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In this study, a dynamic stall control strategy, called the co-flow jet (CFJ), is applied to the rotor airfoil. The effect of the CFJ on the
unsteady dynamic stall characteristics of the rotor airfoil is numerically investigated via numerical simulations of the unsteady
Reynolds-averaged Navier-Stokes (URANS) equations coupled with the Spalart-Allmaras (S-A) turbulence model. The
numerical methods are validated by a NACA0012 pitching airfoil case and a NACA6415 airfoil case based on the CFJ, and good
agreement with experiments is found. Via the study of the typical conditions of CFJ control to suppress the dynamic stall of the
OA212 rotor airfoil, it is verified that this method has a good effect on dynamic stall suppression. The diffusion and blending of
the turbulent shear layer between the CFJ injection jet and the main flow excite the main flow and enhance its ability to resist
the reverse pressure gradient; this suppresses the generation and development of the separation vortex, thereby enhancing the
aerodynamic characteristics, improving the hysteresis effect, and increasing the system stability. On this basis, the control
parameters of the CFJ are further studied, including the influences of the jet momentum coefficient and the positions and sizes
of the injection and suction slots on suppressing the dynamic stall of the rotor airfoil. It is found that there is a jet momentum
coefficient that optimizes the suppression effect of the dynamic stall of the rotor airfoil. Moreover, the position of the injection
slot is found to have a greater effect on the dynamic stall suppression, while the size of the injection slot and the position and
size of the suction slot have little effect.

1. Introduction

As compared with a fixed-wing aircraft, helicopters have
unique advantages, such as vertical take-off and landing, high
maneuverability, and hovering in the air, and they are widely
used in both military and civilian fields. However, the low
flight speed of conventional helicopters greatly limits their
application range. The limitation of the forward flight speed
of helicopters is closely related to the flow characteristics of
the airflow on the rotor blade surface [1–3]. The retreating
blades of the rotor generally work in an aerodynamic envi-
ronment with a large angle of attack (AoA), and the complex
unsteady dynamic stall phenomenon caused by the AoA of
most sections of the blade exceeds its stall AoA. The dynamic
stall of three-dimensional rotors [4, 5] and two-dimensional
airfoils [6–8] is investigated which indicates that the dynamic
stall has a great influence on their aerodynamic performance.

The dynamic stall leads to sharp increases in the drag coeffi-
cient and moment coefficient of the rotor blades, which seri-
ously restricts the improvement of the aerodynamic
performance and forward flight speed of helicopters. More-
over, the obvious aerodynamic hysteresis effect of the rotor
blade caused by dynamic stall will lead to stall flutter, a surge
in vibration load, noise enhancement, etc. [9], which will
introduce many adverse effects to helicopters. Therefore, it
is of great significance to research the methods and mecha-
nisms of rotor dynamic stall suppression.

The current flow control methods of the suppression
of the dynamic stall of the rotor include both passive
and active control methods. Passive control methods
include vortex generators [10–12], Gurney flaps [13–15],
fixed leading-edge slats [16, 17], and fixed-droop leading
edges [18]. However, these methods only have a good con-
trol effect on the suppression of the dynamic stall of the
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rotor under the design conditions; when the actual condi-
tions deviate from the design conditions, the control effect
is poor. Active control methods have many advantages
over passive control methods; they can be used at the
required time and position and can be actively adjusted.
Active control methods primarily include active trailing-
edge flaps [19–22], dynamic-droop leading edges [23–25],
synthetic jets [26–28], and plasma jets [29–31]. However,
active trailing-edge flaps and dynamic-droop leading edges
tend to cause obvious changes to the center of gravity and
load [32]. Moreover, they always require a complex
mechanical adjustment mechanism and control systems.
The synthetic jets and plasma jets interact weakly with
the mainstream, so it is difficult to achieve continuous
and efficient control. In summary, the dynamic stall prob-
lem of the rotor has not been sufficiently solved, and there
is an urgent need to develop a more flexible and effective
flow control method.

The co-flow jet (CFJ) flow control technique was devel-
oped in recent years by Zha et al. [33–36]. The CFJ airfoil is
designed with an injection slot near the leading edge and a
suction slot near the trailing edge of the airfoil. The injection
slot injects a high-energy tangential jet in the same direction
as the main flow, and the suction slot sucks in the same mass
flow. Pumps and pipes are arranged inside the airfoil to
transport the air sucked in from the suction slot to the injec-
tion slot. The diffusion and blending of the turbulent shear
layer with the main flow excite the main flow and enhance
its ability to resist the reverse pressure gradient. The results
of a wind tunnel test of static airfoil [34] and numerical sim-
ulation [37] have demonstrated that CFJ can suppress flow
separation, improve stall characteristics, and significantly
increase the lift-to-drag ratio of the airfoil and are also char-
acterized by a high energy utilization rate. Unlike the tradi-
tional single-hole synthetic jet, the CFJ can realize a
continuous jet and flexibly control the jet intensity. More-
over, because the blowing volume and the suction volume
are equal, this method is also a flow control method without
an additional air source.

Based on the preceding analysis, the CFJ is a promis-
ing method by which to suppress the dynamic stall of
retreating rotor blades. However, there have been few
studies on the application of this method to rotor dynamic
stall. Only a few studies preliminarily verified that CFJ
could improve the aerodynamic performance and suppress
the dynamic stall [38–41]. But its control effect and mech-
anism, influencing factors, etc., must all be further investi-
gated. Therefore, in this work, the CFJ is applied to the
suppression of the dynamic stall of the trailing blades of
the rotor. The OA212 rotor airfoil is taken as the research
object, and the method of solving the Navier-Stokes equa-
tion based on the sliding mesh technique is employed to
numerically simulate the dynamic stall. The CFJ control
is applied to the airfoil, and it is verified that this method
can suppress the dynamic stall. The effects of the control
parameters of the CFJ on suppressing the dynamic stall
of the rotor airfoil are then investigated and include the
jet momentum coefficient and the position and size of
the injection and suction slots; the findings lay a founda-

tion for the research on the dynamic stall control of actual
rotor blades.

2. Numerical Methods

2.1. Governing Equations. The Ansys Fluent is utilized in this
work to simulate the dynamic stall of the rotor airfoil, and the
two-dimensional compressible Reynolds-averaged Navier-
Stokes equations are employed, which can be written as
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where u and v represent the Cartesian velocity components; ρ
and p represent the density and pressure of airflow, respec-
tively; E and H represent the total energy and total enthalpy
per unit mass, respectively; Vr =V −Vt ; V is the absolute
velocity; Vt is the contravariant velocity; τij denotes the vis-
cous stress; andΘi is the term describing the heat conduction
in the fluid [42].

The governing equations are solved by the finite volume
method. The Roe scheme is used to discretize the inviscid
fluxes, and the second-order central difference is used to
compute the viscous fluxes. To simulate the flow field of the
rotor airfoil under dynamic stall conditions, the dual time-
stepping approach is employed to solve the temporal discre-
tization [43]. The Spalart-Allmaras (S-A) turbulence model
is used to calculate the turbulence viscosity [44]. The no-
slip boundary condition is enforced on the rotor airfoil sur-
face, and the pressure far-field boundary condition is set on
the far-field boundary.

2.2. Sliding Mesh Technique. The sliding mesh technique is
adopted for the numerical simulation of the pitching
motion of the rotor airfoil, and the computational domain,
which includes both the fixed and rotating domains, is
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presented in Figure 1. The shape of the rotating domain is
a circle with a diameter of 10 times the chord length, and
the airfoil is placed in the middle. The shape of the fixed
domain is a ring with an inner diameter of 10 times the
chord length and an outer diameter of 100 times the
chord length. The pitching motion of the airfoil can only
be realized by rotating the inner domain during the pro-
cess of numerical simulation. The flow-field information
is transferred between the static domain and the rotating
domain via data interpolation on both sides of the inter-
face. This method does not need to deform, regenerate,
or dig holes during the process of moving (slipping)
between different sets of meshes; it is a simple and effi-
cient method by which to deal with motion boundary
problems such as rotation and translation.

2.3. CFJ Simulation Method. The CFJ airfoil is presented in
Figure 2. The injection slot is placed near the leading edge
of the airfoil, and the suction slot is placed near the trailing
edge of the airfoil. There is a micropump inside the airfoil,
and the injection slot and the suction slot are connected by
pipes. When the pump is turned on, the airflow is ejected
from the injection slot in the tangential direction of the wall
to form a momentum jet, which is injected into the main
flow. Simultaneously, the airflow with the same mass flow
will also be sucked into the suction slot. A simplified CFJ cal-
culation model in which the internal pipes and pumps are
removed is used in this work. The effect of the CFJ is simu-
lated by applying boundary conditions. The velocity inlet
boundary condition is adopted for the injection slot, and
the initial speed is calculated by the momentum coefficient
and the size of the slot. Then, the speed of the injection slot
is adjusted to reach the prescribed Cμ, which is an iterative
process. The pressure outlet boundary condition is adopted
for the suction slot, and the mass flow of the injection slot
and the suction slot are matched by adjusting the static pres-
sure of the suction slot.

For the CFJ method, the jet momentum coefficient is usu-
ally used to reflect the jet intensity, which is defined as

Cμ =
_mVj

1/2ρ∞V2
∞ · S , ð3Þ

where _m is the mass flow rate, V j is the velocity of airflow at
the injection slot, ρ∞ is the freestream density, V∞ is the
freestream velocity, and S is the reference area of the airfoil.

In this paper, the real variable pitch law of the retreating
blade of the rotor is adopted as the motion law of the rotor
airfoil based on CFJ control. The function of the AoA α is
written as

α tð Þ = α0 + αm · sin wtð Þ, ð4Þ

where α0 is the mean of the AoA, αm is the amplitude of oscil-
lation, and ω is the angular velocity of oscillation. The center
of rotation is at the chord line 0.25 times the chord length
from the leading edge. The dimensionless parameter reduced
frequency k is generally used to describe the degree of the
unsteady influence of oscillating motion and is defined as k
= ðωcÞ/ð2V∞Þ, where c is the chord length.

2.4. Simulation Method Validation. To verify the correctness
of the numerical simulation method of rotor dynamic stall
based on CFJ control used in this paper, a pitching
NACA0012 airfoil case and the suppression of the flow sepa-
ration of a NACA6415 airfoil based on the steady CFJ are
simulated. The numerical simulation results are compared
with references.

2.4.1. Dynamic Stall of a NACA0012 Airfoil. A dynamic stall
case of a NACA0012 airfoil was simulated to verify the effec-
tiveness of the CFD method for dynamic stall suppression.
The flow conditions [45] were a Mach number Ma = 0:283
and the chord-based Reynolds number Re = 3:45 × 106. The
law of pitch motion was that given by Eq. (4); additionally,
the mean of the AoA α0 = 15°, the pitch amplitude αm=10

°,
and the reduced frequency k = 0:151. The numbers of grids
in the fixed and rotating domains were 10,881 and 58,738,
respectively. The distance from the first grid point to the air-
foil surface was 4:95 × 10−6c, and y+ was less than 1.0.
Figure 3 presents the lift coefficient Cl and the drag coeffi-
cient Cd of the airfoil, from which it can be seen that the cal-
culated hysteresis loops of the lift coefficient and drag
coefficient with the AoA are in good agreement with the
experimental results; this verifies the correctness of the
numerical simulation method for the dynamic stall of the
rotor airfoil.

V
Rotating
domain

Fixed domain

Figure 1: The schematic diagram of the computational domain of
the sliding mesh technique.

Pump

Injection slot Suction slot

Figure 2: Coflow jet airfoil.
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2.4.2. Steady CFJ Control for a NACA6415 Airfoil. The
NACA6415-CFJ airfoil from a University of Miami wind
tunnel experiment was selected as the validation case [46].
The computation conditions were a Mach number of the
freestream Ma = 0:3, the chord-based Reynolds number Re
= 2:08 × 106, and the jet momentum coefficient Cμ = 0:08.
The mesh size of cells was 57,165, and the height of the first
grid point near the airfoil surface was about 6 × 10−6c; y+
was less than 1.0.

The airfoil lift coefficient Cl and drag coefficient Cd with
the respective AoAs of 0°, 5°, 10°, 15°, 20°, and 25° are pre-
sented in Figure 4. The calculation results both with and
without the CFJ control were found to be in good agreement
with the results of a previous study [47], which verifies the
effectiveness of the calculation method for the CFJ used in
this paper. From the Mach number contours and the stream-
lines around the airfoil presented in Figure 5, it is evident that
the flow adhesion on the suction surface of the airfoil under
CFJ control was greatly enhanced. It can also be found that
flow separation occurred at the trailing edge of the airfoil,
and the flow separation region of the CFJ airfoil was notably
less than that of the baseline airfoil.

3. Dynamic Stall Control via CFJ under
Typical Conditions

3.1. Computational Model and Grid. The OA212 rotor airfoil
was used to study dynamic stall control by the CFJ, and the
influences of the control parameters on the dynamic stall
and the mechanism of control were analyzed. On this basis,
the influences of the CFJ control parameters on dynamic stall
control were further analyzed. The control parameters
include the jet moment coefficient, injection slot position x1

, injection slot size h1, suction slot position x2, and suction
slot size h2, as presented in Figure 6. The flow conditions
are listed as follows [48]: the Mach number of freestream
Ma = 0:14 and the chord-based Reynolds number Re = 2:7
× 106. The law of pitch motion was that given by Eq. (4).
Additionally, the mean of the AoA α0 = 15°, the pitch ampli-
tude αm = 10°, and the reduced frequency k = 0:105.

The control parameters of the CFJ under the typical con-
ditions were as follows. The injection slot was placed at 8%c
from the leading-edge point, the size of the injection slot
was 0:5%c, the suction slot was placed at 70%c from the
leading-edge point, the size of the suction slot was 1%c, and
the CFJ jet momentum coefficient Cμ = 0:08. A set of struc-
tured grids was applied for calculation. Figure 7(a) presents
the structured grid of the OA212 CFJ airfoil, and
Figure 7(b) displays the zoomed-in view of the grid near
the airfoil. The numbers of grids of the fixed domain and
the rotating domain were 32,636 and 110,686, respectively.
The thickness of the first cell near the airfoil surface was 4:5
× 10−6c, and y+ was less than 1.0 to accurately capture the
surface boundary layer.

3.2. Dynamic Stall Characteristic Analysis.Numerical simula-
tions were carried out on the dynamic stall flow field of the
OA212 rotor airfoil (baseline airfoil) and that of the OA212
rotor airfoil based on CFJ control (CFJ airfoil). Figure 8 pre-
sents the comparison between the dynamic stall flow fields of
the OA212 baseline airfoil and the CFJ airfoil at different
times during an oscillation period when the airfoil AoAs were
5°, 15°↑, 25°, 20°↓, and 15°↓, respectively (↑ indicates the air-
foil was in the upward phase; ↓ indicates the airfoil was in the
downward phase). It is evident from the figure that the
dynamic stall of the airfoil was mainly dominated by the sep-
aration vortex at the leading edge of the airfoil. With the
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Figure 3: Lift and drag coefficient distributions of a NACA0012 airfoil.
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change of the AoA of the airfoil, the separation vortex at the
leading edge moved to the trailing edge of the airfoil and fell
off. The CFJ control could well suppress the generation and
development of the separation vortex at the leading edge of
the airfoil. Moreover, the energy of the jet at the injection slot
was mixed with the main flow and was unidirectionally
transferred from the jet to the main flow, thereby enhancing
the ability of the airflow to overcome the reverse pressure

gradient. This greatly enhanced the adhesion of the airflow
on the suction surface, which suppressed the dynamic stall
of the OA212 airfoil. The airflow velocity of the airfoil suc-
tion surface was significantly increased after applying the
CFJ control. So, the pressure of the airfoil suction surface
decreased, which was beneficial to the increase of the lift of
the airfoil. In addition, it can be seen from the flow lines
around the airfoil that the stagnation point of the CFJ airfoil
under the same condition was significantly shifted back as
compared to that of the baseline airfoil, indicating an
increased effective AoA. This was also the reason for the sig-
nificant increase in the lift coefficient of the airfoil.

The hysteresis curves of the lift coefficient and moment
coefficient with the AoA within one cycle are presented in
Figure 9. It can be seen that the positive peak value of the lift
coefficient of the airfoil under CFJ control increased and the
negative peak value of the moment coefficient decreased. The
lift coefficient increased overall, and the moment coefficient
decreased overall, especially during the downward phase of
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Figure 4: Variation of the lift and drag coefficients of the NACA6415 baseline and CFJ airfoils.
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Figure 5: Mach number contours and streamlines of the NACA6415 baseline and CFJ airfoils (AoA = 15°).
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Figure 6: Schematic illustration of the OA212 CFJ airfoil geometry.
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the airfoil. The linear sections of the hysteresis curves of the
lift coefficient and moment coefficient of the airfoil based
on CFJ control were wider, the area of the hysteresis curve
was greatly reduced, and the hysteresis effect was obviously
weakened. The moment hysteresis curve reflects the aerody-
namic damping characteristics of the airfoil and is related to
the stability of the system. The curve direction determines
whether the system is positively or negatively damped. The
area enclosed by the curve in the counterclockwise direction
indicates positive damping, while that in the clockwise direc-
tion indicates negative damping. During the entire pitching
period, if the negative aerodynamic damping exceeds the
positive aerodynamic damping, the system will lose stability
and stall flutter and other phenomena will occur; otherwise,
the system will be stable [49]. From Figure 9(b), it can be
observed that the moment coefficient hysteresis curve of the
baseline airfoil was crossed during the entire pitching period,
and a part of the area representing negative damping
appeared, which will adversely affect the stability of the sys-
tem. In contrast, the aerodynamic damping of the CFJ airfoil
was positive during the entire process. Therefore, the method
of CFJ control not only increased the overall lift coefficient of
the rotor airfoil but also reduced the negative peak of the air-
foil pitching moment and the negative aerodynamic damp-
ing, thereby effectively increasing the stability of the system.

To further analyze the aerodynamic characteristics of the
rotor airfoil in the pitching period, Figure 10 presents the
surface pressure coefficient distributions of the OA212 base-
line airfoil and CFJ airfoil at different AoAs, where Cp repre-
sents the pressure coefficient and x/c is the dimensionless
position of the chord. It can be observed from the figure that
the area enclosed by the pressure coefficient curve of the CFJ
airfoil is larger than that of the baseline airfoil during the
entire pitching period, especially during the pitch-
downward phase or at high AoAs. This reflects that the lift
coefficient of the airfoil after CFJ control will be significantly
increased.

4. The Effects of Different CFJ Parameters on
the Dynamic Stall of the Rotor Airfoil

Based on the previous verification that the CFJ can suppress
the dynamic stall of the airfoil, the influences of the CFJ con-
trol parameters on the dynamic stall suppression of the

OA212 rotor airfoil are further systematically investigated
in this section. The control parameters include the jet
momentum coefficient of the CFJ, the position and size of
the injection slot, and the position and size of the suction slot.

4.1. Effect of Jet Momentum Coefficient. The influence laws
of different jet momentum coefficients
(Cμ = 0:06, Cμ = 0:08, Cμ = 0:10, andCμ = 0:12) on the
dynamic stall characteristics of the airfoil were studied
while keeping the pitch motion law of the airfoil and the
other parameters of the CFJ airfoil unchanged. Addition-
ally, the injection slot was located at 8%c, the injection slot
size was 0:5%c, the suction slot was located at 70%c, and
the suction slot size was 1%c.

Figure 11 presents the Mach number contours and
streamlines of the airfoil under CFJ control with different
jet flow coefficients (AOA = 25°), from which it is evident
that the CFJ with different jet momentum coefficients can
well suppress the dynamic stall of the rotor airfoil, and the
differences among the flow fields for different control condi-
tions were small. With the increase of the jet momentum
coefficient, the airflow velocity between the injection slot at
the leading edge and suction slot at the trailing edge
increased, and the effect of suppressing separation at the
trailing edge of the airfoil was also improved, which is bene-
ficial for the increase of the lift coefficient of the airfoil.

Figure 12 presents the hysteresis curves of the airfoil lift
coefficient and moment coefficient with the AoA under CFJ
control with different jet momentum coefficients. The lift
coefficient of the airfoil increased significantly under the
action of different jet momentum coefficients, and the nega-
tive peak value of the moment coefficient decreased. How-
ever, the change law was not positively correlated with the
increase of the jet momentum coefficient; instead, the lift
coefficient increased the most when the momentum coeffi-
cient Cμ = 0:08. The linearities of the hysteresis curves of
the aerodynamic parameters of the airfoil are similar, the
areas enclosed by the curve are relatively close, and the aero-
dynamic damping is positive, thereby ensuring the stability
of the system.

Table 1 reports the degrees of change of the positive
peak values of the lift coefficient and the negative peak
values of the moment coefficient of the airfoil under CFJ

(a) Overall (b) Near the airfoil

Figure 7: Computational grids of the OA212 CFJ airfoil.
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Figure 8: Comparison between the flow fields of the OA212 baseline and CFJ airfoils at different AoAs.
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control with different jet momentum coefficients during a
pitching period. The lift coefficient of the airfoil was
improved to different degrees under CFJ control, and the
negative peak value of the moment coefficient was reduced
to different degrees. The average increase in the maximum
lift coefficient was about 25%, and the maximum increase
was 37.77% when Cμ = 0:08. Additionally, the maximum
moment coefficient was decreased by about 90%, and the
maximum decrease was 94.95% when Cμ = 0:08. Therefore,
a greater momentum coefficient does not indicate a better
control effect on the dynamic stall; instead, the optimal jet
flow coefficient will optimize the control effect. Because
the CFJ is an active flow control scheme and requires
external energy input, a smaller jet momentum coefficient
should be selected under the premise of ensuring the con-
trol effect to reduce energy consumption.

4.2. Effects of Injection Slot Parameters. The influence of the
injection slot position on the dynamic stall of the airfoil
was investigated by varying the position of the injection slot
from 6%c to 10%c. The pitch motion law of the airfoil and
the other parameters of the CFJ were kept unchanged, and
the jet momentum coefficient Cμ = 0:08.

By comparing the hysteresis curves of the airfoil lift coef-
ficient and moment coefficient with the AoA at different
injection slot positions presented in Figure 13, it is evident
that the injection slot position had a greater influence on
the control effect of the dynamic stall of the airfoil. The best
effect was achieved when the injection slot was placed at 9%
c; the peak value of the maximum lift coefficient was
increased by 103.13%, and the peak moment coefficient was
decreased by 86.36%. The curves of the lift coefficient and
moment coefficient with the AoA under other conditions
are relatively similar.

By analyzing the changes in the dynamic flow field of the
OA212 baseline airfoil, it can be determined that when the
airfoil moved to the maximum AoA of 25°, the upper surface
airflow separation was exactly at 9%c of the leading edge, as
presented in Figure 14. Therefore, when the CFJ injection slot
is arranged near the separation point of the airfoil leading
edge, the flow separation can be well suppressed, and the
control effect will be optimal when the injection slot is at
the separation point.

The influence of the injection slot size on the dynamic
stall of the airfoil was studied by varying the size of the injec-
tion slot from 0:3%c to 0:7%c. The pitch motion law of the
airfoil and the other parameters of the CFJ airfoil were kept
unchanged, and the jet flow coefficient Cμ = 0:08.

Figure 15 presents the hysteresis curves of the lift coeffi-
cient and moment coefficient of the CFJ airfoil with the
AoA under different injection slot sizes. The size of the injec-
tion slot had little impact on the control effect of the dynamic
stall of the airfoil. However, when the airfoil approached the
maximum AoA of 25°, with the increase of the size of the air
outlet, the maximum value of the lift coefficient decreased
slightly, and the change of the moment coefficient was small.
This demonstrates that the size of the injection slot only has a
slight influence on the control effect of the high-AoA
condition.

4.3. Effect of Suction Slot Parameters. The influence of the
suction slot position on the dynamic stall characteristics of
the airfoil was investigated by varying the position of the suc-
tion slot from 60%c to 80%c. The pitch motion law of the air-
foil and the other parameters of the CFJ airfoil were kept
unchanged, and the jet momentum coefficient Cμ = 0:08.

Figure 16 presents the hysteresis curves of the airfoil lift
coefficient and moment coefficient with the AoA at different
suction slot positions. The correlation between the position
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Figure 9: Lift and moment coefficient distributions of the OA212 baseline and CFJ airfoils.
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of the suction slot and the control effect of the dynamic stall
was not positive, but the control effect was the best when the
suction slot was placed at 70%c. This is because the more for-
ward the suction slot, the smaller the momentum of the jet
injected into the main flow, but the greater the flow velocity
around the suction slot; the more backward the suction slot,
the greater the momentum of the jet injected into the main
flow, but the smaller the flow velocity around the suction slot.
Therefore, there is an optimal solution for the suction slot
position.

The influence of the suction slot size on the dynamic stall
characteristics of the airfoil was studied by varying the size of
the suction slot from 0:8%c to 1:2%c. The pitch motion law of
the airfoil and the other parameters of the CFJ airfoil were
kept unchanged, and the jet flow coefficient Cμ = 0:08.

It can be seen from Figure 17 that different suction slot
sizes affected the lift coefficient and moment coefficient of
the CFJ airfoil; thus, the size of the suction slot has a great
influence on the dynamic stall of the rotor airfoil. When the
size was too small (0:8%c), the overall increase of the lift coef-
ficient was significantly reduced as compared with other
sizes; moreover, the area of the lift hysteretic curve was signif-
icantly increased, and the range of the linear segment was
reduced.

To explore the reasons for this phenomenon, the
details of the flow near the suction slot of the CFJ airfoil
with different suction slot sizes were further analyzed, as
shown in Figure 18. It was found that when the size of
the suction slot was small (0:8%c), to suck in enough air-
flow mass to ensure the flow balance, the airflow farther
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Figure 10: Comparison between the pressure coefficients of the OA212 baseline and CFJ airfoils at different AoAs.
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from the wall was also sucked in. This contracted and
blocked the streamline at the suction slot, thereby affecting
the control effect of the dynamic stall of the airfoil.

5. Conclusions

In this work, the sliding mesh technique was used to solve
the unsteady Reynolds-averaged Navier-Stokes equations,
and the dynamic stall characteristics of the OA212 rotor
airfoil based on CFJ control were numerically simulated.
It was verified that the method has the effect of dynamic
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C𝜇 = 0.06
AoA = 25

(a) C𝜇 = 0.06

(c) C𝜇 = 0.10 (d) C𝜇 = 0.12

(b) C𝜇 = 0.08

C𝜇 = 0.10
AoA = 25

C𝜇 = 0.12
AoA = 25

C𝜇 = 0.08
AoA = 25

Figure 11: Mach number contours and streamlines of a OA212 CFJ airfoil with different values of Cμ:
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Figure 12: Lift and moment coefficients of an OA212 CFJ airfoil with different values of Cμ:

Table 1: The variation of the peak values of the lift and moment
coefficients of the airfoil with different values of Cμ:

Cl,max ΔCl,max Cm,min Δ ∣ Cl,min ∣
Baseline 2.1728 — -0.4256 —

Cμ = 0:06 2.6359 21.31% -0.0635 -85.07%

Cμ = 0:08 2.9934 37.77% -0.0215 -94.95%

Cμ = 0:10 2.7241 25.37% -0.0536 -87.41%

Cμ = 0:12 2.7502 26.57% -0.0506 -88.11%
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stall suppression. On this basis, the influences of the con-
trol parameters of the CFJ on the dynamic stall character-
istics were studied, and the following conclusions can be
drawn.

(1) Numerical simulations of a NACA0012 airfoil
dynamic stall case and NACA6415 airfoil flow sepa-
ration suppression case based on CFJ verified the cor-
rectness of the numerical simulation methods for
airfoil dynamic stall and CFJ control

(2) Via the numerical simulation of the dynamic stall
characteristics of the rotor airfoil based on CFJ
control under typical conditions, it was verified
that the method can suppress dynamic stall. After
applying the CFJ control, the lift coefficient of the
airfoil was found to be greatly improved, the nega-
tive peak of the moment coefficient was signifi-
cantly reduced, the area of the hysteresis loop

was reduced, and the hysteresis effect was signifi-
cantly weakened. Moreover, the CFJ was also
found to improve the aerodynamic damping char-
acteristics of the airfoil, and the aerodynamic
damping represented by the moment coefficient
hysteresis curve was positive, thereby increasing
the stability of the system

(3) The high-energy airflow injected from the airfoil
leading-edge injection slot with CFJ control
allowed the energy to transfer from the jet to the
main flow in a single direction, thereby enhancing
the ability to resist adverse pressure gradients at
high AoAs. This suppressed the flow separation,
allowing the effect of dynamic stall suppression to
be achieved. The stagnation point position of the
leading edge of the airfoil was moved backward
as compared with that of the baseline airfoil, and
the effective AoA was increased. Additionally, the
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Figure 13: Hysteresis curves of the lift and moment coefficients with the AoA at different injection slot positions.
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Figure 14: The position of flow separation at the leading edge of the airfoil (baseline, AoA = 25°).
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airflow velocity of the airfoil suction surface was
also faster than that of the baseline airfoil, thereby
increasing the lift coefficient

(4) The control effect of the dynamic stall of the rotor
airfoil was not found to have a simple positive cor-
relation with the increase of the CFJ momentum
coefficient; instead, there was an optimal jet
momentum coefficient that optimized the control

effect of airfoil dynamic stall. Therefore, on the
premise of ensuring the control effect, a smaller
jet momentum coefficient should be selected to
reduce energy consumption

(5) The position of the CFJ injection slot was found to
have a greater influence on the effect of the
dynamic stall control of the rotor airfoil. The effect
of restraining the flow separation was found to be
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Figure 15: Hysteresis curves of lift and moment coefficients with the AoA under different injection slot sizes.
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the best when the injection slot was arranged at
the leading-edge flow separation point and the
rotor airfoil was at the maximum AoA. The size
of the suction slot was found to have little effect
on suppressing the dynamic stall of the airfoil,
but it had a slight effect on the lift coefficient of
the airfoil at high AoAs. The position of the suc-
tion slot was also found to have little effect on sup-
pressing the dynamic stall of the airfoil. The size of

the suction slot should not be too small; otherwise,
it will be blocked, thereby weakening the effect of
dynamic stall suppression

Data Availability

The data used to support the findings of this study are avail-
able from the corresponding author upon request.
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