
Vol.:(0123456789)1 3

International Journal of Aeronautical and Space Sciences (2021) 22:1263–1277 
https://doi.org/10.1007/s42405-021-00389-5

ORIGINAL PAPER

Physics of Dynamic Stall Vortex During Pitching Oscillation of Dynamic 
Airfoil

Binbin Wei1  · Yongwei Gao1  · Dong Li1

Received: 13 September 2020 / Revised: 6 May 2021 / Accepted: 11 May 2021 / Published online: 29 July 2021 
© The Author(s) 2021

Abstract
Dynamic stall, which has a significant effect on the aerodynamic performances of dynamic airfoils, is closely related to the 
physics of the dynamic stall vortex (DSV). The physics of the DSV on the NACA 0012 airfoil was experimentally studied 
using unsteady pressure measurements with high time accuracy. The experimental Reynolds number was Re = 1.5 ×  106, and 
the reduced frequency was k = 0.069. The propagation of the unsteady pressure field during the dynamic stall process was 
analyzed in detail. The motion characteristics of the DSV were examined, including its near-wall development characteristics 
and near-wall evolution velocity. Moreover, the frequency characteristics of the near-wall DSV were studied using wavelet 
analysis combined with proper orthogonal decomposition (POD) technology. In addition, the effects of the mean angle of 
attack (AoA) and the amplitude on the DSV motion and frequency characteristics were examined in detail. The effects of 
the mean AoA on the near-wall DSV strength and the propagation velocity were linear, while the effects of amplitude were 
nonlinear. The mean AoA and amplitude had a significant influence on the frequency of the leading-edge vortex (LEV) at 
the initial stage of the DSV development (x/c = 0.10–0.20). This work allows the DSV physics to be understood more deeply.
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1 Introduction

The dynamic stall process has a significant effect on the 
aerodynamic performances of dynamic airfoils [1]. In gen-
eral, when the airfoil load increases significantly, dynamic 
stall begins to occur. During dynamic stall, the unsteady 
characteristics of the flow field increase significantly, and the 
aerodynamic force and moment undergo nonlinear changes.

It is generally believed that the formation and develop-
ment of the dynamic stall vortex (DSV) directly affects the 
dynamic stall process. Many studies of Carr et al. [1–6] 
greatly enhanced the understanding of the DSV and dynamic 
stall. Before the start of dynamic stall, a very thin reversed 
flow area forms at the trailing edge. Under the action of a 
reverse pressure gradient, the reversed flow area gradually 
moves to the leading edge. During this process, the flow 
remains attached. A vortex that results in a strong suction at 
the leading edge is then formed. A vortex called the leading-
edge vortex (LEV) gradually separates from the airfoil surface 
to form a DSV. As the angle of attack (AoA) increases, the 
DSV begins to develop toward the trailing edge, resulting in 
significant torque changes. As the AoA further increases, the 
DSV separates from the trailing edge of the airfoil eventually.

The evolution of the DSV in the flow field is highly non-
linear and unsteady. As a result, it is difficult to predict or 
simulate dynamic stall accurately. Therefore, wind tunnel 
experiments are usually used to study the dynamic stall.

Many scholars have focused on the evolution of the 
unsteady flow fields during dynamic stall. Mulleners et al. [7] 
used time-resolved particle image velocimetry (TR-PIV) to 
study the unsteady flow field during the dynamic stall process. 
The results showed that the formation of large-scale coherent 
structures and convection as well as flow separation delay 
were the most important characteristics of dynamic stall. Wei 
et al. [8] studied the flow separation characteristics of the 
S809 airfoil during its pitch oscillation using fluctuating pres-
sures. The results showed that the flow separation advanced 
and the reattachment was delayed with the increase in the 
oscillation frequency, resulting in greater hysteresis. Gupta 
and Ansell [9] used the fluctuating pressure and PIV technol-
ogy to study the unsteady flow field of the NACA 0012 airfoil 
in the dynamic stall process. This research focused on the 
analysis of the development of the laminar separation bubble 
(LSB) and DSV. The results showed that the center frequency 
of the leading edge separation bubble was 50 ≤ St ≤ 110. Zou 
and Lee [10] and Jia et al. [11] studied the development of 
rotor boundary layer using PIV technology.

The DSV has been experimentally studied by many schol-
ars. Pruski and Bowersox [12] performed a phase-averaged 



1265International Journal of Aeronautical and Space Sciences (2021) 22:1263–1277 

1 3

PIV experiment on a pitching oscillation airfoil, and com-
pared the transient and phase-averaged characteristics of 
the DSV. They suggested that in a transient sense, the DSV 
was formed through multiple vortex structures. Acharya and 
Metwally [13] measured and analyzed the transient pressure 
on airfoils during the upstroke process. The study showed 
that the behavior of vortex structures on the airfoil surfaces 
were related to the interaction mechanism of the flow field 
development. The propagation speed of DSV is also a con-
cern of many scholars. McCroskey et al. [14], Lorber and 
Carta [15], Chandrasekhara and Carr [16], Zakaria et al. 
[17] and Wang and Zhao [18] all studied the propagation 
velocity of the DSV, and showed that the propagation veloc-
ity of DSV is 0.3U–0.4U.

To understand the interaction mechanism between the 
DSV and dynamic stall, the flow control of the dynamic 
stall was also studied. In terms of active control, Karim 
and Acharya [19] used the leading-edge suction method 
to control the DSV. The study showed that the formation 
of the DSV could be effectively inhibited by removing 
an appropriate amount of the backflow area to prevent its 
accumulation near the leading edge. In terms of passive 
control, Geissler et al. [20, 22] used leading edge vortex 
generators to control dynamic stall. They effectively sup-
pressed the occurrence of the dynamic stall. Ajalli and 
Mani [21] studied the effect of trailing edge strips (TES) 
on the wake area of an airfoil during plunging motion. 
The study showed that when the airfoil oscillated outside 
the static stall AoA, the wake shape changed significantly 
under the influence of the LEV and von Kármán vortices. 
These studies all indicated that the DSV plays a key role 
in the dynamic stall process.

In addition, the influence of the flow parameters and air-
foil shape parameters on dynamic stall were also studied. 
Wang and Zhao [18] used PIV technology to study the influ-
ence of the leading-edge radius of the airfoil on dynamic 
stall, and the study showed that the strength of the LEV 
on the airfoil with a large leading edge radius weakened 
significantly. Lorber and Carta [15] studied the influence 
of the angular velocity and Mach number on dynamic stall. 
This study showed that the increase in the angular velocity 
strengthened the LEV, while the increase in the Mach num-
ber weakened it. Geissler et al. [20, 22] studied the effect 
of nose-drooping, which is also a means of flow control, 
on supercritical airfoils in dynamic stall control research 
activities (project ADASYS of DLR), and found that it could 
effectively improve the dynamic stall characteristics of air-
foils. Subsequently, Geissler and Haselmeyer [23] continued 
to study the influence of flow transitions on the occurrence 
of dynamic stall and found that the development and diffu-
sion process of a turbulent separation region from the back 
to the front had a significant impact on the occurrence of 
dynamic stall.

In spite of these studies, the physics of the DSV are still not 
fully understood, such as the influence of the mean AoA and 
the amplitude on the propagation characteristics of the DSV. In 
this study, the physics of the DSV were experimentally exam-
ined using a fluctuating pressure on the NACA 0012 airfoil. 
The experimental Reynolds number was Re = 1.5 ×  106, and 
the reduced frequency was k = 0.069. The near-wall develop-
ment characteristics and near-wall propagation velocity of the 
DSV in a typical dynamic stall process (α0 = 15°, A = 15°) were 
studied in detail, and the frequency characteristics of the near-
wall DSV were analyzed using wavelet analysis combined with 
proper orthogonal decomposition (POD) technology. Based on 
these results, the effects of the mean AoA and amplitude of the 
AOA on the DSV motion and frequency characteristics were 
studied in detail. The effect of the mean AoA was linear, while 
the effect of the amplitude was nonlinear.

2  Experimental Setup

The experiment was conducted in the NF-3 wind tunnel at 
Northwestern Polytechnical University, Xi’an, China. The 
size of the airfoil test section was 8.0 m × 1.6 m × 3.0 m 
(length × height × width). The maximum wind speed was 
U = 130 m/s and turbulence intensity was less than 0.05%.

The airfoil dynamic drive mechanism was used to imple-
ment the pitching motion of the airfoil model, as shown in 
Fig. 1. The oscillation frequency could be controlled in the 
range of f = 0–5 Hz. The maximum angular amplitude was 
Amax = 15° and the average AoA was α = 0°–360° with an 
accuracy of ε ≤ 6′.

To study the physical characteristics of the near-wall 
DSV, the transient pressure data on the airfoil surface were 

Fig. 1  Schematic diagram of rotary mechanism
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collected by a VXI data acquisition system that had 48 
acquisition channels. The acquisition precision was 16 bit 
analog-to-digital (A/D), and the acquisition speed was not 
less than 100 kHz/channel.

The experimental model was the NACA0012 airfoil 
with a chord length of c = 700 mm and the span length of 
l = 1600 mm. The rotation axis was located at the position 
of x/c = 0.25. 32 Kulite XCQ-093 pressure sensors were 
arranged clockwise along the middle surface of the model 
(z/l = 0.50), including 16 on the upper surface, 14 on the 
lower surface, and 1 on each of the leading and trailing 
edges, as shown in Figs. 2 and 3. To capture the LEV struc-
ture, 10 sensors were arranged at x/c ≤ 0.30 on the suction 
surface. To study the fluctuating characteristics of the LEV, 
the sampling rate of the experiment was set to fs = 20 kHz to 
ensure a sufficiently high time accuracy.

The experimental Reynolds number was Re = 1.5 ×  106, 
and the free flow velocity was U = 31.7 m/s. The sinusoidal 
oscillation frequency of the airfoil was f = 1.0 Hz, and the 
corresponding reduced frequency was k = πfc/U = 0.069.

The dynamic stall process of the NACA0012 airfoil in 
a typical state was presented in the study of Carr [1], and 
the dynamic stall occurred at α ≈ 20°–22°. To study the 
physics of the DSV, dynamic stall should occur within the 
range of the experimental AoAs. The experimental condi-
tions are shown in Table 1.

The experimental conditions are shown in Table 1, 
and the AoA range included the AoA when dynamic stall 
occurred. Case1, Case2, and Case3 were used to study the 
effect of the mean AoA α0 on the physical characteristics 
of the DSV, and Case1, Case4, and Case5 were used to 
study the influence of the amplitude A.

The feasibility of the phase averaging method and slip 
window technology (SWT) was discussed in detail in 
our previous publication [8]. It was found that the phase 
averaging method was suitable for a low sampling rate 
and more sampling periods, while the SWT was reason-
able when the sampling rate was high and the number of 
sampling periods was smaller. To ensure sufficient time 
accuracy, the sampling rate in this experiment was set to 
fs = 20 kHz. With such a high sampling rate, it was appro-
priate to use SWT to process the data.

3  Experimental Results and Data Analysis

The physical characteristics of the DSV on the NACA0012 
airfoil during its pitching oscillation were experimen-
tally studied using surface pressure measurements. The 
experimental Reynolds number was Re = 1.50 ×  106, and 
the reduced frequency was k = 0.069. The dynamic stall 
process for a typical state (α0 = 15°, A = 15°) was analyzed. 
The development characteristics of the DSV for this typi-
cal state were explored. The frequency characteristics of 
the near-wall DSV were analyzed in detail using wavelet 
analysis combined with POD technology. Based on these 
approaches, the effects of the mean AoA and amplitude of 
the AoA on the physical characteristics of the DSV were 
studied.

3.1  Evolution Process of Dynamic Stall

Taking the case of α0 = 15°, A = 15° as an example, the pres-
sure evolution process of dynamic stall in this typical state 
is analyzed in this section.

Fig. 2  Pressure sensor

Fig. 3  NACA0012 airfoil and sensor arrangement

Table 1  Experimental condition

Case Variable Experimental param-
eters

Mean AoA 
α0/°

Amplitude of 
AoA A/°

Re/106 k

1 5 15 1.5 0.069
2 10 15 1.5 0.069
3 15 15 1.5 0.069
4 15 5 1.5 0.069
5 15 10 1.5 0.069
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The normal force and moment coefficients for the typical 
state (α0 = 15°, A = 15°) are shown in Fig. 4. In the high-AoA 
phase (α ≈ 22°–26°) during upstroke, the slope of the nor-
mal force line began to increase significantly at AoA A, and 
the normal force and the moment coefficients all decreased 
sharply at AoA C, indicating that a noticeable dynamic stall 
occurred.

The pressure coefficients during upstroke at typical posi-
tions (x/c = 0.10 and x/c = 0.52) are shown in Fig. 5. Com-
pared with the overall force and moment, the curve of the 
pressure coefficients can represent the dynamic stall phe-
nomenon more clearly.

The unsteady pressure evolution process of the dynamic 
stall is shown in Fig. 6. The attached vortex structure at 
the leading edge is called LEV. The vortex structure with 
wider influence range on the suction surface is called DSV, 
though it is essentially a LEV. The development process of 
the LEV and the DSV is clear. Under the effect of an adverse 
pressure gradient (AoA B), the first LEV, called LEV1, was 

formed at x/c = 0.20–0.30. As the AoA increased to C, a sec-
ond LEV, called LEV2, was then formed in front of LEV1 
(x/c = 0.10). These LEVs caused a strong suction peak. As 
a result, the normal force coefficient increased significantly. 
As the AoA further increased (AoA D and E), the LEV2 
gradually developed toward the trailing edge to form a DSV. 
During this development process, the normal force and the 
moment coefficients all decreased drastically.

The pressure distributions at several typical AoAs are 
shown in Fig. 7. In the transition from A to C (the process 
of increasing the slope of the normal force coefficient sig-
nificantly), LEV1 with a strength of Cp = − 3.16 was gener-
ated at the positions of x/c = 0.24–0.36 at AoA B. As the 
AoA gradually increased to C, LEV2 formed at the posi-
tion x/c = 0.10 with a strength of Cp = − 4.17, which was 
consistent with the study of Worasinchai et al. [24]. In the 
phase of C–E, LEV2 gradually developed backward to form 

Fig. 4  Normal force and moment coefficients

Fig. 5  Pressure coefficients at typical locations

Fig. 6  Pressure field evolution in dynamic stall
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a DSV as the AoA further increased. In this process, the 
DSV moved backward along the airfoil surface, resulting in 
a sharp decrease in the moment coefficient, which is shown 
in Fig. 4b.

Many scholars have discovered these LEVs in their stud-
ies. Bourdet et al. [25], Choudhuri and Knight [26], and 
Geissler and Haselmeyer [23] all found such LEVs in the 
computational fluid dynamics (CFD) results. Gupta and 
Ansell [9] and Geissler et  al. [20, 22] also found such 
LEVs in the pressure distributions of the experimental data. 
Sharma and Poddar [27] found LEVs through the so-called 
Cn–Cm cross-correlation plots, which were obtained experi-
mentally. In addition, Li et al. [28] found LEVs in CFD and 
PIV results. As discussed in this section, the formation, con-
vective development, and shedding process of these LEVs 
involve a complex aerodynamic performance to the airfoil.

3.2  Motion Features of DSV

The motion characteristics of the DSV have a significant 
influence on the dynamic stall. The case of α0 = 15°, A = 15° 
is again used as an example to investigate the near-wall 
motion characteristics of the DSV.

It was worth noting that the original pressure collected 
by the differential pressure sensors in this experiment was 
Pc = P−P0, and the pressure coefficient is defined as follows:

where P is the static pressure on the airfoil surface, P0 is the 
total pressure, P∞ is the static pressure of incoming flow, 
and q is the dynamic pressure. There is a linear relationship 
between the original pressure Pc collected by the differen-
tial pressure sensors and the pressure coefficient Cp. There-
fore, the original pressure data Pc collected by the sensors 
were used when analyzing the motion characteristics and 
frequency characteristics of the DSV below.

The pressure evolution at different locations in the pro-
cess of dynamic stall is presented in Fig. 8. The horizontal 
ordinate is the dimensionless time τ which is normalized 
using the oscillation period T by τ = t/T. The development 
of the LEV and DSV could be clearly observed in the figure. 
The DSV moved along the wall, resulting in significantly 
reduced pressure near the wall.

The minimum pressure value measured at each position 
(Fig. 8) was taken as the strength of the DSV, and the corre-
sponding AoA was the AoA when the DSV developed. The 
development characteristics of the DSV were investigated, 
as shown in Fig. 9.

Figure 9 shows that the DSV moved backward gradually, 
and its strength gradually decreased with the increase in the 
AoA, indicating that while the DSV developed backward, it 
also gradually separated from the airfoil surface.

The near-wall development velocity of the DSV was also 
investigated, as shown in Fig. 10. The horizontal coordinate 
is the dimensionless time τ mentioned earlier, and the ordi-
nate is the dimensionless position of the DSV. The circle in 
the figure is the experimental result, and the dashed line is 
the linear fit result based on the following equation:

The DSV propagation velocity along the wall can be cal-
culated using the following equation:

(1)Cp =
P − P∞

q
=

P − P0 + q

q
=

Pc

q
+ 1,

(2)x∕c = K� + b.

(3)V =
ΔS

Δt
=

Δ(x∕c) ⋅ c

Δ� ⋅ T
=

Δ(x∕c)

Δ�
⋅ c ⋅ f = K ⋅ c ⋅ f ,

Fig. 7  Pressure evolution at typical AoAs. a Evolution of LEVs. b 
Development of DSV (LEV2)
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where the K is the slope of the straight line in Eq. (2), c is the 
chord length of the airfoil, T is the oscillation period, and f is 
the airfoil oscillation frequency, which is defined as f = 1/T.

As shown in Fig. 10, the near-wall propagation velocity 
of the DSV in this case was V ≈ 21.46 m/s, based on the 
chord length of the experimental model of c = 700 mm and 
the sinusoidal oscillation frequency of f = 1.0 Hz.

3.3  Frequency Features of DSV

To obtain the frequency characteristics of the near-wall DSV, 
the time–frequency analysis of the fluctuating pressure on 
the airfoil surface was performed. To balance the time and 
frequency scales, the continuous wavelet transform (CWT) 
was used to analyze the pressure signal. A wavelet basis 
function is a set of orthogonal bases in which frequency 
components of a certain bandwidth are distributed near the 
center frequency. The complex Morlet wavelets are used as 
the wavelet basis functions for the CWT. The complex Mor-
let wavelet expression is as follows:

where fb is a bandwidth parameter and fc is a wavelet center 
frequency.

The state of α0 = 15°, A = 15° was still taken as an exam-
ple to analyze the time–frequency characteristics of DSV.

The time–frequency diagram of wavelet analysis of the 
original fluctuating pressure at x/c = 0.10 is presented in 
Fig. 11. When the LEV was generated, the original pressure 
data showed characteristics that were significantly differ-
ent than those of the pressure data obtained at other times. 
The interval between LEV1 and LEV2 was ∆τ = 0.0056 
indicating, that the frequency of the LEVs was f = 179 Hz, 
which corresponded to the low-frequency characteristics 
in Fig. 11. The frequency characteristics of the LEVs were 

(4)�(t) =
1√
�fb

ei2�fcte−t
2∕fb ,

Fig. 8  Original pressure data at different locations. a x/c = 0.10–0.30. 
b x/c = 0.36–0.68

Fig. 9  DSV development characteristics

Fig. 10  DSV development velocity
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extremely evident, and the fluctuating characteristics of the 
LEV itself would be submerged in many cases.

To investigate the frequency characteristics of the LEV, 
POD [29, 30] technology was used to analyze the original 
pressure data.

The original pressure time series at a certain position 
is denoted as follows:

where N represents the data quantity. A pressure field {P} is 
constructed as follows:

where M is the data dimension. In this way, the pressure 
time series P at a certain position can be transformed into 
an m-dimensional pressure field {P}.

For such a pressure field {P}, one-dimensional data can 
be expressed by the following equation:

where φ is a group of orthogonal bases. This method 
was implemented using the snapshots method proposed 
by Sirovich [31], and the data dimension M was taken as 
M = 100.

The 100-order modes were arranged from high to low 
in terms of the energy. The POD modal energy and cumu-
lative energy distributions of the pressure sequence in 

(5)P = [p1, p2,… pN]
T ,

(6){P} =

⎡
⎢⎢⎢⎢⎣

p1 p2 ⋅ ⋅ ⋅ pM

p2 p3 ⋅ ⋅ ⋅ pM+1

⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅⋅

pN−M+1 pN−M+2 ⋅ ⋅ ⋅ pN

⎤
⎥⎥⎥⎥⎦
,

(7)Pi =

j=M∑
j=1

ai,j�j,

Fig. 11 are presented in Fig. 12. The energy of the first 
mode occupied 98.2% of the total energy, and the energy 
of the first six modes occupied 99.6% of the total energy.

The comparison between the original fluctuating pres-
sure and the POD modes is shown in Fig. 13. The first 
mode reflected the overall trend of the fluctuating pressure, 
while the higher mode reflected the fluctuating character-
istics of the flow.

To better observe the pressure morphology of the 
LEV, the pressure near the LEV in Fig. 13 is presented in 
Fig. 14. The low-order modes (first four orders) simulated 
the overall morphology of the LEV, while the higher order 
modes (5th–8th orders) showed the fluctuating characteris-
tics of the LEV. Therefore, the time–frequency analysis of 
the POD mode could better analyze the flow information.

The time–frequency analysis diagram of several differ-
ent POD modes (3rd–6th orders) is shown in Fig. 15. The 
3rd and 4th modes were still dominated by the frequency 
of f ≈ 179 Hz which was the frequency at which the LEVs 
swept this position, and it was not the feature frequency of 
the LEV itself. The 5th and 6th modes contained relatively 
high-frequency characteristics. This frequency characteristic 
was actually the characteristic frequency of the LEV, which 
can be seen from the comparison between Figs. 11 and 14.

The time–frequency diagram of the pressure, which was 
analyzed using the 5th mode at different positions on the 
upper surface of the airfoil, is presented in Fig. 16. The char-
acteristic frequency decayed at the early stage (from f ≈ 600 
to 400 Hz) during the development of the DSV. When the 
DSV developed to a certain position, the characteristic fre-
quency of the DSV almost remained unchanged, which was 
f ≈ 400 Hz. With reference to Fig. 9, the attachment effect 
of the vortex made it very strong in the early stage of the 
development of the DSV. With the development of the DSV, 
it gradually separated from the airfoil surface. The charac-
teristic frequency of the vortex core was high (f ≈ 600 Hz), 

Fig. 11  Time–frequency diagram of original pressure at x/c = 0.10

Fig. 12  POD modal energy distribution at position of x/c = 0.10
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while the characteristic frequency around the vortex core 
was low (f ≈ 400 Hz).

This section provides a filtering method. For Eq. (7), 
the reconstruction results of the first M1-order modes can 
be regarded as the trend line or mean value of the origi-
nal data, while the reconstruction results of the higher 
order modes after the M1-order mode can be regarded as 
the higher order fluctuation, which can be expressed as 
follows.

In this study, M1 was set to M1 = 3, and the pressure data 
at x/c = 0.10 was processed.

The comparison between the original data and the recon-
structed results at x/c = 0.10 is shown in Fig. 17, where the 
black, red, and blue colors represent the original data, the 

(8)Pi =

j=M1∑
j=1

ai,j�j +

j=M∑
j=M1+1

ai,j�j = Pi + P̃i.

Fig. 13  Comparison of original fluctuating pressure and POD modes 
at the position of x/c = 0.10. a 1st–4th mode. b 5th–8th mode

Fig. 14  Comparison of original fluctuating pressure and POD modes 
at the position of x/c = 0.10. a 1st–4th mode. b 5th–8th mode

Fig. 15  Time–frequency analysis of different POD modes at 
x/c = 0.10
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low-order trend line, and the high-order fluctuation, respec-
tively. The reconstruction results of the first three modes 
could fully capture the trend of the original data, while the 
higher order mode reconstruction results could well reflect 
the higher order fluctuations of the original data.

3.4  Effect of Mean AoA on DSV

The case of Re = 1.5 ×  106, k = 0.069, A = 15° was used 
to analyze the effect of the mean AoA α0 on the aerody-
namic characteristics of the airfoil and the DSV motion 
characteristics.

The effects of the mean AoA on the aerodynamic force 
and moment coefficients are shown in Fig. 18. The mean 
AoA had a significant impact on the dynamic stall. As the 
mean AoA increased, the dynamic stall characteristics 
became more evident: the maximum normal force coefficient 
increased, and the minimum moment coefficient decreased.

The DSV propagation results for α0 = 5° and α0 = 10° are 
presented in Figs. 19 and 20, respectively. As evident from 
the comparison in Fig. 8 (α0 = 15°), the generation time and 
development of the DSV were significantly affected by the 
mean AoA. The occurrence of dynamic stall is closely related 
to the AoA. When the mean AoA was small as shown in 
Fig. 19 (α0 = 5°), the phase of dynamic stall was later; when 
the mean AoA was large, as shown in Fig. 8 (α0 = 15°), the 
dynamic stall occurred earlier in the phase; when the mean 
AoA was between the two, as shown in Fig. 20 (α0 = 10°), the 
dynamic stall also occurred in the middle of the two phases. 
In addition to the occurrence time of DSV, the DSV inten-
sity and propagation speed under different mean AoAs are 
also significantly different, which will be discussed in detail 
below. In addition to the differences, the three cases with dif-
ferent mean AoAs also have something in common, that is, 
the DSV development pattern is similar. At the position of the 
airfoil suction surface x/c ≤ 0.30, the suction peak brought by 

Fig. 16  Time–frequency analysis of pressure information at different 
positions

Fig. 17  Original data and reconstruction results at x/c = 0.10
Fig. 18  Effects of mean AoA on aerodynamic force and moment 
coefficients. a Cn. b Cm
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DSV is very significant, and the duration of the suction peak 
is shorter; at the position x/c > 0.30, the suction peak brought 
by DSV lasts for a long time.

The effects of the mean AoA on the DSV strength are 
shown in Fig. 21. With the increase in the average AoA, the 
strength of the near-wall DSV increased gradually, causing the 
maximum normal force and minimum moment coefficients to 
increase and decrease, respectively, which is evident in Fig. 18.

The effects of the mean AoA on the velocity of the DSV 
evolution on the suction surface were investigated, as shown 
in Fig. 22. The effect of the mean AoA on the DSV propaga-
tion velocity along the near wall surface was almost linear. 
When the mean AoA was small (α0 = 5°), the DSV propa-
gated at a lower velocity along the suction surface, which 
was V = 11.60 m/s. With the increase in the mean AoA, the 
propagation speed increased. When the average AoA reached 
α0 = 15°, the DSV propagation velocity along the airfoil wall 
surface could increase to V = 21.46 m/s.The free flow with a 
speed of U = 31.7 m/s was used to perform the normalization, 
and the normalized speeds when the mean AoAs were α0 = 5°, 
10°, and 15° were 0.37U, 0.47U, and 0.68U, respectively.

The characteristic frequency of the DSV was analyzed using 
the method presented in Sect. 3.3. The pressure data at each 
measurement point were analyzed using the POD method with 

Fig. 19  DSV propagation for α0 = 5°. a x/c = 0.10–0.30. b x/c = 0.36–
0.68 Fig. 20  DSV propagation for α0 = 10°. a x/c = 0.10–0.30. b 

x/c = 0.36–0.68

Fig. 21  Effects of mean AoA on DSV strength
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an order of M = 100, and the 5th mode of each pressure data 
point was used for the time–frequency analysis. The effects 
of the average AoA at typical positions on the DSV charac-
teristic frequency at x/c = 0.10 and x/c = 0.18 are shown in 
Fig. 23a, b, respectively. The average AoA had a significant 
effect on the characteristic frequency of the fluctuating pres-
sure at x/c = 0.10. This position was at the early stage of the 
DSV development, called the LEV formation stage which was 
determined in the previous analysis. At this stage, with the 
increase in the average AoA, the characteristic frequency of the 
LEV gradually increased. When the LEV moved backward and 
developed into the DSV, the influence of the mean AoA on the 
DSV characteristic frequency gradually weakened.

The effects of the average AoA on the near-wall DSV 
characteristic frequency are shown in Fig. 24. The average 
AoA had a significant effect on the characteristic frequency 
at the early development stage of the DSV (LEV formation 
stage, x/c = 0.10–0.20). With an increase in the average AoA, 
the characteristic frequency of the LEV increased gradually. 
At the later stage of DSV development (x/c > 0.20), the aver-
age AoA had little effect on the characteristic frequency of 
the DSV, which remained at f ≈ 400 Hz.

3.5  Effect of AoA Amplitude on DSV

The case of Re = 1.5 ×  106, k = 0.069, α0 = 15° was used to 
analyze the influence of amplitude of AoA A on the aero-
dynamic characteristics of the airfoil and DSV motion 
characteristics.

The effects of the amplitude of the AoA on the aerody-
namic force and moment coefficients are shown in Fig. 25. 
The amplitude had a significant effect on the dynamic stall. 
As the amplitude increased, the maximum normal force 
coefficient gradually increased, and the minimum moment 
coefficient first decreased and then increased.

Fig. 23  Effects of mean AoA on DSV characteristic frequency. a 
x/c = 0.10. b x/c = 0.18

Fig. 24  Effects of mean AoA on DSV characteristic frequency

Fig. 22  Effects of mean AoA on DSV evolution velocity
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The effects of the amplitude of the AoA on the DSV 
strength are shown in Fig. 26. With the increase in the ampli-
tude, the strength of the DSV near the wall first decreased 
and then increased, and the effect of the amplitude on the 
strength of the DSV caused the moment coefficient to first 
increase and then decrease, as shown in Fig. 25. The strength 
of the DSV directly affected the variation of the minimum 
moment coefficient.

The effects of the amplitude of the AoA on the near-wall 
velocity of the DSV are shown in Fig. 27. In contrast to the 
effects of the mean AoA, the propagation velocity of the 
DSV along the near-wall surface first decreased and then 
increased with the increase in the amplitude of the AoA, 
showing significant nonlinearity. When the amplitude of the 
AoA was small (A = 5°), the propagation velocity of the DSV 
along the suction surface of the airfoil was V = 12.59 m/s. As 
the amplitude increased to A = 10°, the propagation velocity 
gradually decreased to V = 9.03 m/s. When the amplitude 

further increased to A = 15°, the propagation velocity of the 
DSV along the airfoil wall increased to V = 21.46 m/s.

Considering the data in Sect. 3.4, the DSV propagation 
speeds were V = 9.03–21.46 m/s in this study. The free flow 
with a speed of U = 31.7 m/s was used to perform the nor-
malization, and the normalized speeds were 0.28U–0.68U. 
McCroskey et al. [14] studied the DSV of the NACA0012 air-
foil using the surface pressure, hot wires, and pitot tubes, and 
found that the propagation speed was about 0.35U–0.4U. Lor-
ber and Carta [15] also obtained the DSV propagation speed of 
SSC-A09 airfoil using the surface pressure, which was 0.16U. 
Chandrasekhara and Carr [16] and Zakaria et al. [17] used 
flow visualization technology to obtain the DSV propagation 
velocity of the NACA0012 airfoil, which was 0.3U. Wang and 
Zhao [18] studied the DSV on the OA209 and SC1095 airfoils 
and found that the DSV propagation speed was 0.4U, which 
had little relation to the airfoil shape. They also found that the 

Fig. 25  Effects of amplitude on aerodynamic force and moment coef-
ficients. a Cn. b Cm

Fig. 26  Effects of amplitude on DSV strength

Fig. 27  Effects of amplitude on DSV evolution velocity



1276 International Journal of Aeronautical and Space Sciences (2021) 22:1263–1277

1 3

reduced frequency affected the propagation speed. The results 
of this article were consistent with these previous results. In 
addition, we found that both the average AoA and amplitude 
of the AoA could affect the propagation speed of the DSV.

The effects of the amplitude of the AoA on the character-
istic frequency of the near-wall DSV is shown in Fig. 28. At 
the initial stage of DSV development (x/c = 0.10–0.20), the 
characteristic frequency of DSV under the three amplitudes 
all decreased. The characteristic frequencies for A = 5° and 
A = 10° were very close, and they were significantly smaller 
than that for A = 15°. At the later stage of DSV development 
(x/c > 0.20), the amplitude had little effect on the character-
istic frequency of the DSV, and the characteristic frequency 
remained at f ≈ 400 Hz, which was consistent with the effect 
of the average AoA.

4  Conclusion

The physical characteristics of the DSV on the NACA0012 
airfoil during its pitching oscillation were experimentally 
studied using surface pressure measurements with high 
time accuracy. The experimental Reynolds number was 
Re = 1.5 ×  106, and the reduced frequency was k = 0.069. 
The propagation of the unsteady pressure field during the 
dynamic stall process was described in detail. This study 
focused on the DSV’s motion characteristics, including its 
near-wall development characteristics and near-wall evolu-
tion velocity. Moreover, the frequency characteristics of 
the near-wall DSV were studied using wavelet analysis 
combined with POD technology. In addition, the effects 
of the mean AoA and amplitude on the DSV motion and 
frequency characteristics were discussed in detail.

In a typical dynamic stall process (α0 = 15°, A = 15°), a 
first LEV, called LEV1, was formed in the front part of the 

airfoil (x/c = 0.20–0.30), and then a second LEV, called 
LEV2, was rapidly formed at the leading edge of the air-
foil (x/c = 0.10). As the AoA increased, the LEV gradually 
developed to the trailing edge, and formed the DSV. During 
the development of the DSV, its near-wall strength gradu-
ally decayed, indicating that the DSV gradually detached 
from the airfoil surface. At the early stage of the DSV 
development, the characteristic frequency was attenuated 
from f ≈ 600 Hz to f ≈ 400 Hz. When the DSV developed 
to a certain position, the characteristic frequency of the 
DSV remained almost unchanged, which was f ≈ 400 Hz.

The mean AoA had a significant effect on the physical 
properties of the DSV. Its influence on the DSV strength 
and propagation velocity near the wall was almost lin-
ear. With the increase in the average AoA, the strength 
of the near-wall DSV gradually increased, and its propa-
gation velocity along the wall gradually increased from 
0.36U to 0.68U. The average AoA had a significant effect 
on the characteristic frequency of the LEV at the initial 
stage of DSV development (x/c = 0.10–0.20). With the 
increase in the AoA, the characteristic frequency of the 
LEV increased gradually. In the later stage of DSV devel-
opment (x/c > 0.20), the average AoA had little effect on 
the characteristic frequency of the DSV, which remained 
at f ≈ 400 Hz.

The amplitude of the AoA also had a significant effect 
on the physical properties of the DSV. In contrast to the 
effect of the mean AoA, the effects of the amplitude on the 
DSV strength and propagation velocity near the wall were 
nonlinear. With the increase in the amplitude, the strength 
and the propagation velocity of the DSV near the wall first 
decreased and then increased. At the initial stage of DSV 
development (x/c = 0.10–0.20), the DSV characteristic 
frequencies of all three amplitudes (A = 5°, A = 10°, and 
A = 15°) gradually decreased. The characteristic frequen-
cies at A = 5° and A = 10° were very close, and both were 
significantly smaller than that at A = 15°. In the later stage 
of DSV development (x/c > 0.20), the amplitude had little 
effect on the characteristic frequency of the DSV, and the 
characteristic frequency remained at f ≈ 400 Hz, which 
was consistent with the effect of the mean AoA.

This study focused on the DSV properties under high 
Reynolds numbers, including the motion characteristics 
and the time–frequency characteristics. The effects of the 
mean AoA and the amplitude on the DSV properties were 
emphasized, allowing the dynamic stall phenomenon to be 
understood more deeply. This study has a certain guiding 
significance for flow control methods in different cases.
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