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Abstract: In order to further improve the operating efficiency of 
wind turbines and explore the aerodynamic performance of the 
complex motion of wind turbine blades under yaw loads. In this 
study, the change in the angle of attack of the blade section airfoil 
under yaw load can be modeled as an oscillating airfoil and 
combined with the blade's flapwise motion. The NREL S809 
airfoil are chosen for the research, based on the SST k-ω 
turbulence model with transition correction, under the condition 
of Reynolds number of 106. The effect of phase difference on its 
aerodynamic performance under combined flapwise and pitching 
motion in various flapwise amplitudes and working conditions 
were analyzed. For the combined oscillations, the effects of the 
flapwise amplitude (h) in the range of 0.2≤h≤0.5 are investigated 
with the phase differences of Φ=±3π/4, ±π/2, ±π/4, 0. The results 
show that the phase difference between the pitching motion and 
the flapping motion and the different flapping amplitudes can 
have a large impact on the aerodynamic performance of the 
airfoil during dynamic stall, but the degree of influence is greatly 
different in different situations. 
Keywords: Wind turbines • Dynamic stall • Computational fluid 
dynamics • Pitch oscillation • Flapwise • Flapwise amplitude 
 
1  Introduction 

 
With the rapid development of wind power technology in 
recent years, the size of wind turbines has gradually 
increased. Wind turbines are in complex wind fields all 
year round. When the wind turbine is subjected to yaw 
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loads, the angle of attack (AOA) of the blade section airfoil 
will change with the position of the blade [1]. These 
changes may cause dynamic stall (DS) of the airfoil [2-3]. 
Meanwhile, the blades also vibrate when they are rotating. 
These vibrations are mainly manifested in the bending 
vibration (edgewise) of the blade in the plane of rotation 
and the bending vibration (flapwise) perpendicular to the 
plane of rotation [4]. 

In the past few decades, the DS of the airfoil and the 
vibration of the blades has been studied by many 
researchers. The most studied is the DS phenomenon of the 
airfoil pitching motion. McCroskey [5] experimentally 
studied the DS phenomenon of airfoil pitching, and they 
found that the stall AOA of the airfoil in pitch motion is 
larger than that of the static airfoil, resulting in higher 
maximum values of lift and drag coefficients (CL and CD). 
However, compared with the static airfoil, the reattachment 
of the dynamic airfoil boundary layer will occur at a lower 
angle of incidence, resulting in a hysteresis of the 
aerodynamic coefficient. On the other hand, the periodic 
load due to DS and the unstable wind turbine wake have a 
negative impact on the rotor performance of the wind 
turbine [6-7], leading to fatigue failure [8-9]. In the 1990s, 
Ramsay et al. [10] systematically studied the aerodynamic 
performance of the airfoil under pitching oscillation 
motions through wind tunnel tests of the airfoil dedicated 
to wind turbines. Choudhry et al. [11] experimentally 
investigated the effects of reduced frequency (k), Mach 
number (Ma), Reynolds number (Re), and airfoil geometry 
on the DS of the airfoil. In addition, they analyzed the 
behavior of the lift curve slope of an airfoil subjected to 
continuous pitching DS to explore the mechanism of 
instability. Gharali et al. [12-13] studied the aerodynamic 
load of an airfoil when the flow incident velocity and pitch 
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incident angle oscillated at the same frequency but with a 
certain phase difference. Subsequently, the effects of 
different reduced frequencies on the above problems were 
studied, and it was found that the reduced frequency and 
phase difference can significantly change the aerodynamic 
load during DS [14]. 

However, as the power of modern wind turbines 
gradually increases, the blades become thinner and lighter, 
so the blades become more flexible. Inevitably, the blades 
of large wind turbines will experience more severe 
vibrations during operation [15]. Considering the actual 
operating conditions of the wind turbine, Xiong et al. [16] 
used the computational fluid dynamics (CFD) method to 
study the DS characteristics of the S809 airfoil under the 
coupling of flapwise, edgewise and pitching. It is found 
that the airfoil has a non-negligible DS intensity under the 
flapwise motion, although it is weaker than that under the 
pitch motion. Kun et al. [17] studied in more detail the 
aerodynamic performance of wind turbine airfoil when 
flapwise, edgewise and coupling the two under different 
amplitudes. 

When a wind turbine is subjected to yaw loads, the AOA 
of the blade section airfoil changes with the position of the 

blade. Under idealized yaw loads, the motion of the blade 
section airfoil can be approximated as pitch oscillation [1], 
but the blade itself also has vibrations in the flapping and 
edgewise direction during operation. Due to the different 
types of wind disturbances that cause yaw loads, the phase 
of the airfoil pitch oscillations and other vibrations may be 
different, resulting in changes in their aerodynamic 
performance. Existing literature has generally studied the 
pitching motion, flapwise and edgewise motion of wind 
turbine airfoils, or several coupled motions [18-21], but did 
not consider the phase of these motions during the 
superposition process. In this study, the aerodynamic 
performance of a wind turbine airfoil when the pitching 
motion and the flapwise motion at the same frequency but 
with different phase differences under different degrees of 
stall conditions are studied in detail. 

 
 

2  Yaw Loads 
 

Figure 1 shows that the three different wind disturbances 
that cause the yaw load of a horizontal axis wind turbine. 
In the Figure 1 (a-c), the down direction of the x-axis is 
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Figure 1  Three types of wind disturbances causing yaw loads 
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zero azimuth (Ψ=0), and the direction of rotation of the 
wind wheel is positive. 

Figure 1(a) shows that under positive horizontal cross 
wind Vy, when the blades are in π/2<Ψ<3π/2, the direction 
of the air from the blade rotation (rΩ) is the same as the 
direction of horizontal cross flow (Vy). While when the 
blades are in 3π/2<Ψ<π/2, the direction of the air from the 
blade rotation (rΩ) is the same as the direction of 
horizontal cross flow (Vy). The last figure in Figure 1(a) 
shows that the blade section airfoil has the smallest AOA at 
the azimuth π. At Ψ=0, the blade section has the largest 
angle of incidence. Shear wind (only horizontal shear wind 
is shown here, Figure 1(b)) is generated along the rotor's 
horizontal inflow velocity with spatial changes. The main 
reasons for this situation are the changes in the atmosphere 
itself, environmental and geographical factors, or a 
combination of factors. In this case, the maximum incident 
angle to which the airfoil of the blade cross section occurs 
at Ψ=π/2, and the minimum incident angle occurs at the 
lowest value of horizontal flow velocity [12]. The positive 
vertical wind is shown in Figure 1(c). The minimum 
incident angle of the blade section airfoil appears at 3π/2, 
and the maximum incident angle appears at π/2 [1].  

In practical conditions, the yaw load on wind turbines is 
more complicated. Under different yaw loads or their 
combinations, the initial phase of the pitch oscillation can 
be changed over a wide range. In the following parts, the 
effects of different initial phases (Φ) of pitch oscillations 
when coupled with other vibrations will be discussed. 

 
 

3  Simulated Cases 
 

The S809 airfoil designed for horizontal axis wind turbine 
blades, with a relative thickness of 12%, has been studied 
for more than two decades, and the experimental data are 
sufficient. Hence this kind of airfoil was chosen in this 
study. The studied airfoil motion type is shown in Figure 2 
[16], which includes three types of pitching motion, 
flapwise motion and edgewise motion.  

U∞

Flapwise
A sin(2π )Y ft

Edgewise
Bsin(2π )X ft

Pitching
( ) sin(2 )mean ampα t α α πft  

 
Figure 2  Airfoil motion types 

The pitching motion usually makes the airfoil sine 
oscillate around the axis 1/4 chord from the leading edge. 
As previously discussed, idealized yaw loads can be 
classified as periodic loads. Meanwhile the AOA of the 
wind turbine blade airfoil changes periodically under the 
yaw load, so it can be modeled as an pitch oscillating 
airfoil. 

Pitching airfoil oscillation law: 
 
    2mean ampα t α α sin πft       (1) 

 
Where α(t) is the instantaneous AOA. αmean is the mean 

AOA. αamp is the AOA amplitude. f is the oscillation 
frequency. t is the time. Φ is the phase difference. The 
value of the Φ are ±3π/4, ±π/2, ±π/4, 0. Since the main 
research is DS, the mean AOA is 14°, the AOA amplitudes 
are 5.5° and 10°, which are consistent with the parameters 
set by Ramsay [10] in the Ohio State University (OSU) 
wind tunnel test. 

The displacement of the blade in the flapwise direction 
is [22-23]: 

 
  A 2Y sin πft   (2) 

 
The displacement of the blade in the edgewise direction 

is [24]: 
 
  B 2X sin πft   (3) 

 
Where A and B are the airfoil flapwise amplitude and 

edgewise amplitude respectively, f is the oscillating 
frequency. 

For flapwise motion, the influence of airfoil on its 
aerodynamic performance is relatively small [25-27]. 
Therefore, for the sake of calculation, only the compound 
movements under the flapwise motion was investigated in 
this study. For the selection of flapwise motion parameters, 
Tuncer et al. [28] used the concept of relative flapwise 
amplitude (h) in the study, calculated as follows: 

 

 A
c

h    (4) 

 
Where A is the airfoil flapwise amplitude. c is the airfoil 

chord length. 
They studied the aerodynamics of NACA0012 airfoil at 

h=0.4~0.7, Reynolds number Re=1×106, and reduced 
frequency k=0.8. Reference [16] studied the DS 
characteristics of S809 airfoil at relative flapwise and 
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edgewise amplitudes of 0.5 and 0.227. Referring to 
[16-17,28-29], combined with the actual running status of 
the fan, it is also convenient for comparative analysis to 

determine the relative flapwise amplitude h=0.2~0.5. The 
movement laws and main parameters of each example are 
shown in Table 1. 

 
Table1  Motion types and their parameters 

Motion 
types 

Formula 
Reynolds 
number 

(Re) 

Reduced 
frequency 

(k) 

Wind 
velocity 
U∞(m/s) 

Amplitude 
(αamp , h) 

Pitching α(t)=αmean+αampsin(2πft+Φ) 106 0.077 33m/s 5.5°, 10° 

Flapwise Y=hsin(2πft) 106 0.077 33m/s 
0.2, 0.3, 
0.4, 0.5 

 
 

4  Methodology 
 

4.1  Numerical setup 
The S809 wind turbine dedicated airfoil was considered. 

The Mach number is low in the calculation conditions, it 
can be regarded as incompressible flow. Two-dimensional 
continuity equations and two-dimensional incompressible 
N-S equations are used in this study. The SST k-ω model 
that based on Menter's [30] turbulence model with 
transition correction was considered. This study uses the 
moving mesh method to achieve the airfoil movement. The 
mesh and boundary conditions are shown in Figure 3. The 
entire calculation domain has a radius of 20 times the 

airfoil chord length and is divided into two areas. The outer 
static area uses a triangular mesh, while the inner moving 
area uses a triangular and quadrilateral mixed mesh. A total 
of 560 nodes are set on the airfoil surface, and a C-shaped 
quadrilateral boundary layer mesh is used around it. In 
order to ensure accurate simulation of the boundary layer 
flow [31-32], the first layer mesh layout ensures that y+ is 
on the order of 1.0, and the forward growth factor is set to 
1.08. The calculation time step after time independence 
verification is set to 0.0005s, and the residual is set to 
1×10-6. A user-defined function (UDF) is used to control 
the airfoil movement in Fluent software. At least 5 cycles 
of calculation are performed for each operating condition.  

 

  
(a) Computational domain (b) Computational domain mesh 

  
(c) Mesh around the airfoil (d) Airfoil surface mesh details 

Figure 3. Computational domain and the mesh 
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4.2  Validation 
In order to prove the validity of the numerical method used, 
the results of CFD calculations under two operating 
conditions were compared with the unsteady aerodynamic 
performance of the S809 airfoil in the case of pitch 
oscillation in the OSU wind tunnel test [10]. The 
comparison of the results is shown in Figure 4. Since the 
average AOA is closer to the static stall angle at 14°and the 
oscillation amplitude is 5.5° (Figure 4(a)), the calculated 
value of the CL is higher than the experimental value [33], 
and the agreement of the drag coefficient is relatively good. 

 
Ekaterinaris et al. [34] also pointed out that when the 
airfoil AOA is close to the static stall angle and the 
oscillation amplitude is small, the accuracy of the 
calculation results is reduced. Although the CL is slightly 
higher than the experimental value at the dynamic stall 
angle (αDS), it can be seen that the numerical calculation 
results are in good agreement with the experimental value 
as a whole, and the details of the DS are also well 
predicted, which can indicate that the numerical method 
can effectively calculate this complex flow.
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Figure 4. Aerodynamic coefficient curve and experimental value of airfoil pitch motion 
 
5  Results And Discussion 
 
According to the above settings, numerical simulations are 
performed for the airfoil pitching and flapwise motions at 
different phases (Φ), different flapwise amplitudes (h), and 
different pitch amplitudes. After five cycles of calculation 
in Fluent software, stable results were obtained. 
 
5.1  Combined effects of h and Φ on aerodynamic 
performance 
Through Figures 5 and 6, we can further understand the 
aerodynamic performance of the airfoil under different 
flapwise amplitudes h and different Φ values. From the 
figure we can see that under different h and different pitch 
amplitudes, the aerodynamic performance of the 
compound motion (pitch and flapwise motion, the same 
below) have different values at the same AOA, which is 

significantly different from the simple pitch motion. The 
different phases were divided into three parts for 
discussion. 

5.1.1  Φ=π 
Take αamp=10°, Φ=π as an example to discuss in detail the 
aerodynamic situation of the airfoil in compound motion. 
Figure 6 (o) and (p) shows the hysteresis curve of the CL 
and CD of the compound motion in the phase. 

The pressure coefficient (Cp) diagrams of pitch motion 
and compound motion are given in figure 7. In this figure, 
the streamlines are superimposed to present more details. 
The Cp is defined as： 

 

 20.5 Up
p pC

ρ





   (5) 
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where p is the static pressure on the airfoil surface. p

is the static pressure from the far forward flow. and ρ is 
the air density. U is the flow velocity from the far 
forward. 
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Figure 5  Aerodynamic coefficient curves of airfoil combined motion with different phase differences and flapwise amplitude when 

αamp=5.5° 
 

Compared with only pitching, the trend of the 
aerodynamic hysteresis curve of the compound motion 
under different flapwise amplitudes is consistent. When the 
airfoil starts to move up, the lift increases linearly until the 
AOA reaches a certain angle and then becomes flat. During 
this period, due to the superposition of the flapwise motion, 
the CL and CD of the compound motion are higher than 
those of the only pitching motion, and the higher amplitude 
corresponds to a high aerodynamic coefficient. In the uplift 
phase of the airfoil, the adhering flow on the airfoil surface 
of the compound motion and the pitch motion shows a 
large difference, as shown in Figure 7. The pitching motion 
continues to a high AOA. However, due to the downward 

movement of the flapwise during compound movement, 
the flow pressure near the pressure side of the airfoil is 
greater than that during the simultaneous pitching 
movement. The pressure side will create a pressure 
gradient with the suction side. At this time, due to the 
effect of the pressure gradient, the airflow on the pressure 
side of the trailing edge bypasses the trailing edge to the 
suction side earlier. Subsequently, the downstream fluid is 
forced to return, causing the fluid in the boundary layer to 
move away from the wall and face the mainstream. 
Therefore, the boundary layer is separated earlier (the flow 
separation of the compound motion occurs near 13°, which 
is about 3.5° earlier than the pitch movement, Figure 7 (a) 
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and (b)). After the flow separation, the downstream return 
fluid collides with the main flow and then turns back to 
flow downstream. Downstream of the separation point, 
shear vortices and wake regions are generated. It causes 

energy loss and promotes a low-pressure area on the 
suction surface. The extra lift is obtained by the airfoil, 
which increases CL and CD of the compound motion at the 
same time. 
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Figure 6  Aerodynamic coefficient curves of airfoil combined motion with different phase differences and flapwise amplitude when 
αamp=10°  
 

With reference to Figure 9 (here, the vorticity is 
dimensionless) and Figure 7 (c) and (d), When h=0.5 and 
the AOA reaches around 17°. A leading edge vortex (LEV) 
begins to form, which is about 3° earlier than the pitch 
motion. In addition, the generated LEV have higher 
intensity, resulting in higher aerodynamic loads before 
stalling. However, when LEV are generated, the vortices 
near the trailing edge are weaker than the pitching motion. 
As the AOA continues to increase, the LEV grows rapidly 
on the upper surface of the airfoil. Near 21.8°, the LEV 

covers the entire upper surface and DS occurs under the 
maximum aerodynamic load, as shown in Figure 7 (e) and 
(f). The angle at which the DS of the compound motion 
occurred was approximately 1.5° earlier than the pitch 
motion, and the CL during DS increased by 0.38 (Table 3). 
From the comparison of the Cp diagram, the upper surface 
of the airfoil has a lower pressure when the compound 
motion is stalled, and the vorticity of the leading edge 
covering the suction side of the airfoil is stronger. After 
that, the LEV falls off while  
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Pitching motion Compound motion αamp=10°, Φ=π, h=0.5 

  
(a) α=16.5°↑ (b) α=13°↑ 

          
(c) α=20°↑ (d) α=17°↑ 

  
(e) α=23.3°↑ (f) α=21.8°↑ 

  
(g) α=23.7°↑ (h) α=22.6°↑ 

  
(i) α=23.8°↓ (j) α=24° 

  
(k) α=7.9°↓ (l) α=9°↓ 

 
Figure 7. Static pressure distribution and streamline chart at only pitching and Φ=π: Pitching motion (left column); Compound motion 
αamp=10°, Φ=π, h=0.5 (right column). 
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forming the trailing edge vortex (TEV), causing a 
sudden drop in lift and drag, Figure 7 (g) and (h). Then, 
when the downstroke moves, a LEV is generated again, 
and the lift force also increases, as shown in Figure 7 (i) 
and (j). Because the second LEV is not as strong as the 
first LEV, it cannot significantly increase lift, and it takes 
much less time to grow and fall off than the first LEV. 

The above situation has similar effects on different h 
values, and the specific situation will be discussed in detail 
in the next section. In general, when a Φ=π, during the 
uplift phase of the airfoil, the vibration velocity in the 
flapwise direction increases the relative flow velocity and 
AOA of the airfoil. The LEV generates faster and breaks 
away from the upper surface of the airfoil earlier, causing 
the airfoil to enter the stall earlier. The main vortex 
detached from the airfoil surface earlier than the pitch 
motion. In the downward pitching phase, the equivalent 
AOA is reduced, which makes the separation flow reattach 
earlier than the simple pitching motion. More visually, the 
flapwise motion at Φ=π is equivalent to deepening the stall. 
This will allow the airfoil to spend more time in the stall 
area, and the aerodynamic fluctuations during DS will be 
more intense. 

5.1.2  -π≤Φ≤0 
Figures 5 and 6 (o), (p), (a), (b), (c), (d), (e), (f), (g) and (h) 
respectively show the CL and CD curves of the airfoil at Φ
=π, -3π/4, -π/2, -π/4 and 0 under conditions αamp=5.5° and 
αamp=10°. 

We can find that when αamp=5.5°, almost all stalls 
occurred in this interval, and the αDS under two operating 
conditions is delayed as the phase difference increases, 
while the CL and CD first increase during DS, then decrease. 
From Figures 8 and 9, we can find that due to the increase 
in phase difference, the upstroke of the pitching motion 
gradually overlaps with the upstroke of the flapwise 
motion. The upstroke of the flapwise motion can reduce 
the relative flow velocity and AOA of the airfoil, thereby 
delaying the airfoil. LEV are generated during the 
ascending and ascending stages and slow the development 
of LEV. However, the second half of the pitch upstroke is 
still in the downstroke flapwise state, and the flapwise 
velocity of the airfoil in the upstroke near the αDS gradually 
increases until  -π/2 reaches the maximum, the CL and CD 
s reach the highest, and then the velocity gradually 
decreases. The CL and CD during DS also gradually 
decrease, which is also the main reason for αamp=5.5° stall. 

 

 
Figure 8  Airfoil combined motion vorticity contours at different flapwise amplitude at αamp=5.5°, Φ=-π/2, 0, π/2 and π. 
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Figure 9  Airfoil combined motion vorticity contours at different flapwise amplitude at αamp=10°, Φ=-π/2, 0, π/2 and π. 

 
 

5.1.3  0<Φ<π 
In Figures 5 and 6 (g), (h), (i), (j), (k), (l), (m), (n), (o) and 
(p),with the increase of the value Φ, the flapwise 
downstroke and the pitch upstroke begin to overlap 
gradually, and the CL curve of the combined motion is 
gradually higher than that of the pitch only. Meanwhile the 
overlapping area of the upstroke of the flapwise motion 
and the upstroke of the pitching movement is reduced and 
is still in the period of the upstroke of the flapwise motion 
when the downstroke of the pitching movement starts. It 
will delay the DS of αamp=10° from 0 to π/2 compared to 
pitching only. Until Φ=π/2, the velocity of the upstroke of 
the flapwise motion near the αDS of the pitching motion 
reaches the maximum. So that the DS of the combined 
movement of αamp=10° at Φ=π/2 is severely suppressed, 
and no DS of the combined movement occurs at h=0.5. 
With αamp=5.5°, the hysteresis curve becomes narrower 
than that when only pitching is performed. As the 
amplitude h increases, the aerodynamic load of the airfoil 
becomes more stable throughout the cycle. As can be seen 
from Figures 8 and 9, the vorticity changes of the airfoil 
during the whole movement. After π/2, the flapwise motion 
tends to be smooth near the αDS of the pitching motion. 

When αamp=10°, the αDS of the combined motion gradually 
approaches only the pitching motion and gradually 
advances as the value of Φ continues to increase. 
 
5.2. Effect of h on aerodynamic performance of airfoil 
In order to compare the influence of various factors on the 
aerodynamic performance of airfoil composite motion, the 
maximum lift and drag coefficient (CLmax and CDmax) 
curves at different flapwise amplitudes (Figure 10) and the 
αDS curves at different amplitudes (Figure 11) and 
Aerodynamic coefficients and dynamic stall angles of 
airfoils in different motion modes (Table 2 and 3) are given. 
It can be seen from Figure 10 that the aerodynamic load of 
the airfoil compound motion under the two conditions 
shows the same trend. When Φ=π, -3π/4, -π/2, -π/4 and 0, 
the CL and CD in all cases show an upward trend with 
increasing amplitude. This is mainly because the stall area 
of the airfoil is under the downstroke of the flapwise 
motion. Increasing the amplitude will increase the relative 
incoming flow velocity of the airfoil, resulting in changes 
in the aerodynamic load; At Φ=π/4, π/2, and 3π/4, the 
airfoil stall area is on the flapwise motion, increasing the 
flapwise amplitude shows the opposite trend.
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Figure 10. CLmax and CDmax at different phases and different flapwise amplitude 
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Figure 11. Effects of the flapwise amplitude on a DS 
 
 
In terms of stall angle (Figure 11), for the stall situation 
that has occurred, the two conditions behave identically. 
Increasing the flapwise amplitude at αamp=10° and Φ=0, 
π/4, π/2 can delay the stall angle, and the maximum delay 
of DS observed at Φ =π/4 is 1.408°. Increasing the 
flapwise amplitude at αamp=10°, Φ =3π/4 and two 
conditions will advance the stall angle. Under both 
conditions, Φ=0, π/4, π/2 reach the maximum advance at 
Φ=π, which are 1.43° and 1.93°, respectively. It is 
particularly noted that the increase in flapwise amplitude at 
Φ=-π/4 has little effect on the αDS. 

In the previous discussion, the upstroke of the flapwise 
motion can reduce the relative inflow velocity and AOA of 
the airfoil, thereby delaying the generation of the LEV 
during the pitch upstroke phase and slowing the 
development of the LEV. On this basis, increasing the 
amplitude has a more severe inhibition on the generation 
and development of the LEV, and the flapping velocity of 
the airfoil stall area plays a decisive role in the stall degree 
under different amplitudes. 
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Table 2  Aerodynamic coefficients and dynamic stall angles of airfoils at αamp=5.5° 

h parameters Φ=-3π/4 Φ=-π/2 Φ=-π/4 Φ=0 Φ=π/4 Φ=π/2 Φ=3π/4 Φ=π 

0.2 

αDS 19.388°↑ 19.458°↑ 19.346°↓ -- -- -- -- -- 

CLmax 1.4680 1.5549 1.4499 1.3978 1.3260 1.2833 1.3375 1.4127 

CDmax 0.5985 0.6305 0.5782 0.2721 0.1532 0.1488 0.1590 0.3595 

0.3 

αDS 18.938°↑ 19.284°↑ 19.456°↑ -- -- -- -- 19.484°↑ 

CLmax 1.6607 1.7131 1.6543 1.4118 1.3047 1.2249 1.3215 1.4320 

CDmax 0.6611 0.6859 0.6849 0.3664 0.1523 0.1509 0.1497 0.4328 

0.4 

αDS 18.380°↑ 19.014°↑ 19.498°↓ 17.730°↓ -- -- -- 18.748°↑ 

CLmax 1.7745 1.9018 1.7447 1.4311 1.2943 1.1836 1.3193 1.4560 

CDmax 0.6847 0.7498 0.7089 0.5314 0.1626 0.1545 0.1458 0.5262 

0.5 

αDS 17.889°↑ 18.922°↑ 19.499°↓ 18.303°↓ -- -- -- 17.554°↑ 

CLmax 1.8803 1.9189 1.8367 1.5847 1.2990 1.1473 1.3286 1.5974 

CDmax 0.7078 0.7529 0.7387 0.6147 0.1722 0.1622 0.1433 0.5958 

 
Table 3  Aerodynamic coefficients and dynamic stall angles of airfoils at αamp=10° 

h parameters Φ=-3π/4 Φ=-π/2 Φ=-π/4 Φ=0 Φ=π/4 Φ=π/2 Φ=3π/4 Φ=π 

0.2 

αDS 23.187°↑ 23.556°↑ 23.856°↑ 23.996°↑ 23.998°↓ 23.972°↑ 23.627°↑ 23.236°↑ 

CLmax 2.2136 2.2382 2.1949 2.0893 1.9319 1.8307 1.9740 2.1112 

CDmax 1.0253 1.0449 1.0321 0.9900 0.9288 0.8983 0.9380 0.9807 

0.3 

αDS 22.927°↑ 23.451°↑ 23.908°↑ 23.987°↓ 23.894°↓ 23.974°↓ 23.459°↑ 22.852°↑ 

CLmax 2.2875 2.2741 2.2672 2.1250 1.8276 1.6679 1.8660 2.1557 

CDmax 1.0400 1.0674 1.0708 1.0029 0.8826 0.8260 0.8903 0.9825 

0.4 

αDS 22.483°↑ 23.334°↑ 23.908°↑ 23.916°↓ 23.541°↓ 23.417°↓ 23.302°↑ 22.457°↑ 

CLmax 2.3323 2.3719 2.2658 2.1377 1.7539 1.5603 1.8124 2.1705 

CDmax 1.0474 1.0953 1.0763 1.0119 0.8439 0.6935 0.8666 0.9739 

0.5 

αDS 22.235°↑ 23.251°↑ 23.908°↑ 23.783°↓ 22.950°↓ -- 23.127°↑ 21.800°↑ 

CLmax 2.4147 2.4362 2.3442 2.1506 1.6845 1.5172 1.7666 2.2069 

CDmax 1.0620 1.1212 1.1006 1.0568 0.7898 0.2730 0.8404 0.9746 

 
5.3 Aerodynamic load sensitivity 
As mentioned above, the aerodynamic load of the airfoil 
during compound motion is significantly dependent on the 
h and Φ parameters, and the aerodynamic load is one of the 
key parameters in the design of the wind turbine. Therefore, 
the analysis of the degree of influence of the load is 
performed here in order to understand h and Φ the degree 
of influence on the aerodynamic load more intuitively. As 
can be seen from Figure 10 and Table 3, under the 
condition of h = 0.5, αamp=10°, the maximum and minimum 

values of CL are 2.4362 and 1.5172, respectively, and the 
ratio of the maximum and minimum values is 1.61. while 
αamp=5.5°, the maximum and minimum values of CL are 
1.9189 and 1.1473, respectively, and the ratio is 1.67. when 
h = 0.2, 0.3 and 0.4, the ratios are 1.22 and 1.21, 1.37 and 
1.40, 1.52 and 1.61, respectively. Meanwhile, when h 
increases from 0.2 to 0.5, the rate of change at αamp=10° is 
the largest at 1.21. It is less than 1.12 at other Φ values. The 
maximum change rate under αamp=5.5°at Φ=-3π/4 is 1.28. 
CDmax is more pronounced when excluding αamp=10°, Φ=π/2 
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and αamp=5.5°, Φ=0 and π. 
In summary, it can be explained that when the flapwise 
amplitude is in a low range and in some special cases, such 
as αamp=10°, Φ=π/2 and αamp=5.5°, Φ=0 and π, both h and 
Φ can greatly affect the dynamic load. The effect is that the 
dynamic load is more sensitive to Φ than h when the 
flapwise amplitude is in a high range. 
 
 
6  Conclusion 
 
Under yaw loads, the aerodynamic loads on the blades of a 
horizontal axis wind turbine show periodic changes. In 
each cycle, the blade section airfoil undergoes complex 
motion. The SST k-ω turbulence model with transition 
correction was used to simulate the aerodynamic 
performance of the DS of the airfoil. The aerodynamic 
results obtained were in good agreement with the 
experimental data. By analyzing the aerodynamic data of 
the complex movement of the airfoil under yaw loads, the 
following conclusions were drawn. 
(1) When the impeller is under yaw load, the phase of the 

pitching motion and the flapwise motion can oscillate 
in a wide range. At -π≤Φ≤0, αamp=5.5° will cause a 
significant stall phenomenon, and the αDS will be 
gradually delayed as the phase difference increases, 
and the aerodynamic load will fluctuate sharply. 
However, at 0<Φ<π, αamp=5.5° could not be stalled. In 
the αamp=10° state, the αDS was gradually advanced as 
the phase difference increased, and the aerodynamic 
load fluctuation was relatively smooth under the two 
conditions. 

(2) The effect of h on the aerodynamic performance of the 
airfoil is mainly reflected in:  in the case of -π≤Φ≤0, 
as the amplitude increases, the CL and CD both show an 
increasing trend. In other cases, it shows an opposite 
trend. In the case of DS, when Φ=0, π/4 and π/2, 
increasing the flapwise amplitude significantly delays 
the αDS. At Φ=3π/4, π, -3π/4 and -π/2, increasing the 
flapwise amplitude will advance the stall angle, while 
at Φ=-π/4, the flapwise amplitude has little effect on 
the αDS. 

(3) In the amplitude range of the flapwise motion studied 
in this study, the phase difference between the pitching 
motion and the flapwise motion and different flapwise 
amplitudes can have a large impact on the aerodynamic 
performance of the airfoil during DS. However, the 
impact of the two is very different in different 
situations. When the flapwise amplitude is in the lower 
range and in some special cases, such as αamp=10°, 

Φ=π/2 and αamp=5.5°, Φ=0 and π, both h and Φ can 
have a great impact on dynamic load. When the 
flapwise amplitude is in a high range, the dynamic load 
is more sensitive to Φ than h. 
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Figures

Figure 1

Three types of wind disturbances causing yaw loads



Figure 2

Airfoil motion types

Figure 3



Computational domain and the mesh

Figure 4

Aerodynamic coe�cient curve and experimental value of airfoil pitch motion



Figure 5

Aerodynamic coe�cient curves of airfoil combined motion with different phase differences and �apwise
amplitude when αamp=5.5°



Figure 6

Aerodynamic coe�cient curves of airfoil combined motion with different phase differences and �apwise
amplitude when αamp=10°



Figure 7

Static pressure distribution and streamline chart at only pitching and Φ=π: Pitching motion (left column);
Compound motion αamp=10°, Φ=π, h=0.5 (right column).



Figure 8

Airfoil combined motion vorticity contours at different �apwise amplitude at αamp=5.5°, Φ=-π/2, 0, π/2
and π.



Figure 9

Airfoil combined motion vorticity contours at different �apwise amplitude at αamp=10°, Φ=-π/2, 0, π/2
and π.



Figure 10

CLmax and CDmax at different phases and different �apwise amplitude



Figure 11

Effects of the �apwise amplitude on a DS


