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In this paper, extensive experimental tests were carried out for an aerodynamic 
characterization of the airfoil cross-section of a wind turbine blade. The wind turbine 

blade cross-sections are usually exposed to unsteady pitch and plunge oscillations. One 

way to increase the power of blade, is to improve it’s aerodynamic performance, so it 
is necessary to study and compare the unsteady aerodynamic behavior of the airfoil. 
The aerodynamic behavior of turbine blades are dependent on several parameters 
including initial angle of attack, reduced frequency and oscillation amplitude. In this 
study, reduced frequency and oscillation amplitude assumed constant and the initial 
angle of attack of the model was varied in both pitch and plunge oscillations. Therefore, 
the aerodynamic behavior of the model was investigated under motions with similar 
conditions before, near and after of the static stall angles of attack. The vertical 
displacement of the plunge motion was selected such that the equivalent angle of 
attack in plunge motion is approximately equal to the oscillation amplitude in the pitch 
motion. All tests were conducted at a constant Reynolds number of 0.27×106. The 
practical results of this study indicate that the choice of a pitch or plunge motion, 
granted both are feasible, depends on the requirements and significance of 
aerodynamic forces and the decisive for ruling cannot be made about which motion 
guarantees the best aerodynamic performance at all angles of attack. 
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1. Introduction 
 

In recent years, unsteady flow physics and its application in scientific and industrial areas, such 
as renewable energies, wind turbines, and MAVs, have subjects of much debate. Despite the 
advancements in numerical methods, experimental studies still play a significant role in industrial 
developments and resolving the problems. Creating unsteady oscillations such as pitching or plunging 
motions in wind tunnels can help develop a better understanding of unsteady flows [1-8]. 
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Razavi Dehkordi et al., determine the aerodynamic characteristics of an airfoil undergoing static, 
dynamic pitch, dynamic plunge and dynamic combined pitch and plunge motions for various cases. 
They are focus on the effects of reduced frequencies and mean angles of attack on the surface 
pressure distribution and on the corresponding lift of the airfoil oscillating in either pure pitch or in 
combined pitch-plunge motions. Results shown that Pitch oscillation seems to have dominant role in 
the pitch-plunge oscillation case [9]. 

Soltani et al., performed experimental tests on the same airfoil undergoing plunge motion. 
Reduced frequency varied from 0.03 to 0.06, the amplitude of plunge ±0.15 m and the initial mean 
angles of attacks were set to 0°, 10° and 18°. The aerodynamic behaviour of the model and its 
dependency on the reduced frequency, angles of attack, etc. were similar to their previous pure 
pitching motion study, however, the magnitudes of the aerodynamic loads as well as the width of 
the hysteresis loops for the plunge case were different [10]. 

Dong-Ha Kim and his colleagues, investigated the aerodynamic behaviour of pitching airfoil at low 
Reynolds numbers, and fixed reduced frequency. Their results mentions that, through the flow 
visualization, the first and second vortices depends on Reynolds number. With the change in 
Reynolds number, the hysteresis lift and drag loops were change relatively [11]. 

The effect of blade pitch angle on vertical axis wind turbines on aerodynamic efficiency and power 
coefficient of these blades was investigated by Yonghui et al., In this study, four quartiles were 
defined for the direction angle of a rotation period. Upwind, leeward, downwind and windward. The 
authors founded that, in all operational areas of a two-dimensional wind turbine blade, the 
appropriate pitch control angle, improves the blade efficiency and increases the turbine power 
coefficient than the fixed turbine blade [12]. 

Ansari et al., studied the effect of using the different tip blade for determine the range of pitch 
angle and wind speed to improve the wind turbine performance. they showed that using tip plates 
for wind turbines performance improvement can only occur if the turbine blade pitch angle is set at 
the maximum output power based on the given wind speed [13]. 

Moriche et al., studies have investigated the effects of changing the initial angle of attack of the 
pitch motion and the phase change between pitch and heaving motions on the aerodynamic forces. 
They founded that, in the aerodynamic forces, the viscous effects were negligible compared to the 
effects of apparent mass and circulation of flow. Their results, in comparison with previous studies, 
showed that significant progress in predicting mean thrust and smaller advancement in the lift 
coefficient prediction [14]. 

Tabrizian et al., studied the surface pressure of a supercritical airfoil undergoing pure pitch, 
plunge and combined pitch-plunge motions at all ranges of angles of attack that involve before, near 
and after of static stall angle of attack. They fixed Reynolds number and reduced frequency and 
investigated the stability of airfoil at three different areas. In pure pitch, at the attached flow region 
the LEV grew and shrunk over the upper surface but in the light stall region the LEV spilled on the 
airfoil while a small partial LEV remained at the leading edge. In the deep stall region the LEV spilled 
entirely and the flow was fully separated. Forcing the airfoil to undergoing combined motion, 
improved the stability condition in all cases [15]. 

Gross was studied a wing section with a specific airfoil to investigate the effect of a harmonic 
heaving/plunging motion on the unsteady aerodynamics. Reduced frequency of motion varied from 
0.35 to 1.4 and the Reynolds number fixed at 200000. At 10° mean angle of attack for the plunging 
motion, the good agreement between the unsteady lift and prediction of Theodorsen theory. With 
increasing the mean angle of attack up to 14°, the separated flow formed from the suction side of 
the wing. As the mean angle of attack increased to 16°, model is wholly stalled. However, when model 
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exposed to a low amplitude plunging motion, the flow reattached and the mean lift was increased 
[16]. 

In another research, Geng and Kalkman, reported the results of an extensive numerical simulation 
of the unsteady flow around a pitching NACA0012 airfoil at a constant Reynolds number of 1.35 × 105 
at high angles of attack up to dynamic stall. They investigated influence of the large number of 
parameters on the numerical results. They compared their numerical results with the exciting 
experimental data. This comparison showed that an adequate agreement for the upstroke portion 
of the pitch motion, while for the downstroke portion of motion some differences appeared. These 
differences are investigated in more details by considering the results from a 2.5D Large Eddy 
Simulation (LES), which provides deep and complementary insights into the flow behaviour during 
dynamic stall at the selected Reynolds number [17]. 

Numerical studies on a special airfoil that Sinusoidal bumps height located at the leading edge of 
the airfoil, have been carried out by kunya et al., Studies at the low Reynolds number and the angles 
of attack of the airfoil varied from -10 to 25 degrees. At different angles of attack, they investigated 
the effect of bumps on the lift coefficient and the effect of flow separation [18]. 

The effect of leading edge and trailing edge geometries, on the overall aerodynamic performance 
of a flat plate at various angles of attack and at different reduced frequencies, was investigated by 
Leknys and Arjomandi. They founded that, for all leading and trailing edge combinations, increasing 
the rotation rate increased the magnitude of the localized low pressure on the upper surface of the 
flat plate which resulted in the lift increasing. This study upholds that vortex lift is limited by the 
maximum angle of attack and rotation rate [19]. 

To the best knowledge of the authors, no experimental studies have been conducted so far to 
create identical oscillatory conditions for pitch and plunge motions and conduct pure pitch and 
plunge oscillations under similar conditions for comparison purposes. In this study, an airfoil was 
subjected to both pitch and plunge oscillatory motions that were created using proper equipment. 
An effort was made to compare aerodynamic coefficients corresponding to the pressure distribution 
over the upper and lower surfaces of the model under identical oscillation conditions—including the 
initial angle of attack, oscillation amplitude, and reduced frequency. In the end, the optimal 
oscillatory motion was recommended for different angles of attack in the case where both 
oscillations are feasible. Otherwise, combined pitch–plunge motions are alternatively employed for 
the experiment if none can individually fulfil the aerodynamic requirements. 

 
2. Experimental Facility 

 
All tests were performed in a low subsonic wind tunnel of an open suction circuit type with a 

dimensions of test-section of 2m×1m×0.8m. The speed of tunnel could be changed from 10 to 100 
m/s. Experiments were conducted at a Reynolds Numbers variation between 0.13 to 1.3 million. For 
decreasing the turbulence level of flow, the three anti turbulence screens and a honeycomb were 
installed in the settling chamber. It could be concluded that due to the changing the atmospheric 
pressure, speed in the test-section might change lowly. To prevent the changes, the speed of tunnel 
was checked continuously.  

A 2D section of a wind turbine blade model was applied in the tests which it’s chord and span was 
25cm and 80cm, respectively. The ports for measuring the pressure distribution over the airfoil 
surface dense around the leading edge on the upper and lower surfaces of the model (Figure 1).  

The differential pressure transducers by ±1 psi ranges was applied to measure the surface 
pressure data. The data were processed by an analogue to digital board.  A low pass filter was used 
to filter the digital data. 

https://www.sciencedirect.com/topics/engineering/unsteady-flow
https://www.sciencedirect.com/topics/engineering/downstroke
https://www.sciencedirect.com/topics/engineering/large-eddy-simulation
https://www.sciencedirect.com/topics/engineering/large-eddy-simulation
https://www.sciencedirect.com/topics/engineering/angle-of-attack
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The oscillating mechanism consists of two servo motors, gearbox, etc. It has the ability to create 
pure pitch and plunge motions separately. Also, it can change the initial angle of attack, the 
amplitudes and the frequencies of pitch and plunge motions. The pitch and plunge motions are 
completely independent of each other. Moreover, all data acquisition and data reduction routines 
were developed from the scratch for these experiments.  The model is pitched around its 0.25 chord 
point. Figure 2 shows the oscillation mechanism that designed and manufactured for the special 
experiment tests. 

 

 
Fig. 1. Location of the pressure ports along the model surface 

 

  
Fig. 2. a) Schematic of integration arrangement of blade motion oscillator and wind tunnel test 
section, b) Installation of model on motion oscillator integrated with a wind tunnel test section 

 
 
 

3. Results and Discussion 

  
The behaviour and aerodynamic loads of a section of a wind turbine were studied in this 

investigation that two oscillating motions were blade undergoing: pure pitch and pure plunge. As 
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specified below Oscillations were performed from low to high angles of attack, in the same reduced 
frequency, in the vicinity and beyond the static stall angles of attack of this airfoil. At a constant 
Reynolds number of 0.27×106, static and dynamic data were acquired. For the pure pitch and pure 
plunge motion, the average angles of attack were set to 6°, 10°, 15° and the amplitude of the plunge 
motion was set to 62mm. although, the amplitude of pitch oscillation was set to 2°. The reduced 
frequency was set to k=0.06 in both motions. In the plunge oscillation, by the following equation, the 
equivalent angle of attack can be calculated.  
 

















U

h
tan 1

plunge


 




U

h
 For small angles of attack                                                                          (1) 

 
The angle of attack, oscillation amplitude, reduced frequency, and Reynolds number were almost 

equal for both pitch and plunge oscillations. For a better comparison of the results and the 
corresponding differences between the pitch and plunge aerodynamic data, the pressure distribution 
was studied as a function of angle of attack in three different regions, namely prior to, vicinity to, and 
beyond the static stall at specific pressure ports on the upper and lower surfaces of the airfoil. Given 
their importance in airfoil design, the points at x/c=0 (the leading-edge), x/c=0.15, x/c=0.5, x/c=0.8, 
and x/c=1 (the trailing-edge) were considered. The behaviour of the aerodynamic load during the 
pitch and plunge oscillations is then compared under almost identical conditions by integrating the 
pressure coefficients. 

Figure 3 compares variations of the measured lift coefficient data with angles of attack with those 
obtained by CFD and Xfoil [20] codes for a constant Reynolds number of 0.27×106. Note that the 
experimental lift data is obtained through integrating the measured surface pressure at each angle 
of attack.  The numerical modelling, a Lagrangian- Euler pressure-based algorithm is used on an 
unstructured grids using a K-ωSST turbulence model [21]. A total of 4×105 grid were used and the 
residual convergence order was set to10-6. As seen clearly, the experimentally measured stall angle 
ranges from 11° to 12°, which is in good agreement with the numerical predictions. There is a slight 
difference between the experimental and numerical results prior to the static stall angle which is 
attributed to various errors involved in the numerical modelling [7]. 

Table 1 and 2 show the test plan for both pure pitch and plunge motions at three different 
maximum angles of attack cases of prior, vicinity and before the static stall. All data are obtained at 
a constant Reynolds number of Re=0.27×106 and constant reduced frequency k=0.06. 
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Fig. 3. Variation of Cl vs. α for the static tests 

 
Table 1 
Test plan of pitch motion 
Pitch motion 

Re=0.27×106 
K=0.06 
𝛼mean° dα° 
6°  

2° 10° 
15° 

 
Table 2 
Test plan of plunge motion 
Plunge motion 

Re=0.27×106 
K=0.06 
𝛼mean° dh(mm) 
6°  

62 10° 
15° 

 
3.1 Pressure Distribution 
 

Figure 4 to Figure 6 illustrate the variations of pressure coefficients with the angle of attack for 
the upper and lower airfoil surfaces. Note that the equivalent angle of attack used for the plunge 
motion is about 2°, in fact, the equivalent angle of attack obtained from Eq. (1). 

When α< α static stall, Figure 4 shows variations of pressure coefficient for the pitch and plunge 
motions under different pressure conditions over the upper and lower surfaces of the airfoil. Due to 
the lag of the pressure on the model surface during upstroke and down stroke, pressure hysteresis 
loops are formed over the upper and lower surfaces and this loops will have counter clockwise 
direction on the lower surface. As illustrated in Figure 4, for both motions, the width of pressure 
hysteresis loop and its slope are reduced by moving from the leading edge to the trailing edge. This 
reduction in width, is more evident in a plunge motion. In both motions, the hysteresis loop is the 
widest at the leading edge. The hysteresis loop formed over the upper surface under identical 
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pressure conditions is wider in the plunge motion compared to that of the pitch motion. At the 
pressure ports at the end of an airfoil, Cp exhibits small variations with the angle of attack, and ǀCpǀ 
remaining marginally close in the two motions during both upstroke and down stroke, which 
indicates that pressure variations at the end of an airfoil subject to favourite pressure gradient are 
not significantly affected by the oscillation type (i.e., pitch or plunge). Additionally, the variations in 
the pitch motion were observed to be considerably smaller than those in the plunge motion. 
 

  
(a) upper (b) lower 

stall-static  𝜶< 𝜶 vs. angle of attack, pVariation of C .4Fig.  

      
Figure 5 illustrates pressure variations under different conditions near the static stall region. The 

hysteresis loops assume a counter clockwise direction over the upper surface. As evident, the 
pressure hysteresis loop is wider in a plunge motion than that in a pitch motion at pressure ports in 
areas with a favourite pressure gradient. The hysteresis loop assumes a clockwise direction at 
pressure ports located on the lower surface of the airfoil in both pitch and plunge motions. The effect 
of the pressure gradient is similar for both pitch and plunge motions. In this region, at the leading 
edge, ǀCpǀ is higher in the pitch motion than in the plunge motion. However, this difference becomes 
smaller closer to the trailing edge, where the difference is minimized during upstroke and down 
stroke, practically levelling out the line. 
 

  
(a) upper (b) lower 

static stall𝜶≈   𝜶vs. angle of attack, pVariation of C .5Fig.  
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Figure 6 shows the variations of pressure coefficient over the airfoil surface after the static stall 
region as the mean angle of attack increases. As shown, the highest suction occurs at the leading 
edge, in which case the maximum dynamic ǀCpǀ occurs at the maximum angle of attack, the slope of 
the pressure hysteresis loop is relatively high, and the ǀCpǀ is higher in the plunge motion than in the 
pitch motion. As shown in Figure 3, the static stall occurs at 11–12° angles of attack. When the model 
oscillates at α > αstatic stall, it is possible to generate a dynamic stall. Two phenomena contribute to the 
formation of dynamic stall: 1) effect of time-lag of pressure gradient on the development of the 
boundary layer, and 2) the leading-edge effect. During the upstroke of the leading edge of the airfoil, 
a behaviour similar to the motion of two side-by-side jets is exhibited by the boundary layer between 
the stagnation and separation points which can be modelled using the rotational motion of a cylinder. 
This boundary layer assumes a fuller profile compared to the static cases and delays the separation 
phenomenon. During down stroke, however, the result is reversed, and the conditions change in 
favour of separation. At the trailing edge pressure port, the pressure loop is wider in the plunge 
motion than in the pitch motion and, unlike the previous two regions, pressure variations are not 
constant. Figure 6(b) shows that pressure coefficient variations at the lower airfoil surface. As shown, 
the pressure hysteresis loop in this region, similar to that of the upper surface, assumes a clockwise 
direction. As demonstrated by Figures 6(a) and 6(b), beyond the static stall region, the variations of 
dynamic pressure at the pressure ports located at the end of the airfoil i.e., x/c=1 and x/c=0.85 are 
significant compared to the areas before and near static stall, indicating the effect of oscillation on 
pressure variations in these regions. Note that the effect is more pronounced in the plunge motion. 

 

  
(a) upper (b) lower 

static stall 𝜶>   𝜶vs. angle of attack, pVariation of C .6Fig.  

 
3.2 Aerodynamic Forces 
 

Figure 7 illustrates CL variations with the angle of attack in the before static stall region. A 
comparison of the lift hysteresis loop for the pitch and plunge oscillations in the before stall region 
reveals the loop width to be narrower in the pitch motion than in the plunge motion, suggesting a 
longer time-lag in the plunge motion at a same reduced frequency and mean angle of attack than in 
the pitch motion. As the angle of attack increases, the flow-field senses the delayed motion of the 
model, causing a delay in the lift in upstroke part of motions. The hysteresis loops are counter 
clockwise in both motions, and the amount of lift during down stroke part of motion is higher than 
that of the upstroke. 
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Fig. 7. Variation of CL vs. angle of attack for 
𝛼max < 𝛼static- stall 

 
Figure 8 shows variation of the lift coefficient with angle of attack in the vicinity of the static stall 

for both pitch and plunge motions. As depicted in Figure 8, by increasing the angle of attack, the 
hysteresis loop assumes an 8-shaped form in the pitch motion near static stall region and about an 
angle of 9.5°, where the hysteresis loop experiences a phase change from lag to lead. Considering 
the oscillation range, the 8-shaped phenomenon can be attributed to the flow separation on the 
surface, which flow reattaches due to down stroke part of the motion. In this region, the counter 
clockwise hysteresis loop is still wider in the plunge motion than that in the pitch motion. 
Nevertheless, contrary to the pre-stall region, the lift during the upstroke and down stroke courses 
of the plunge motion is lower than that in the pitch motion. 
 

 
Fig. 8. Variation of CL vs. angle of attack for 𝛼max 
≈ 𝛼static- stall 

 
Figure 9 shows the lift coefficient variations in the beyond static stall region. As evident, the 

hysteresis loop rotates clockwise. The change in the rotation direction can be associated with the 
time-lag effect and formation of vortices behind the airfoil. The direction of the hysteresis loop when 
the model oscillates at low angles of attack is strongly dependent on the leading-edge wake and 
apparent mass. As the angle of attack increases and causes the model to oscillate near and after the 
static stall region, an extensive separation region forms on the airfoil and the dynamic stall vortices 
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play a significant role in the behaviour of the hysteresis loop. By comparing the hysteresis loop in the 
pitch and plunge motions, two cross over loops are found in the plunge motion, steadily switching 
from C.W to C.C.W and vice versa. Formation of the two 8-shaped loops can be explained by the 
separation and reattachment of the flow field that occurred on the suction surface of the airfoil. The 
hysteresis loop (α=15°) is wider in this case than the two previous ones (α=10°, 6°) and in the pitch 
motion than the plunge motion. Moreover, the maximum lift coefficient in the plunge motion is 
larger than that of the pitch motion. In this region, the slope of the hysteresis loop is greater in the 
plunge motion compared to the pitch motion. 

 

 
Fig. 9. Variation of CL vs. angle of attack for 𝛼max 

> 𝛼 static- stall 

 
Differences of the lift coefficient at three regions: prior, vicinity and beyond the static stall angle 

of attack were shown in Table 3. 
 

Table 3 
Differences of lift coefficient in two motions of pitching and plunging at three mean angles of 
attack 
Operational region of the 
model 

𝛼mean Pure pitch Pure plunge 

K=0.06 

Upstroke Downstroke Upstroke Downstroke 

Prior to the static stall 
angle of attack  

6° 0.83 0.87 0.9 0.77 

Near the static stall angle 
of attack 

10° 1.16 1.18 1.09 1.15 

Beyond the static stall 
angle of attack 

15° 1.39 1.24 1.4 1.3 

 
Figure 10 demonstrates variations of moment coefficient around C/4 with the angle of attack in 

the pre-static stall region. The clockwise direction of the hysteresis loop in the pitch motion indicates 
negative aerodynamic damping and instability during the oscillations. The 8-shaped hysteresis loop 
in the plunge motion causes the direction of the diagram to change from clockwise to counter 
clockwise. Larger positive moments are observed in the plunge motion as compared to the pitch 
motion, except for angles of attacks at the end of upstroke in both pitch and plunge motions. 
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Fig. 10. Variation of Cm vs. angle of attack for 
𝛼 max< 𝛼 static- stall 

 
As the angle of attack increases, the hysteresis loop near the static stall region in both pitch and 

plunge motions assumes a counter clockwise direction, indicating positive, stable aerodynamic 
damping under both types of oscillations. Nevertheless, the moment hysteresis loop has practically 
the same width in both motions (Figure 11). 

 

 
Fig. 11. Variation of Cm vs. angle of attack for 𝛼 

max ≈ 𝛼 static- stall 

 
Figure 12 shows a clockwise hysteresis loop for both pitch and plunge motions in this region so 

that the hysteresis loop of the pitching moment coefficient is located higher than that of the plunge 
motion. The moment coefficient of the upstroke and down stroke pitch motion is greater than that 
in the plunge motion. 
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Fig. 12. Variation of Cm vs. angle of attack for 𝛼 

max > 𝛼 static- stall 

 
4. Conclusions 
 

During the operation of wind turbine blade, it is experiences to pitch or plunge oscillations 
together or separately. Therefore, identification of the physics of pitch and plunge oscillations in the 
same conditions such as  the amplitude of oscillation  and reduced frequency, also helps to better 
understand the fluid physics around the wind turbine blade. This can be used to improve the 
aerodynamic performance of wind turbine blade. As improve the aerodynamic performance of wind 
turbine blade, wind turbine production power is increased. 

Extensive experimental studies have been conducted to investigate the aerodynamic behaviour 
of wind turbine blade cross-sections under oscillatory motions. The aerodynamic forces acting on a 
model can be calculated by measuring the pressure distribution over the upper and lower surfaces 
of the model while changing the effective parameters such as the initial angle of attack, reduced 
frequency, oscillations amplitude and Reynolds number. In this study, pure plunge and pitch motions 
were investigated under same oscillatory conditions by setting identical values for the initial angle of 
attack, reduced frequency and amplitude of oscillation in both motions. The model was separately 
subjected to pitch and plunge motions at a fixed Reynolds number of 0.27×106, and the aerodynamic 
loads induced by oscillations were investigated by measuring the pressure distribution. The main 
results are summarized as follows 

i. In the region before the static stall angles of attack, the hysteresis loop of the lift coefficient 
in the pitch motion is inserted into that of the plunge motion. At the same angle of attack in 
both upstroke and down stroke cases, the generated lift force in the pitch motion was greater 
than that in the plunge motion. 

ii. As the mean angle of attack increased in the region near the static stall angle of attack, the 
thickness of the hysteresis loop of the lift coefficient was reduced in both pitch and plunge 
motions, while the width of the hysteresis loop in the plunge motion was greater than that in 
the pitch motion. Nevertheless, the generated lift in both down stroke and upstroke cases 
during the pitch motion was greater than that of the plunge motion. Hence, when a greater 
lift is required in practice, the model should be subjected to pitch motion in the region near 
the static stall rather than before the static stall. 

iii. With increasing the angle of attack beyond the static stall, the width of the hysteresis loop for 
the lift coefficient was increased due to the delay caused by flow separation and reattach in 
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both pitch and plunge motions. Unlike the regions before and near the static stall, the 
upstroke lift coefficient in this region was greater than down stroke lift coefficient in both 
pitch and plunge oscillations. An insignificant difference was observed between the upstroke 
lift coefficients in the pitch and plunge motions in the beginning of the region after the static 
stall. However, this difference was increased as the angle of attack increased by moving away 
from the vicinity of the static stall. 

iv. In the region beyond the static stall angles of attack, the slope of the hysteresis loop for the 
lift coefficient was smaller in the pitch motion than that in the plunge motion. As a result, the 
plunge motion generated a greater lift compared to the pitch motion after the static stall. 

v. The width of the hysteresis loop of the pitching moment was increased by increasing the 
mean angle of attack in both motions. In the region before the static stall, the hysteresis loop 
of the pitching moment in the plunge motion was located entirely above that in the pitch 
motion. At a given angle of attack in this region, the plunge motion generated a more positive 
pitching moment compared to the pitch motion. 
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