gas turbine engine, with a discussion on the im- 

pact of transitional flow on engine design. Ac- 

cordingly, the trailing vortex wake influences the 

prediction of' these aerodynamic loads. 

The elliptic cylinder selected in this study has 

been used as an experimental model because of 

its significant scientific and engineering applica- 

tions(Ota et al., 1987 ; Modi and Dikshit, 1975). 

Accordingly, Takallu and Williams(1984) con- 

ducted a theoretical investigation on the lift 

hysteresis of an oscillating slender ellipse. They 

found that the direction of the predicted hysteresis 

loop changed from counterclockwise to clockwise 

as the mean angle of attack was increased from 

2 ° to an angle within the stall region. Ohmi et al. 

(1990) investigated the starting flows past an 

oscillating airfoil by using visualization experi- 

ments at an incidence from 0 ° to 45 °, where the Rr~ 

based on the chord length is between 1.5 x 103 and 

1.0x 104. Test results showed that the dominant 

parameter of the flow equals the reduced fre- 

quency in the entire range of incidences. Ohmi 

et a1.(1991) also investigated two additional 

parameters, which were airfoil cross-section and 

the pitching axis. They found that the displacem- 

ent of the pitching axis from the half-chord point 

to the one-third-chord point is accompanied by 

the variation of the rotation radius at the leading 

and trailing edges, and thus encourages the tran- 

sition from a parallel shedding to a synchronized 

shedding wake pattern. 

Chang et a1.(2003) measured the phase-avera- 

ged velocity and its fluctuation in the near wake 

region of an oscillating NACA 4412 airfoil to 

investigate Reynolds number effects. They showed 

that the Reynolds number cases of 1.9× 105 and 

4.1× 10 s have a minor effect in the near-wake 

region, whereas the Reynolds number effect is 

very large at the lowest Reynolds number which 

is 5.3× 104 . They tbund that a critical value of 

Reynolds number in their experiment exists be- 

tween 5.3×104 and 1.9×10 s in the near wake of 

an oscillating NACA 4412 airtbil. Mueller and 

Batill(1982) investigated the laminar separation. 

transition, and turbulent reattachment near the 

leading edge of a stationary airfoil for a chord 

Reynolds number range of 4.0X 104 to 4.0?< 105. 

They showed that the leading-edge separation 

bubble on a smooth airfoil at angles of attack 

greater than about 8 ° promotes a transition of the 

boundary layer and allows the flow to remain 

attached to higher angles of attack. 

Many researchers(Chang et al., 2003; Kooc- 

hesfahani, 1989) have already revealed that the 

characteristics of the near-wake were highly in- 

fluenced by the amplitude of oscillation and Rey- 

nolds number(freestream velocity). The reduced 

frequency can be considered as an important 

parameter, because the near-wake of a helicopter 

blade is perturbed by unsteady incoming flows. 

Park et a1.(1990) investigated the characteristics 

in the near wakes of an oscillating airfoil at 

various reduced frequencies less than K=0.2.  

They found that the wake thickness increased 

with reduced frequency due to trailing-edge stall, 

and that the phase at which the trailing-edge 

stall occurs increases with the reduced frequency, 

but decrease in relation to the mean incidence. 

They obtained the angle of the phase-lag quanti- 

tatively from a given location, Y, of the wake 

center from a given phase angle. They devoted 

their research to the reduced frequency of an 

oscillating airfoil, however tests were conducted 

under conditions for cases where a small differ- 

ence of reduced frequency. Hence, the reduced 

frequency effects for cases where a large difference 

in the reduced frequency of an oscillating airfoil 

should be investigated in order to understand the 

mechanism in the near-wake region of an oscilla- 

ting airfoil. 

The primary purpose of the present study is 

to investigate the reduced frequency effects on the 

near-wake region of an oscillating elliptic airfoil. 

Notable test conditions in the present work are 

a larger reduced lYequency and larger amplitude 

of oscillation. The airfoil model for the case of 

reduced frequency, K=0.1 and 0.7, was sinusoi- 

dally pitched around the half chord point bet- 

ween --5 ° and +25 ° angles of attack at the 

Reynolds number 3.3X 104 . Since the maximum 

angle of attack of the present work is 25 °, flow 

separation occurs during the cycle of oscillation. 
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2. Experimental Set-up and 
Procedure 

Tests were carried out in a c losed-ci rcui t  wind 

tunnel with a square cross section o f  0.9 mX0.9  m 

and a test section length of  2.1 m. The elliptic 

cylinder 's  chord length o f 5 : 1  was 15 cm, and the 

aspect ratio was 6.0. Measurements were made at 

a freestream velocity of  3.4 m/s .  The correspond-  

ing RN, which is based on the chord length is 

3.3X104, and the reduced frequencies of  the 

present work are 0.1 (per iod :  0.20sec) and 0.7 

(per iod:  1.43 sec). Under  these test condit ions,  

the freestream turbulent  level was about  0.3%. 

Pitching oscil lat ion around the half  chord axis 

was provided by a c rank-connec t ing  rod mec- 

hanism. The mean incidence a'0, was 10 ° and the 

frequency of  oscil lat ion,  f ,  was 0.7 Hz or 5 Hz. 

The instantaneous angle of  attack with oscilla- 

tions of  15 ° was varied according to ~t=l~0- / -~  1 

s in  2zcft, ranging from - 5  ° to 25 °. 

Figure 1 shows the airlbil model,  the coordi-  

nate system and traversing mechanism. The coor-  

dinate was aligned such that X is the main flow 

d i rec t ion ,  Y is the normal  direction to the upper 

surface of  the airfoil. The 3-dimensional  traver- 

sing mechanism was used for these measurements 

at downstream stations. The spatial resolution of  

the traversing mechanism driven by a stepping 

motor  was 1/100 mm. 

Figure  2 shows the block diagram of  the data 

acquisi t ion system and Dantec 's  St reamLine Sys- 

tem for the ho t -wire  anemometer.  MetraByte's 

DASI601,  and S S H - 4 A  were used to find these 

measurements. The hot - f i lm(55R51)  probe was 

Test Section ( ~  I0 'l~'awrsiag 
\ \ \  m Elliptic ~ileelmim 

Pitching lotion 

Fig. 1 Schematic of test set-up in test section 

adopted to measure the axial velocity and tur- 

bulent intensity. Dantec 's  cal ibrat ion uni t ( type 

90HI0) was used for the velocity and direct ional  

cal ibrat ion to obtain sensitivity coefficients of  k~ 

(yaw factor).  Typical  values o f  kt were 0.35 and 

0.30. Measurements were carried out for three 

downstream stations : X / C = 0 . 2 ,  0.5, and 1.0. The 

probe was traversed |¥om Y / C = - - 0 . 5 8 7  to 0.573 

in the non-d imens iona l  measurement  length. The 

measurement  plane consisted of  61 data points 

and the intervals of  the grid were either 2 mm or 

4 m m .  

A total of  32,768 samples of  these tests was 

obtained with sampling frequencies of  0.08 and 

0.8 kHz. Results showed that about  150 ensem- 

bles were sufficient to yield converged values of  

mean velocity. Theretbre,  tbr each phase angle, 

200 ensembles were used for averaging. The  trig- 

ger signal lbr phase averaging was recorded 

simultaneously with the velocity signals at the 

c,,,,~_,~,- ~ ! ~-,,," iiin~r 

Block diagram of data acquisition system 

I 
Fig. 2 
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instantaneous angle of  attack o f  25 ° . The temper- 

ature variat ion during the run time of  this test was 

measured by using a thermocouple  probe. The 

temperature variat ions were within +3.4°C. The  

compensat ion of  hot- f i lm output  for a change 

of  fluid temperature was calculated according to 

Kanevce and Oka 's  expression(1973).  The  stan- 

dard deviat ion of  the freestream velocity varia- 

tions o f  the present study was about  2.0~o. The 

velocity measurement  uncertainties in the stream- 

wise velocities were about  +2.0~o at 20 : I odds. 

3. Results  and Discussion 

The measurements of  phase-averaged velocity 

and its fluctuations for the oscil lat ing elliptic 

airfoil case were carried out by using a hot - f i lm 

probe at a Reynolds  number  of  3.3 × 104. The term 

'pitch up mot ion '  refers to a situation when the 

nose of  the airfoil is moving  upward,  and the term 

'pitch down mot ion '  refers to a situation when 

there is a downward  movement  of  the nose. 'U '  

and 'D '  represent 'pitch up'  and 'pitch down' ,  

respectively, when they are coupled with values of  

the angle of  attack. 

The  profiles of  the normalized axial velocity 

( u / U . )  during the pitch up motion (increasing a) 

for a : 0  °, 3 °, 5 °, and 7 ° are presented in Fig. 3. 

Only the data at a low instantaneous angle of  

attack are presented in this paper because the 

data at a high instantaneous angle of  attack may 

include the reverse flow, which the hot wire 

anemometer  is unable to measure. We can see that 

the velocity gradient at K = 0 . 7  is much steeper 

than that at K=0 .1  in the pitch up case. Also 

observable is that the near wake region in most 

cases suffer from a velocity defect. However ,  ve- 

locity profiles at X = I . 0  C elicited velocity ex- 

cesses larger than the freestream velocity. We 

can see that the velocity defect decreases and the 

velocity defect region enlarges in relation to 

downstream distance as is the case in cor~vention- 

al wake flows. 

The phase- lag implies that the velocity profile 

sensed at downstream stations reflects the velo- 

city field generated at an earlier phase angle. An 
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Fig. 3 Streamwise velocity profiles during the pitch up motion 
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accurate estimation of the phase-lag is rather 

difficult to attain since it involves very elaborate 

measurements to locally quantify the convection 

velocity at various stations. Park et a1.(1990) 

showed that the convection velocities for cases 

where K=-0.2 was estimated to be about 0.6 U~ 

when 0 .5<X/C'<1.5 .  They revealed that the 

phase-lag increased linearly with downstream 

distance and convection velocity increased with 

reduced frequency. Lee(1993) also showed in his 

experiment that the convection velocity for cases 

where K=0.3 was estimated to be about 0.8 U= 

when 0 . 5 < X / C <  1.5. Therefore, we assume that 

the convection velocity during pitch up motion 

for cases where K=0.1 is approximately equal to 

0.6 U=. We, with consideration of the convection 

velocity increasing with reduced frequency as re- 

ported Reference (Lee, 1993), also assume that the 

convection velocity is approximately equal to 1.0 

U= for cases where K=0.7.  True instantaneous 

angles of attack that were compensated for their 

phase-lag were obtained at stations of X=0.2  C, 

0.5 C, and 1.0 C. 

At i f=0  °, the true instantaneous angles of at- 

tack during the pitch up motion for cases where 

K=0.1 with a phase-lag compensation of 0.6 U® 

at X=0.2 C, 0.5 C, and 1.0 C are about --0.50 

U, --I.5°U, and --2.9°U, respectively. True in- 

stantaneous angles of attack for cases where K =  

0.7 are compensated by using 1.0 Uoo are about 

--2.9°U, --4.8°U, and --2.8°D, respectively. It is 

reported that the main portion of the flow over 

the airfoil during pitch up motion remained at- 

tached to the airfoil, resulting in a wake that was 

less turbulent (Chang et al., 2000). We conjecture 

that the differences of true instantaneous angles 

of attack in relation to the downstream distance 

contribute to various wake characteristics. At 

a = 7  °, the true instantaneous angle of attack for 

cases where K=0.1 are about 5.9°U, 4.6°U, 2.4°U, 

and for cases where K=0.7  are about 3.0°U, 

--I.8°U, --5.0°D, respectively. Non-dimensional  

'reduced frequency' represents the ratio of two 

timescales : one imposed by the pitching motion 

l/2rcf, and the other by the freestream velocity 

and the airfoil chord C/2Uoo. The airfoil chord 
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Fig. 4 Streamwise velocity profiles during the pitch down motion 
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convent ional ly  uses half  the chord. Accordingly,  

we expect that the phase- lag increases with 

reduced frequency. The magnitude o f  the velocity 

defect increases as the reduced frequency increases 

from 0.1 to 0.7 during the pitch up motion.  The 

velocity profiles at 1.0 C show velocity excess in 

the outer region of  the wake at K=0 .7 .  This is 

caused by the increase of  momentum that induces 

a larger reduced frequency. We can see that the 

wake thickness is larger with a reduced frequency, 

which signifies that the flow is highly disturbed. 

which makes the flow become very diffusive when 

the airfoil oscillates more frequently. 

The  profiles of  the normalized axial velocity 

(u /U~)  during the pitch down mot ion(decrea-  

sing a) for c t=7  °, 5 ° , 3 ° , and 0 ° are presented 

in Fig. 4. Chang et a1.(2003) reported that the 

critical value of  Reynolds number  where near 

wake properties of  an oscil lat ing airfoil are con- 

siderably different exists between 5 . 3 x  104 and 

1.9 × l0 s. They showed that the velocity defects at 

a Reynolds number  of  5 .3x  104 are larger than 

those at the Reynolds number  range from 1.9 x 105 

to 4.1X l0 s. They conjectured that the flow in the 

boundary layer over  the airfoil at RN=5 .3Xl04  

was stable and regular, whereas the flow at RN = 

1.9 X l0 s suddenly changed and became irregular. 

We notice that the data in this paper are elicited 

at a chord Reynolds  number  RN=3,3XI04  less 

than the critical value of  the Reynolds number. It 

is seen that the velocity defect during pitch down 

motion decreases as the reduced frequency in- 

creases. Al though the instantaneous angle of  at- 

tack is the same for both pitch up and pitch down 

cases, the velocity defect during the pitch down 

motion is larger than that during the pitch up 

motion.  

We assume that the convect ion velocity for 

cases where K = 0 . 1  and 0.7 is approximately  

equal  to 0.6U= and 1.0U~, respectively, which 

compensates lbr the phase lag as mentioned pre- 

viously. At o t~7  °, the true instantaneous angles of  

attack for cases where K=0 .1  are about  7.9°D, 

9.3°D, and I I.8°D, after being compensated for 

the phase- lag  of  X = 0 . 2  C, 0.5 C, and 1.0 C, re- 

spectively. The size of  the velocity defect is much 

bigger in the pitch down case. This  means that the 

flow was separated over the entire airfoil and the 

wake became irregular and turbulent as was 

presented in the Reference(Chang ct al., 1999). 

True instantaneous angles of  attack for cases 

where K = 0 . 7  are about I I . I°D, 17.1°D, and 

23.9°D, respectively. Therefore,  we conjecture 

that the degree o f  flow disturbance at ± a  is 

partially related with the flow that is generated at 

an earlier phase angle. 

At a = 3  °, true instantaneous angles of  attack 

for cases where K =0.1 compensated tbr the phase- 

lag of  X = 0 . 2  C, 0.5 C, and 1.0 C are about  3.9°D, 

5.2°D, and 7.6°D, and for cases where K = 0 . 7  are 

about 6.9°D, 13.2°D, and 21.8°D, respectively. 

The locations of  the wake center with reduced 

frequencies are different for downstream dis- 

tances, which are related to the phase- lag  in- 

creased as the reduced frequency increases. We 

conjecture that true instantaneous angles of  at- 

tack lbr cases where K =0 .7  are larger than those 

for case where K=0 .1  since the locations of  the 

wake center lbr cases where K = 0 . 7  are below 

those for cases where K=0 .1  at 0 .5C  and 1.0C. 

We also notice that the velocity defect for cases 

where K=0 .1  at 0.5 C was much larger than that 

for cases where K = 0 . 7  at 0.5 C. It is thus ap- 

parent that the effects of  the reduced frequency 

are dominant  in the near wake of  an oscil lat ing 

airfoil. This  may be, of course, related with the 

laminar or turbulent separat ion on the airfoil 

surface as reported in the flow over an oscil lat ing 

a i r lb i l (Chang  et al., 2003). We thus conjecture 

that the true instantaneous angle of  attack at 

RN=3.3 X 104 for the case where K =0.1 at 0.5 C is 

low enough to maintain laminar flow over the 

oscillating airfoil when the freestream turbulent 

intensity is 0.3%. However ,  the true instantan- 

eous angle of  attack for the case where K = 0 . 7  

at 0 .5C  is high enough to maintain turbulent 

flow over the oscil lat ing airfoil. When the true 

instantaneous angle of  attack is about  13.2°D 

(the case where K = 0 . 7  at 0.5 C) ,  the flow over 

the oscil lat ing airfoil is turbulent and separation 

takes place at a much farther location from the 

airfoil nose, resulting in a thinner wake, which 

subsequently causes less pressure drag. Thus, we 

inter that a turbulent separat ion occurs when 
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wake thickness is thin, and also that there exists 

a critical value of true instantaneous angles, at 

RN=3.3 × 104, which is divided into properties of 

the boundary layer before separation. At or=0 °, 

true instantaneous angles of attack for cases 

where K=0.1 compensated for the phase-lag are 

about 1.0°D, 2.2°D, and 4.4°D, and for cases 

where K=0.7  are about 3.8°D, 9.7°D, and 19.4°D, 

respectively. 

The difference of flow patterns with the reduced 

frequency during the pitch down motion is severer 

than that of flow patterns during the pitch up 

motion. Although the reduced frequency varies, 

the flow attachment to the leeward surface is 

maintained during the pitch up motion. There- 

fore, the reduced frequency is less effective on the 

flow attached to the airfoil. We conjecture that 

there exists a hysteretic phenomenon between 

increasing and decreasing incidences at the near 

wake of an oscillating airfoil as reported by De 

Ruyck and Hirsch(1983). 

The profiles of the normalized axial velocity 

(u/U=) with reduced frequency for a = + 3  ° are 

presented in Fig. 5. The motion of the upper 

surface during the pitch up motion at + a moves 

upward and is evident in figure (a). Also, the 

lower surface during the pitch down motion at 

- - a  moves upward and is evident in figure (b). 

At 0t=3 °, true instantaneous angles of attack for 

K=0.1 during the pitch up motion are about 

2. I°U, 0.3°U, and --0.9°U, and for cases where 

K=0.7  are about --0.4°U, --3.9°U, and --4.3°D, 

respectively. At a = - - 3  °, true instantaneous an- 

gles of attack for cases where K=0.1 during the 

pitch down motion are about --2.4°D, --1.6°D, 

and 0.1°D, and for cases where K=0.7  are 

about --0.3°D, 5.0°D, and 15.2°D, respectively. 

The motion of the upper surface during the pitch 

up motion at + a  is symmetrical with that of the 

lower surface during the pitch down motion at 

- - a  about the X-ax i s (Y=0) .  Although the in- 

stantaneous angle of attack and airfoil shape 

are symmetric about the X-axis, the near wake 

characteristics of an oscillating elliptic airfoil 
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Fig. 5 Streamwise velocity profiles during the oscillation motion 



Reduced Frequency Effects on the Near-Wake  o f  an Oscillating Elliptic AirJoil 1241 

at + a  show asymmetric profiles. In cases where 

K = 0 . 1 ,  the leeward surface at +0t  elicits a 

thinner wake, whereas the leeward surface at - -a '  

elicits a thicker wake. The near wake characteris- 

tics differ according to the direction of  motion at 

the Y-axis  because the airfoil was pitched be- 

tween the angle of  attack of  --5 ° and 4-25 ° . 

We can see that the velocity gradient at K =  

0.7 is much steeper than that at K=0 .1  in the 

pitch up case, whereas the velocity gradient at 

K = 0 . 7  is much slower than that at K=0 .1  in the 

pitch down case. In the cases of  figures (c) and 

(d),  the near wake characteristics show asym- 

metric profiles because the mean incidence isn't 

0 °. At a ,=3  °, true instantaneous angles of  attack 

at 0.5C for case where K=0 .1  during the pitch 

down motion is about  5.2°D. and for case where 

K = 0 . 7  is about  13.2°D. it is interesting to note 

that the velocity defect at larger true instantan- 

eous angles of  attack for cases where K = 0 . 7  is 

less than that at smaller  true instantaneous angle 

of  attack for cases where K=0 .1  at 0.5C. This  can 

be explained by noting that the boundary  layer 

characteristics for cases where the reduced fre- 

quency of  0.1 and 0.7 are very different from each 

other. We conjecture that the properties of  the 

boundary layer before separat ion are different in 

the range of  true instantaneous angle of  attack 

between 5.2°D and 13.2°D. 

At a = -  3 °, true instantaneous angles of  attack 

for cases where K=0 .1  during the pitch up 

motion are about  --3.4°U, --4.0°U, and --4.7°U, 

and for cases where K = 0 . 7  are about  --4.5°U, 

--4.8°D, and 0.2°D, respectively. The  motion of  

the lower surface dur ing the pitch up motion at 

- - a  is symmetrical  with that of  the upper surface 

during the pitch down motion at + a  about  the 

X-axis .  Furthermore,  the lower surface geometry 

of  the elliptic airfoil is identical with the upper 

surface geometry. The flow at +or during the 

pitch down motion was highly disturbed because 

the magnitude of  the angle of  attack in relation to 

the + Y - a x i s  direction was large. 

True instantaneous angles of  attack for cases 

where K=0 .1 ,  in figure (c) and (d), which are 

compensated /'or the phase- lag  of  downstream 
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X = 0 . 2  C are about 3.9°D, and --3.4°U, respec- 

tively. Al though true instantaneous angles of  at- 

tack were almost the same and the motions of  the 

airfoil were symmetrical with the X-axis  for both 

cases, the wake thickness in figure (c) is consi- 

derably thicker than that of  figure (d). This  

reflects that the extreme value of  the angle of  

attack is 25 ° in the + Y  direction, whereas it is 

- -5  ° in the - -Y  direction. 

The turbulent intensity profiles with a reduced 

frequency during the pitch up mot ion( increas ing  

a') corresponding to the axial velocity profiles 

of  Fig. 3 are displayed in Fig. 6. At 0~=0 °, true 

instantaneous angles of  attack for cases where 

K=0 .1  are about --0.5°U, -- 1.5°U, and --2.9°U, 

and for cases when K = 0 . 7  are about  --2.9°U, 

--4.8°U, and --2.8°D, respectively. At a ' = 7  °, true 

instantaneous angles of  attack tbr cases where 

K:-0.1  are about  5.9°U, 4.6°U, and 2.4°U, and 

for cases where K = 0 . 7  are about  3.0°U, -- 1.8°U, 

and --5.0°D, respectively. It is evident that the 

turbulent intensity during the pitch up motion 

decreases as the reduced frequency increases. This  

reflects the fact that the flow leads to better 

mixing and hence less defect. Also evident is that 

the turbulent  intensity profiles have more than 

one peak in the near wake region. This is caused 

by the development  of  boundary  layers growing 

on the upper and lower surface. 

The  turbulent intensity profiles with a reduced 

frequency during the pitch down mot ion(de-  

creasing a) corresponding to the axial velocity 

profiles of  Fig. 4 are displayed in Fig. 7. The 

turbulent  intensity profiles during the pitch 

down motion are remarkably different from those 

during pitch up motion.  The turbulent  intensity 

profiles in the pitch down case are much higher 

and the region around the turbulent peak is much 

wider than those during the pitch up motion.  This  

reflects that the degree of  flow disturbance is 

severe when the airfoil pitches down from a large 

angle of  a t t a c k ( a = 2 5 ° ) .  At 8 = 7  ° , true instanta- 

neous angles of  attack for cases where K=0 .1  are 

about 7.9°D, 9.3°D, and I I.8°D, and for cases 

when K = 0 . 7  are about I I . I°D,  17.1°D, and 

23.9°D, respectively. At a = 0  °, true instantaneous 
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angles o f  attack for cases where K = 0 . 1  are about  

1.0°D, 2.2°D, and 4.4°D, and for cases where K = 

0.7 are about  3.8°D, 9.7°D, and 19.4°D, respec- 

tively. The turbulent  intensity during the pitch 

down mot ion is considerably different from each 

downst ream station. We also note that most of  the 

profiles are seen to be of  a double  peaked shape; 

a couple of  those change to a s ingle-peaked 

profile at 1.0 C as a result of  diffusion. 

The profiles of  the normalized turbulent inten- 

sity with a reduced frequency for 0 ~ = + 3  ° are 

presented in Fig. 8. The mot ion of  the upper 

surf:ace during the pitch up motion at + a  is 

symmetrical  with that of  the lower surface during 

the pitch down mot ion at - - a  about  the X-axis .  

In these cases, the flow over the leeward surfaces 

at --+a remained attached to the airfoil, which 

should result in a thinner wake, as shown in the 

Refe rence(Chang  et al., 1999). The turbulent  in- 

tensity of  ~z=3 ° during the pitch up motion is 

considerably different with respect to the reduced 

frequency compared with that of  a = - - 3  ° during 

the pitch down motion.  Therefore,  we conjecture 

that the difference of  the turbulent intensity be- 

tween figure (a) and (b) is mainly caused by 

both the difference of  true instantaneous angles 

of  attack and an increase in momentum.  Al though 

the instantaneous angles of  attack and airfoil 

shape are symmetric about  the X-axis ,  the near 

wake characteristics of  an oscil lat ing elliptic 

airfoil at --_+a show asymmetric profiles because 

mean incidence is not 0 °. 

The true instantaneous angle of  attack for 

cases where K=0 .1  and 0.7 are different from 

each other. Therefore,  to account for this dis- 

crepancy properly, we need to take into account 

the 'phase- lag '  of  the present measurements. It is 

interesting to note that the turbulent intensity for 

cases where K = 0 . 7  is less than that for cases 

where K=0 .1  in figure (c). We thus conjecture 

that the 11ow phenomena for cases where the 

reduced frequency of  0.1 and 0.7 are very different 

from each other. At K = 0 . 1  (true instantaneous 

angle of  attack is 5.2°D), the size of  the turbu- 

lent intensity is believed to be very large because 

of  laminar  separation, resulting in a thicker wake 
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and causing a larger pressure drag. At K~-0.7 

(true instantaneous angle of  attack is 13.2°D), 

the flow over the oscil lat ing airfoil is believed to 

be turbulent and separat ion takes place at a much 

farther location on the airfoil surface, resulting in 

a thinner wake which subsequently causes less 

pressure drag. Al though the true instantaneous 

angle of  attack is large, the wake thickness of  an 

oscil lat ing airfoil is not always large because of  

laminar or turbulent separation. 

In figure (c) and (d),  true instantaneous angles 

of  attack for cases where K=0 .1 ,  which has been 

compensated for the phase- lag  at downstream 

X = 0 . 2  C, are about  3.9°D, --3.4°U, respectively. 

Al though true instantaneous angles of  attack are 

almost the same and the motions of  the airfoil are 

symmetrical with the X-axis  for both cases, the 

turbulent intensity seen in figure (c) is consi- 

derably thicker than that in figure (d). This 

reflects that the extreme value of  the angle of  

attack is 25 ° in the + Y  direction, whereas it is 

--5 ° in the - - Y  direction. The turbulent  intensity 

for both K----0.1 and 0.7 is not considerably dif- 

ferent in figure (d). The  turbulent intensity in 

figure (d) reflects that the airfoil pitches up 

from --5 ° in the - - Y  direction. The flow at posi- 

tive angle of  attack during the pitch down was 

highly disturbed because the magni tude of  the 

angle of  attack to the + Y - a x i s  direction is large. 

The difference between the wake characteristics is 

severe according to the direction of  the Y-axis  

because the maximum angle of  attack is different 

with the direction of  +--Y when the mean inci- 

dence is 10 °. 

The magnitude and region of  turbulent intensi- 

ty at K = 0 . 7  during the pitch up motion are 

smaller  than that at K=0 .1  as seen in X = 0 . 2  C 

and 0.5 C of figures (a) and (d). However,  the 

velocity defect at K = 0 . 7  is more than that at 

K = 0 . 1 ,  as shown in Fig. 1. The  magnitude and 

region of  turbulent intensity at K----0.7 in figures 

(b) during the pitch down motion is larger when 

compared with that at K z 0 . 1  from downstream 

stations, whereas the velocity defect is smaller 

than that at K =0.1.  Furthermore,  the magnitude 

and region of  turbulent intensity at K----0.7 in 

figures (c) during the pitch down motion is 

smaller when compared with that at K=0 .1  from 

downstream stations, whereas the velocity defect 

is smaller  than that at K=0 .1 .  These reflect that 

the airfoil pitches down from --5 ° to 25 ° and the 

boundary  layer before separat ion is laminar  or 

turbulent.  Accordingly,  further research is requir-  

ed to investigate phenomena  of  airfoil surroun- 

dings in relation to the nea r -wake  characteristics 

of  an oscil lat ing airfoil. 

4 .  Conclus ions  

Reduced frequency effects on the nea r -wake  

region of  an oscil lat ing elliptic airfoil are sum- 

marized as lbllows. 

(1) The reduced frequency dur ing the pitch up 

motion is less effective because the flow attached 

to the leeward surface is maintained during the 

pitch up motion.  Furthermore,  the change rate of  

flow patterns with the reduced frequency during 

the pitch up motion is smaller  than that of  the 

flow patterns during the pitch down motion.  

(2) The flow characteristics for cases where 

the reduced frequency equals 0.1 and 0.7 are very 

different from each other. This means that there 

is a critical value of  angle of  attack at RN = 

3.3× 104 in the near -wake  of  an oscil lat ing air- 

foil indicating either laminar  or turbulent separa- 

tion. In addit ion,  a l though the true instantaneous 

angle of  attack is large, wake thickness of  an 

oscil lat ing airfoil is not always large because of  

laminar  or  turbulent separation. 

(3) it is found that the turbulent intensity at 

a positive angle of  attack during the pitch up 

motion decreased with a reduced frequency, 

whereas it is considerably different from various 

downstream stations dur ing the pitch down 

motion.  

(4) The turbulent intensity profiles in cases of  

pitch down motion are much higher and the 

region around the turbulent  peak is much wider. 

This  reflects that the airfoil pitches down from an 

extreme value of  25 ° in the + Y direction,  whereas 

it pitches up from an extreme value o f  - -5  ° in 

the - - Y  direction. 
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