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Abstract
The present study numerically analyzed the effect of a passive flow control method to suppress the dynamic stall phenomenon 
on a NACA 0012 airfoil exposed to a uniform free flow at the transitional Reynolds number of 1.3 × 105. A thin blade was 
mounted on the airfoil’s leading edge to control the separation bubble burst. The fluid relations of motion are the unsteady 
Reynolds-Averaged Navier–Stokes equations, solved implicitly by a second-order finite-volume solver. A three-equation 
transitional turbulence model with the capability of separation bubble prediction was used. Numerical results for several 
pressure distributions and aerodynamic coefficients were compared with available experimental results. The agreement was 
fair, confirming the reliability of the utilized computational method in the stall conditions. Results from the current work 
demonstrated that the control blade could prevent the separation bubble burst leading to a reduction in the static and dynamic 
stall effects. The blade caused a delay in the onset of the flow separation and improved the lift and drag coefficients, particu-
larly in the pitch down motion of the airfoil. For the attack angle range between 5º and 15º, a significant dynamic stall control 
was observed, while at a wider range, the blade effect was low. The dynamic stall is a significant phenomenon resulting in 
a blade vibration due to the aeroelastic or hydrodynamic effects. The dynamic stall can lead to the flutter phenomenon that 
may cause the structure to break.

Keywords  Numerical simulation · Transitional flow · Dynamic stall · Control blade · Navier–Stokes equations

1  Introduction

Airfoils exposed to low Reynolds number flows are used in 
various applications such as medium and small-size wind 
turbines and micro-aero vehicles. There is a laminar separa-
tion from the suction surface for low Reynolds airfoils, and 
the flow quickly reattaches to the surface. The area between 
the separated flow and the reattachment point is defined as a 
Laminar Separation Bubble (LSB) [35] . Laminar separation 
bubbles lead to efficiency reduction in aerodynamic systems 

operating at low Reynolds numbers (Re < 7 × 105)  [8]. 
Depending on the correction of the corresponding pressure 
distribution, LSB can be long or short [32]. Fluctuations in 
flow parameters could cause the bubble to pass from short to 
long abruptly, known as the bubble bursting [34] .

The LSB occurrence can lead to unpleasant matters, 
such as increasing the drag and sudden decrease in the air-
foil lift owing to the burst of the bubbles [42]. The bub-
ble size decreases by increasing the attack angle (α) until 
the bubble burst occurs, causing the full separation [30]. 
Airfoil stall categorizes into three groups, including the 
trailing edge stall, leading edge stall, and thin airfoil stall. 
The LSB is grouped as a leading edge stall and thin air-
foil stall [5]. Marxen and Henningson [19] investigated the 
relationship between bubble bursting and airfoil stall. Their 
results showed that the bubble bursts when the disturbances 
could not reattach the flow. Another study was conducted 
by Alferez et al. [4] to find a mechanism by which the LSB 
bursting occurred and caused the stall.

Various engineering applications may experi-
ence dynamic stall, such as wind turbines and aircraft 
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maneuvering. When an airfoil oscillates through the static 
stall angle, a dynamic stall phenomenon can be formed, 
which leads to the formation of the hysteresis loops of the 
lift and drag coefficients [3]. According to [36], the dynamic 
stall is typically accompanied by the presence of an LSB 
near the leading edge of a constant pitching rate motion. The 
negative effects of dynamic stall usually appear in the pitch 
down motion of the airfoil. In cases of severe aerodynamic 
instability due to the dynamic stall, a significant disturbance 
in the effective angle of attack can cause substantial devia-
tions from the nominally steady flight [7]. There have been 
several comprehensive reviews of this phenomenon, includ-
ing works by McCroskey [20], Carr [9], Visbal and Garmann 
[37], and Miotto et al. [20].

Knowledge of the dynamic stall has been complicated due 
to the highly unsteady nature of flow fields and the flow’s 
reliance on interrelated factors like flow stream conditions, 
aircraft geometry, and wing movement. Dynamic stall 
flows exhibit challenging fluid phenomena such as bound-
ary layer separation, transition, layer instability, and LSB 
bursts depending on the system parameters [38]. Numerical 
and experimental research has shed light on dynamic stall 
regimes, their unsteady flow structure, and their induced 
transient aerodynamic loads. Computational studies have 
been carried out using several techniques, including two-
dimensional laminar simulations [10], three-dimensional 
transitional simulations [12], and Reynolds-averaged 
Navier–Stokes (RANS) calculations using a hierarchy of 
turbulence models [11]. Using an appropriate transitional 
model could partially correct the shortcomings of the Reyn-
olds-averaged approaches [15, 36]. In the past, turbulence 
models were one or two-equation; today, with the develop-
ment of turbulence models and the introduction of three-
equation models such k-kL-ω, the RANS methods have been 
improved [21].

In order to control the flow and improve the airfoil aero-
dynamic characteristics, two common types of active and 
passive flow control methods are used. Significant changes 
can be observed in the aerodynamic parameters using active 
flow control methods such as suction, blowing, artificial jet, 
and co-flow jet. However, active methods have shortcom-
ings, such as safety concerns, high maintenance cost, and 
high energy consumption. Salimipour and Yazdani [29] 
placed a moving surface as an active control mechanism on 
the suction surface of the S809 airfoil to improve its aerody-
namic performance. Their results showed a great improve-
ment in the aerodynamic coefficients. Furthermore, Bak 
Khoshnevis et al. [6] used another active flow control, a 
so-called co-flow jet, on different symmetric airfoils to 
investigate the airfoil thickness effect on the co-flow jet 
performance in a transitional flow regime. They concluded 
that the co-flow jet had a better performance on the thick 
airfoils. In addition, Salimipour and Salimipour [28] created 

a moving wall on the upper and lower surfaces of a cylin-
der to reduce the drag coefficient and power consumption. 
Abdelraouf et al. [2] numerically investigated the different 
models of plasma actuators to suppress the flow separation 
on the NACA 0012 airfoil for an attack angle range between 
0° and 20°.

Passive flow control methods such as using a blade, slot, 
geometry change, and surface roughness are essential meth-
ods because no additional cost is spent in terms of energy 
consumption. Some aspects of flow over airfoils have been 
investigated in recent studies [14, 22, 25]. Patial et al. [23] 
performed a numerical study to investigate the cavity effect 
on the flow past a Selig-Donovan 7003 and a NACA 0012 
airfoil at the Reynolds number of 105. They concluded that 
the cavity improved the aerodynamic parameters; however, 
the cavity specifications are different for each airfoil. Wang 
et al. [41] numerically investigated the impact of a vortex 
generator on a wind turbine airfoil. They concluded that the 
vortex generators could improve the aerodynamic perfor-
mance of the airfoil. Furthermore, Wang et al. [40] used a 
slat on the S809 airfoil’s leading edge and studied the aero-
dynamic characteristics of the airfoil. The slat could well 
suppress the flow separation.

Magill et al. [18] used a pulsed vortex generator jet to 
delay the dynamic stall on a pitching airfoil at the Reynolds 
number of 1.7 × 105. Abbasi and Yazdani [1] numerically 
evaluated a synthetic jet’s effect on the dynamic stall of a 
NACA 0015 airfoil. Khoshnevis et al. [16] utilized a co-
flow jet on the NACA 0025 airfoil to investigate its effect 
on the static and dynamic stall control at different Reynolds 
numbers. He et al. [13] experimentally studied the effect 
of the trailing edge flap on the dynamic stall of a pitching 
NACA0015 airfoil.

Rinoie et al. [25] used a burst control plate for stall sup-
pression on the leading edge of a stationary NACA 0012 
airfoil. Their experimental data demonstrated that the burst 
control plate could delay the stall angle at an attack angle 
range from α = 0° to α = 15° and Re = 1.3 × 105. They per-
formed their experiments in a wind tunnel with the turbu-
lence intensity less than 0.16%. Since Rinoie et al. [25] 
focused on stationary stall suppression, the dynamic stall 
was not investigated. However, the dynamic stall could be 
significant when the aeroelastic or hydrodynamic effects 
cause a blade to vibrate. This can lead to the occurrence of 
the flutter phenomenon that may cause the structure to break.

The present research aims to investigate the control 
of the dynamic stall on a pitching NACA 0012 airfoil at 
Re = 1.3 × 105 via a burst control blade. It is a passive flow 
control technique that, in this study, has been applied for 
the first time to investigate the effects on the dynamic stall 
of transitional flows. For this purpose, a thin control blade 
with the height of 0.005 airfoil’s chord is positioned nor-
mal to the airfoil surface at a distance of 0.07 chord from 
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the airfoil leading edge. Fig. 1 depicts the configuration 
of the blade on the airfoil’s upper surface. The governing 
equations and the numerical solution method are presented 
in Sect. 2. The flow field is modeled using an appropri-
ate turbulence model with LSB prediction capability 
associated with a transitional flow regime containing the 
laminar separation bubble in a moving coordinate system. 
Finally, the RANS equations are solved by developing an 
in-house Fortran code. Validation, grid study, and results 
are described in Sect. 3. Diagrams of lift and drag coef-
ficients, streamlines, and turbulent kinetic energy contours 
are given to illustrate how the blade influences dynamic 
stall.

2 � Mathematical and numerical formulation

The physical model considered in the present study consists of 
a rigid airfoil surrounded by a computational domain. Fig. 2 
shows the extent of the computational domain along with 
the boundary conditions. For the dynamic stall problem, the 
airfoil makes a pitching motion about the quarter-chord from 
the leading edge. The implemented boundary conditions are 
a velocity inlet, pressure outlet, and solid boundaries depicted 
in the figure. It should be noted that the entire grid includ-
ing the velocity inlet and pressure outlet boundary conditions 
is moving during the airfoil rotation. However, the boundary 
conditions are defined in such a way that their spatial position 
remains constant during the rotation. In fact, the position of the 
boundary conditions is corrected at each time step.

Since a moving coordinate system is used for the pitch-
ing airfoil simulation, it is necessary to include the coordinate 
system velocity in the governing equations. By assuming an 
unsteady, two-dimensional, incompressible, and viscous flow, 
the RANS equations for a moving coordinate system in the 
integral form are written as follows [31]:

with the surface element dS, control volume Ω, control sur-
face ∂Ω, flow normal velocity V, normal velocity of the face 

(1)∮�Ω

�VdS = 0

(2)
𝜕

𝜕t ∫Ω

W⃗dΩ+∮𝜕Ω

(
J⃗ − VtW⃗

)
dS = 0

Fig. 1   Location of the blade on the leading edge

Fig. 2   Computational domain and boundary conditions
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of the control volume Vt, vector of the conservative variables 
���⃗W  , and sum of the convection and diffusion fluxes J⃗ , which 
are defined as follows:

where u and v are the fluid velocities, and dx/dt and dy/dt 
denote the coordinate system velocities. p is the pressure 
and μ and μt are the dynamic and turbulent eddy viscosity, 
respectively. Furthermore, nx and ny are the components of 
the normal vectors on the control volume faces.

Numerical simulation of a transitional flow consisting of 
laminar separation bubble using RANS equations requires 
a turbulence model capable of detecting the bubble at the 
correct location within the transitional flow. In order to 
simulate the transitional-turbulent flow, the three-equation 
k-kL-ω turbulence model proposed by Walters and Cokljat 
[39] is used. Furthermore, the revisions of the model pro-
posed by Salimipour [27] are applied to simulate the laminar 
separation bubbles. The equations of the k-kL-ω model are 
expressed as follows:

where kT, kL, and ω are the turbulent kinetic energy, laminar 
kinetic energy, and specific dissipation rate, respectively. 
Moreover, P, RBP, RNAT, and D denote the turbulent pro-
duction, bypass transition, natural transition, and near-wall 
dissipation, respectively. Closure equations related to the 
k-kL-ω model are presented in [27]. As with other mod-
els in the k-ω family, this model does not require a wall 
function. For simulation of the viscous sublayer, the com-
putational grid must have a sufficient density in the vicin-
ity of the solid wall. The y+ dimensionless parameter is an 
important parameter for determining the grid quality used to 
solve turbulent flow problems. In the employed model, the 

(3)
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�
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�
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value of y+ adjacent to the wall should be lower than one. 
Fig. 3 depicts the wall y+ distribution of the bladed airfoil 
at α = 14° including the flow separation. As can be seen, the 
maximum value of y+ reaches about 1.

An in-house incompressible flow solver based on a 
pressure-based scheme is utilized for the flow simulations 
utilized in [28, 29]. A second-order discretization of the 
momentum equations in time and space is implemented in 
the current solver. A 0.1% turbulence intensity is applied to 
the free-stream. The solver’s characteristics outputs are the 
lift and drag coefficients. The pressure distribution and the 
streamlines are also the field outputs. Then, the following 
equations are used to evaluate the lift and drag coefficients:

where Fl and Fd represent the drag and lift forces, and c 
indicates the airfoil chord length. Here, U∞ and p∞ denote 
the velocity and pressure of the free stream, respectively.

To study the dynamic stall phenomenon, a pitching 
motion is applied to the airfoil as the following equation:

where αm and α0 denote the mean attack angle and angular 
amplitude, respectively. The angular velocity ω is related to 
the reduced frequency defined as follows:

(9)Cp =
p − p∞

1∕2�U
2
∞

(10)Cd =
Fd

1∕2�U
2
∞
c

(11)Cl =
Fl

1∕2�U
2
∞
c

(12)�(t) = �m + �0sin(�t)

Fig. 3   y + distribution of the bladed airfoil’s surface
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A 730 × 90 and an 800 × 90 C-type grid with a relatively 
good orthogonality were used for the baseline and bladed 
airfoils, respectively. The number to the left of the multipli-
cation sign denotes the grid points number in the peripheral 
direction, and the right number is the points number perpen-
dicular to the airfoil surface. Fig. 4 depicts these two grids 
in a close-up view of the airfoils.

3 � Results and discussion

3.1 � Code validation and grid check

Before using the present computer code to simulate the 
static and dynamic stall suppressions, a code validation 
study is carried out in two problems of stationary and pitch-
ing airfoils. The pressure distribution coefficient for the 
NACA 0012 airfoil obtained by the present study and also 
the experimental data from (Rinoie, 2009) at α = 11°, 12° 
and 13° and Re = 1.3 × 105 are shown in Fig. 5. A small dif-
ference between the present results and experimental data 
is observed; so that the maximum error at α = 11°, 12°, 
and 13° is 8%, 12%, and 10%, respectively. Moreover, to 

(13)k =
�c

2U∞

check the grid independency, two solutions are performed 
with 530 × 70 and 330 × 55 grid point at α = 12°, as shown 
in Fig. 5(b). It is seen that the pressure coefficients in the 
730 × 90 and 530 × 70 grids are very similar, while the result 
of the 330 × 55 grid is very different. This has a separation 
bubble at x / c = 0.55 with more suction peak than that of 
the other grids. It can be concluded that an unsuitable grid 
cannot accurately model the turbulence features. A short 
separation bubble is formed at α = 11°, while a long separa-
tion bubble is observed at α = 12°, 13°. In fact, the bubble 
burst at α = 12° causes the stall onset at this angle of attack. 
Fig. 6 shows the streamlines and contours of the pressure 
coefficient for these two types of bubbles. The flow reat-
taches on the leading edge and trailing edge for the short and 
long bubbles, respectively.

Next cases examine the solver capability to simulate the 
flow around a pitching airfoil, including a dynamic stall. For 
this purpose, the hysteresis loops of the lift and drag coef-
ficients of the pitching NACA 0012 airfoil in three cases are 
compared with the experimental data obtained by Lee and 
Gerontakos [17] at Re = 1.35 × 105. In the two first cases, the 
mean attack angle and oscillation amplitude are αm = 10º and 
α0 = 5º, respectively. The reduced frequencies of oscillation 
are k = 0.05 and 0.1. In the third case, the mean attack angle, 
oscillation amplitude, and reduced frequency are αm = 10º, 
α0 = 10º, and k = 0.1, respectively. Fig. 7, 8 and 9 show the 

Fig. 4   C-type grids around the 
baseline and bladed NACA 
0012 airfoils

Fig. 5   Comparison of the pressure coefficients for NACA 0012 between the present results and experimental data from (Rinoie, 2009) at 
Re = 1.3 × 105, a α = 11º, b α = 12º, c α = 13º
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lift (Cl) and drag (Cd) coefficient hysteresis loops of the air-
foil at the above-mentioned conditions. In the first case, the 
lift and drag coefficients are well simulated in both pitch up 
and pitch down motions of the airfoil. In the second case, 
the lift coefficient has a small difference with the experi-
mental data at α = 15° and also in the pitch down motion for 
12° ≤ α ≤ 14°. In the third case, the present results seem to be 
in a good correspondence with the experimental data except 
for predicting the lift coefficient at α = 20°.

3.2 � Bubble burst study for stationary airfoil

Before the investigation of the dynamic stall suppression, 
the effect of the bubble burst control blade on a stationary 
airfoil under the stalled and unstalled conditions is evalu-
ated. In order to control the LSB burst, a thin blade is used, 

which is located normal to the airfoil surface near the lead-
ing edge. Airfoils in a transitional flow can experience the 
stall condition when a bubble forms near the leading edge, 
which grows to cover the entire suction surface of airfoil. For 
this reason, the blade must be located near the leading edge 
and before the bubble position. Under these circumstances, 
the blade creates a fluctuation in the flow, increasing Reyn-
olds stresses and preventing bubble growth. The blade height 
should be such that it does not increase the drag force. On 
the other hand, it must be able to create enough fluctuation 
at the leading edge. The size of the short bubble (before 
bursting) can be used as a criterion for determining the blade 
height. This height is approximately 0.005 chord length.

Figure 10 depicts the pressure distribution coefficients 
of the baseline and bladed NACA 0012 airfoils at α = 11°, 
12o, and 13°. The pressure distribution at α = 11° has no 

Fig. 6   Streamlines and contours of the pressure coefficient at a α = 11º and b α = 12º

Fig. 7   Comparison of the lift and drag coefficient hysteresis loops with the experimental data from [17] at Re = 1.35 × 105, αm = 10º, α0 = 5º, 
k = 0.05, a Cl, b Cd
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considerable difference between the baseline and bladed air-
foils because the stall does not occur. In fact, the blade does 
not affect the short separation bubble. At α = 12°, the blade 
greatly controls the long separation bubble, and the structure 
of the short bubble is still preserved. The mechanism of the 
present blade’s performance is similar to the effect of surface 
roughness. In fact, the blade causes sudden changes in the 
flow velocity. In this situation, the viscous force may not be 
sufficient to maintain the regular motion of the fluid parti-
cles in the laminar flow. As a result, the velocity fluctuation 
increases leading to mixing the fluid layers. This mixing cre-
ates a stronger kinetic energy than that of the laminar flow in 

the boundary layer, which is called turbulent kinetic energy. 
RANS equations generally models the Reynolds stresses as a 
function of turbulent viscosity. This quantity is proportional 
to the turbulent kinetic energy (TKE). In fact, the velocity 
fluctuations are the cause of TKE formation and TKE is the 
cause of turbulence viscosity. When the turbulent kinetic 
energy increases, the flow has more momentum to withstand 
the adverse pressure gradient. As a result, the growth of 
vortices is reduced.

At α = 13°, the blade fails to suppress the bubble burst-
ing, and consequently, the stall occurs while the lead-
ing edge suction somewhat increases. Fig. 11 depicts the 

Fig. 8   Comparison of the lift and drag coefficient hysteresis loops with the experimental data from [17] at Re = 1.35 × 105, αm = 10º, α0 = 5º, 
k = 0.1, a Cl, b Cd

Fig. 9   Comparison of the lift and drag coefficient hysteresis loops with the experimental data from [17] at Re = 1.35 × 105, αm = 10º, α0 = 10º, 
k = 0.1, a Cl, b Cd
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streamlines along with the turbulent kinetic energy (TKE) 
contours for the baseline and bladed airfoils at α = 12°.

An increase in the TKE near the control blade causes 
the reattachment of the flow. As can be seen, a short bub-
ble exists behind the blade.

3.3 � Dynamic stall suppression

In this section, the effect of the bubble burst control blade 
on the dynamic stall phenomenon is studied. For this pur-
pose, the lift and drag hysteresis loops are drawn for the 
baseline and bladed NACA 0012 airfoils in five cases. The 
characteristics of the airfoil oscillation are presented in 
Table 1. Figs. 12, 13, 14, 15 and 16 show the comparison 
of the baseline and bladed airfoil results. In all the cases, 

Fig. 10   Comparison of the pressure coefficients between the baseline and bladed NACA 0012 airfoils, (a) α = 11º, (b) α = 12º, c α = 13º

Fig. 11   Contours and streamlines of the turbulent kinetic energy at α = 12º, a baseline airfoil b bladed airfoil
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it is found that the blade causes a delay in the flow separa-
tion onset. This fact can be observed in the drag coefficient 
curves because the flow separation increases the drag coeffi-
cient with a great slope. In the cases of 1–3 (Figs. 12, 13 and 
14), as the reduced frequency increases, the dynamic stall 

effect on the aerodynamic coefficients of the baseline airfoil 
increases, while on the bladed airfoil decreases. In other 
words, the blade leads to an improved aerodynamic perfor-
mance for the airfoil at higher frequencies. It can be argued 
that the increase in the oscillation frequency leads to the 
development of the turbulence in the flow field that reduces 
the growth of the vortices. In the cases of 4 and 5 (Figs. 15 
and 16), the angular amplitude increases from 5° to 10°. The 
results are similar to the previous cases except that the effect 
of the blade on the dynamic stall suppression is reduced 
because as the angle of attack range increases, the strength 
of the vortices increases. In these two cases, the fluctuations 
resulting from the blade are not able to supply the sufficient 

Table 1   Pitching characteristics of the airfoils

Case 1 Case 2 Case 3 Case 4 Case 5

αm (deg.) 10 10 10 10 10
α0 (deg.) 5 5 5 10 10
K 0.05 0.1 0.15 0.1 0.2

Fig. 12   Comparison of the aerodynamic coefficients for the baseline and bladed NACA 0012 airfoils, αm = 10º, α0 = 5º, k = 0.05, a Cl, b Cd

Fig. 13   Comparison of the aerodynamic coefficients for the baseline and bladed NACA 0012 airfoils, αm = 10º, α0 = 5º, k = 0.1, a Cl, b Cd
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momentum to overcome the vortices. On the other hand, by 
increasing the blade height, the aerodynamic performance of 
the airfoil is not expected to improve; because according to 
Fig. 11, a vortex is formed in front of the blade. As the blade 
height increases, the vortex becomes larger, which reduces 
the suction peak on the leading edge.

Figure 17 shows the streamlines along with the turbu-
lent kinetic energy contours of the baseline and bladed air-
foils for Case 3 (αm = 10º, α0 = 5º, k = 0.15) at four angles 
of attack. At α = 5°, the flow is separated for the baseline 
airfoil almost on the middle of the upper surface, while for 
the bladed airfoil, a separation bubble is observed on the 
leading edge. By comparing the TKE contours, it can be 
found that the blade makes the turbulence stronger than 

the baseline airfoil and moves it to the leading edge due to 
the local pressure changes. At α = 10° (pitch up motion), 
a similar separation bubble is seen on both of the airfoils, 
although there is more turbulence on the bladed airfoil’s 
surface than on the baseline airfoil’s one. At α = 15°, fur-
ther turbulence on the bladed airfoil leading edge increases 
the Reynolds stresses and, therefore, significantly pre-
vents the bubble from growing. For the baseline airfoil, 
the growing bubble is observed. At α = 10° (pitch down 
motion), the flow turbulence on the upper surface of the 
baseline airfoil decreases. A long separation bubble covers 
the entire surface leading to a severe decrease and increase 
in the lift and drag coefficients, respectively. There is more 

Fig. 14   Comparison of the aerodynamic coefficients for the baseline and bladed NACA 0012 airfoils, αm = 10º, α0 = 5º, k = 0.15, a Cl, b Cd

Fig. 15   Comparison of the aerodynamic coefficients for the baseline and bladed NACA 0012 airfoils, αm = 10º, α0 = 10º, k = 0.1, a Cl, b Cd
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turbulence on the bladed airfoil, which causes another sep-
aration bubble to form on the surface.

4 � Conclusions

In this paper, the effect of a bubble burst control blade on 
the dynamic stall suppression of the NACA 0012 airfoil at 
different angular amplitudes and frequencies was numeri-
cally analyzed at Re = 1.3 × 105. An in-house second-order 
finite-volume solver was developed to compute the flow 
field. An appropriate version of the k-kL-ω turbulence model 
was utilized to capture the laminar separation bubble. The 
blade was located normal to the airfoil surface on the 0.07 
chord from the leading edge with a height of 0.005 chord 
length. The stationary airfoil results showed that the bubble 
burst control blade increased the static stall angle from 12° 
to 13°. For the pitching airfoil, the blade caused a delay in 
the onset of the flow separation and improved the lift and 
drag coefficients in the pitch down motion of the airfoil. 

The turbulent kinetic energy contours indicated that the 
blade made the turbulence stronger than the baseline airfoil 
and moved it toward the leading edge. As the oscillation 
frequency increased, the dynamic stall depth in the bladed 
airfoil decreased. The best improvement was at the angular 
amplitude of 5° and reduced frequency of 0.15. At the higher 
angular amplitude of 10°, the blade performance decreased 
because of a growth in the vortex strength. The advantage 
of the applied mechanism over other mechanisms is that it 
can be easily and cheaply installed on all types of airfoils.
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