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Abstract

Blowing control is one of the effective technical approaches for suppressing dy-
namic stall on the retreating blade of a helicopter rotor, and quantifying the con-
trol effects of its key parameters is a crucial step in translating this technology
from mechanistic research to engineering application. Based on the compress-
ible Navier-Stokes equations and using a helicopter rotor system as the com-
putational case, numerical simulations of dynamic stall on the retreating rotor
blade were conducted using a spanwise single-row blowing method on the upper
surface of the blade. Through two-dimensional flow-field analysis, with the bal-
ance between lift and lift-to-drag ratio as the optimization objective, an optimal
combination of parameters for the chordwise position and width of the blowing
holes and the blowing momentum coefficient was determined. The results show
that when the blowing velocity exceeds the freestream velocity, the blowing
holes are located near the flow separation point and within a certain chordwise
range downstream of it, and the width is moderate, the aerodynamic perfor-
mance of the rotor system can be significantly improved. Furthermore, with lift
maximization as the objective, the spanwise number and distribution pattern of
the blowing holes were optimized based on three-dimensional flow-field analysis.
It was found that the control scheme with a single row of uniformly distributed
blowing holes arranged in the spanwise interval of 0.55R-0.75R delivers the best
effect, achieving a maximum lift increase of 33.7% in the computational case of
this study.
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Abstract: Blowing control is one of the effective technical approaches for sup-
pressing dynamic stall on helicopter rotor retreating blades. Quantifying the
control effects of its key parameters is a critical step in transforming this tech-
nology from mechanistic research to engineering application. Based on the com-
pressible Navier-Stokes equations, this study takes a certain helicopter rotor
system as the computational case and adopts a single spanwise row of blowing
orifices on the upper surface of the blade to numerically investigate dynamic
stall on the rotor retreating blade. Through two-dimensional flow-field analy-
sis, with the optimization objective of balancing lift and lift-to-drag ratio, an
optimal combination of the chordwise location, width, and blowing momentum
coefficient of the blowing orifices is determined. The results show that when
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the blowing velocity exceeds the freestream velocity, the blowing orifices are
located near the flow-separation point and within a certain chordwise range
downstream of it, and the width is moderate, the aerodynamic performance of
the rotor system can be significantly improved. Further, with lift maximization
as the objective, three-dimensional flow-field analysis is used to optimize the
spanwise number and distribution pattern of the blowing orifices. It is found
that the control scheme with a single uniformly distributed row of blowing ori-
fices arranged over the blade spanwise interval of 0.506R ~ 0.75R is optimal,;
in the present computational case, a maximum lift increase of 33.7% can be
achieved.
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Abstract: Blowing control is an effective technique to suppress dynamic stall
on helicopter rotor retreating blades. Quantifying the control effects of key
parameters is a critical step in translating this technology from mechanistic
research to engineering application. This study numerically investigates its ap-
plication using the compressible Navier-Stokes equation. A spanwise blowing
slot on the blade’ s upper surface is adopted. Two-dimensional analysis first
optimizes blowing location, width, and momentum to balance lift and lift-to-
drag ratio. Results show that blowing velocities exceeding the freestream, with
the slot properly located near or within a certain chordwise range aft the sep-
aration point, significantly improve aerodynamic performance. Further three-
dimensional analysis maximizes lift by optimizing the spanwise distribution of
blowing
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holes. A single uniform row within 0.55R ~ 0.75R is identified as optimal,
achieving up to a 33.7% lift increase in the present case.
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During forward flight of a helicopter, the rotor is subjected to asymmetric in-
coming flow. To maintain moment balance, the retreating blade must increase
its pitch to compensate for the reduction in incoming-flow velocity. However,
during high-speed forward flight, the retreating blade is in a state of relatively
low speed and large angle of attack; significant flow separation occurs on the
upper surface of the airfoil, inducing a dynamic stall vortex (DSV). As the rotor
rotates, the blade angle of attack and the incoming-flow velocity vary period-
ically. The DSV undergoes an unsteady process of generation, shedding, and
reattachment, thereby causing a class of dynamic-stall problems[1]. This prob-
lem not only leads to severe aerodynamic oscillations and abrupt lift changes,
aggravating rotor vibration and structural fatigue, but also, because the sharp
reduction in lift on the retreating blade destroys the rolling-moment balance,
induces control-reversal effects and thus severely constrains the forward-flight
speed and maneuverability of helicopters[2]. Therefore, developing effective flow-
control methods to suppress dynamic stall is of important research value for
improving the flight performance and safety of helicopters|3].

To achieve effective suppression of dynamic stall, existing flow-control methods
are mainly divided into passive control and active control. Passive control tech-
niques are mainly realized by optimizing the blade airfoil geometry or installing
fixed mechanical structures on its surface[4-5]. By altering the geometry of
the airfoil leading edge[6-7] and trailing edge[8], the delay or advance of dy-
namic stall caused by changes in resistance can be effectively regulated. The
study by Shen Simeng et al.[9] showed that geometric parameters such as airfoil
thickness and camber, by regulating the evolution and intensity of the dynamic
stall vortex and the trailing-edge vortex, have a significant influence on the
secondary aerodynamic-force peak, and that changes in geometric parameters
systematically affect its amplitude and phase. In addition, installing vortex
generators[10], spoilers[11], or cavities with specific geometric parameters[12]
on the upper surface of the blade can suppress flow separation and delay stall
onset, thereby achieving effective control of dynamic stall. Although such pas-
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sive control methods have the advantage of high reliability, their control effects
are significantly constrained by the device size and installation position. Larger
devices not only introduce additional drag but also increase structural com-
plexity; moreover, because they are essentially static control measures, their
performance in coping with highly unsteady flows is often unsatisfactory[13].

In contrast, active flow control relies on external energy input. Typical meth-
ods include plasma actuation, active control with small trailing-edge flaps[13],
combined blowing-suction control[14], blowing[15], and synthetic jets[16-17],
all of which possess the distinctive advantage of responding dynamically to
flow variations. Among them, blowing control suppresses the DSV by inject-
ing high-energy fluid, and has unique advantages such as high control efficiency
and strong environmental adaptability. The Fairey Rotodyne demonstrator of
the British company Fairey is an engineering example of its successful appli-
cation[18]. GARDNER et al.[19-20] further verified its effectiveness through
stall experiments. Their research showed that using a narrow-slot jet near the
leading edge of the airfoil can increase the maximum stall angle of attack by
about 4° and significantly reduce the peak pitching moment by as much as
65%. However, the effectiveness of blowing control depends strongly on the
reasonable setting of key parameters. MULLER-VAHL et al.[21] emphasized
that the blowing velocity must be higher than the maximum boundary-layer
velocity; otherwise, leading-edge separation may be intensified. In addition, the
blowing momentum coefficient, blowing-hole location, and their chordwise and
spanwise distributions all have decisive influences on the control effect[22]. No-
tably, SINGH et al.[23] investigated a control method based on spanwise oblique
blowing arrays, and found that a blowing array arranged at the leading edge
can effectively suppress the generation of the dynamic stall vortex. However,
their study failed to provide key design parameters such as the optimal arrange-
ment of the array, which restricts the engineering application of this technology;
related optimization issues remain to be solved.

This study takes a certain type of helicopter rotor as the object and, based on
the computational fluid dynamics (CFD) method, systematically investigates
the suppression effect of a spanwise single-row blowing jet arranged on the up-
per surface of the blade on dynamic stall, as well as its influence on aerodynamic
performance. First, two-dimensional flow-field analysis is carried out; taking the
momentum coefficient as the core variable, key parameters such as the chordwise
position and width of the blowing hole and their matching relationships are op-
timized and determined. A three-dimensional rotor model is then constructed,
and spanwise arrangements of blowing holes are designed and compared. The
aim of this study is to reveal the mechanism by which spanwise blowing control
acts on dynamic stall of the retreating blade, as well as its potential for aero-
dynamic benefit, so as to provide a reference for early-stage novel aerodynamic
design of rotor systems.
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1 Numerical Simulation Method and Model

1.1 Governing equations for the unsteady flow field of the
rotor

To accurately simulate the unsteady, compressible flow field around the heli-
copter rotor and capture the evolution of its complex vortex structures, a flow-
control model is established in an inertial coordinate system. The flow process
is governed by the compressible unsteady Navier-Stokes (N-S) equations[24],
namely

g/WdQ—k?{ (F¥—F,)-ndS=0 (1)
ot Jo o9

where W = [p, pu, pv, pw, pe]T is the vector of conserved variables; FM =
(f,g9,h) and F, = (a,b, c) are the convective flux and viscous flux, respectively;
n is the unit normal vector; and €2 is the control-volume volume. The specific
expressions for the relevant parameters are as follows.
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where p is the gas density; u, v, and w are, respectively, the three components
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of the relative velocity vector of the rotor-grid cell in the inertial coordinate
system; u,,, v,,, and w, are, respectively, the three velocity components of the
rotor grid in the three directions, i.e., the entrainment velocity; p is the pressure;
e is the total energy per unit mass; and h is the total enthalpy.

In the viscous flux, the stress expressions are
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where 1 is the viscosity coeflicient, k is the thermal conductivity coefficient, and
T is the temperature.

For time advancement, the implicit LU-SGS method is adopted, namely the
LU-SSOR method. The turbulence model selected is the k-w SST model, which
has relatively good accuracy and robustness in predicting flow separation with
adverse pressure gradients, and has been widely used in engineering studies on
dynamic stall of airfoils [25].

For ease of analysis and calculation [26], the momentum coefficient C, is defined
as

ot ()

where U,, is the blowing-gas velocity, U, is the incoming-flow velocity, h is the
blowing-slot outlet width, and c¢ is the airfoil chord length.

1.2 Establishment and Validation of the Simulation Model

This study takes the NACA 23012 rotor-blade airfoil of a certain vertical-takeoff
aircraft as the research object. A chord length of 150 mm is selected, and numer-
ical simulations are carried out under the flow condition of Reynolds number
Re =1.2 x 10°. The computational domain is set as follows: the left boundary
and the upper and lower boundaries are each 20 chord lengths from the airfoil,
and the right boundary is 30 chord lengths behind the trailing edge of the airfoil.
To accurately capture the vortex structures in the flow around the airfoil, a grad-
ually varying mesh design from dense to sparse is adopted: prism-layer grids are
arranged in the near-wall region and refined; the grid spacing within the wall
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boundary layer is set to 10~ times the chord length, with y™ < 2, satisfying the
requirements of the RANS method; the grid growth rate is 1.05. In the region
away from the wall, a gradually coarsened polygonal mesh is adopted. According
to the hole-mesh refinement method proposed in Ref. [27], local mesh refinement
is performed for the blowing hole and its surrounding region, ensuring that the
mesh size transitions smoothly along the blowing direction [27 — 29]. Figure 1
compares the variation of lift coefficient with angle of attack under prism-layer
grids of 10 layers (Grid 1), 20 layers (Grid 2), and 30 layers (Grid 3). Consider-
ing both accuracy and efficiency, the 20-layer mesh ensures accurate prediction
of aerodynamic coefficients while also providing faster convergence and good
numerical stability; therefore, a mesh node number of 225 x 100 is selected (Fig.
2).

(a) Grid 1 (b) Grid 2 (c) Grid 3
Fig. 1 Computational model schematic diagram

According to the comparison in Fig. 3, the difference between the trend of the
experimental values combined with the wind-tunnel numerical simulation in Ref.
[30] and the simulation results of this study is within 2%, indicating that this
model and numerical simulation method have sufficient engineering accuracy
within the parameter range of this study. Therefore, they are selected for all
subsequent two-dimensional and three-

the baseline configuration for the three-dimensional simulation.
Fig. 2 Air blow-hole grid schematic diagram

Fig. 3 Comparison of reference values and simulated values
Plot annotations: Mesh 1; Mesh 2; Mesh 3; Reference [30]; vertical axis Cp;
horizontal axis a/(°).

2 Case Analysis

Three-dimensional numerical simulations were carried out for a four-bladed ro-
tor system. The rotor diameter was 6 720 mm, the rotational speed was 500
rad/min, the blades were rectangular and untwisted, and the airfoil was the one
used above. The rotor solidity was 0.066, and the incoming-flow velocity was
61.1 m/s; the rotor-disk tilt angle was 12°, and the collective pitch angle was
13°.

2.1 Two-Dimensional Flow-Field Analysis

Numerical simulations were conducted for the characteristic blade section, with
the free-stream Mach number set to 0.44. In the Star-CCM+ software [31], the
flow field around the airfoil was numerically simulated to obtain the evolution
of the velocity vectors in the flow field at different instants, as shown in Fig.
4. Under unsteady dynamic conditions, that is, when the angle of attack varies
periodically as a(t) = 7.5° + 12.5°sin(wt) [32], where the angular frequency is
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w = 75.4 rad/s and the reduced frequency is k ~ 0.0377. When the effective
angle of attack of the airfoil exceeds the static stall angle of attack, the high
adverse pressure gradient formed near the leading edge causes flow separation.
A free shear layer forms downstream of the leading edge; this layer rapidly
rolls up and forms vortical disturbances, leading to the gradual generation and
development of a vortex structure (DSV). Under the influence of the upstream
incoming flow, as this vortex structure sweeps rearward along the airfoil surface
toward the trailing edge, its strong induced effect disrupts the flow equilibrium
at the trailing edge, promoting the generation and shedding of a trailing-edge
vortex (TEV) rotating in the opposite direction. The interaction between the
two causes the vortex-system scale to increase and the flow-separation region to
expand rapidly, and the airfoil consequently enters deep stall.

Fig. 4 Velocity vector diagram

Panel annotations: (a) t =0.2T 1; (b) t = 0.4T 15 (¢) t = 0.6T |.
T—pitch-up motion; |—pitch-down motion.

In-figure labels: DSV; TEV.

Based on the inviscid-flow assumption of blade-element theory, blowing control
causes high-speed airflow to adhere to the airfoil surface through the Coanda
effect and uses momentum injection to enhance the boundary layer’ s ability to
resist an adverse pressure gradient, thereby effectively suppressing flow separa-
tion. In an inviscid model, this process can be equivalently regarded as active
control of the streamlines around the airfoil and of the circulation distribution,
thereby optimizing the lift characteristics and surface pressure distribution. The
blowing parameters have a significant influence on the control effect: when the
blowing-slot width and velocity are too small, the injected momentum is in-
sufficient to alter the boundary-layer structure, making it difficult to suppress
flow separation; when the parameters are too large, however, the main flow is
excessively disturbed, which may induce overly high local flow velocities and
form shock waves on the airfoil surface, leading to a sharp increase in drag and
deterioration of control performance [13]. To study the chordwise influence of
the blowing-slot position relative to the separation point, this study combines
Fig. 4 with the experiments in Ref. [25] and selects three typical positions for
comparative analysis: 13%c from the leading edge (upstream of the separation
point), 26%c (near the separation point), and 50%c¢ (downstream of the sepa-
ration point). According to the two-dimensional calculation results, the instant
at which the vortex-structure scale is largest is selected for the analysis of the
relevant aerodynamic data.

2.2 Evaluation of Parameter-Coupling Effects Based on Orthogonal
Experiments and the Response-Surface Method

To carry out a systematic comparative analysis and ensure that the conclusions
conform to the physical laws of engineering applications, this study selects the
blowing momentum coefficient C), as the core nondimensional parameter char-
acterizing blowing intensity, in order to quantitatively examine the coupling
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relationship among key parameters such as blowing velocity and blowing-slot
width, and to verify the feasibility of the stepwise optimization strategy. Un-
der the condition of a fixed chordwise position of the blowing slot near the
airflow separation point, an orthogonal experimental design method is used
to configure parameter combinations, and a response-surface analysis method is
combined for parameter optimization, so as to evaluate the influence of coupling
among parameters on the final optimization results [30]. Fig. 5 presents the
aerodynamic-performance responses under different parameter combinations.

The results show that, near a blowing-slot width of h = 2.5%c and a momentum
coefficient of C, = 1.3%, there exists a parameter region with relatively good
aerodynamic performance. The favorable parameter combinations determined
in the subsequent study are all distributed within this range, preliminarily ver-
ifying the rationality of the coupling analysis and the stepwise optimization
pathway.

Fig. 5 Aerodynamic performance corresponding to each parameter group /

Aerodynamic performance for different parameter groups
(a) L/D; (b) L/N

2.3 Blowing-slot width and velocity

The coupling relationship between blowing velocity and blowing-slot width is
considered comprehensively. With the momentum coefficient fixed at C), =
1.3%, the blowing-slot width is adjusted to coordinate the matching relationship
between the two; the results are shown in Fig. 6. Compared with the baseline
configuration without slots (L/D = 6, L = 3161 N), when the blowing-slot
width is in the range of 0.2%c-1%c, the lift-to-drag ratio is relatively high,
but the increase in lift is limited. When the width increases to the range of
1.2%c-2.4%c, the lift increases significantly, but the lift-to-drag ratio decreases
to some extent. When the width is around 2.5%c, the lift-to-drag ratio tends
to be stable and the lift remains at a relatively favorable level. When the width
exceeds 2.6%c, both lift and lift-to-drag ratio decrease markedly. Considering
both lift performance and aerodynamic efficiency, a blowing-slot width of 2.5%c¢
is selected as the optimal configuration.

Fig. 6 Lift-to-drag ratio and lift of the airfoil as a function of blowing-slot
width (h) / Lift-to-drag ratio and lift as a function of blowing slot width (h)
(a) h-L/D; (b) h-L

With the blowing-slot width fixed at 2.5%c, the influence of the blowing mo-
mentum coefficient on the airfoil lift-to-drag ratio (L/D) and lift (L) is further
investigated; the results are shown in Fig. 7. The results indicate that when the
blowing momentum coefficient is C), = 1.3%—corresponding to a blowing veloc-
ity of approximately 142% of the freestream velocity—the flow-control effect is
optimal, and the airfoil exhibits the best overall aerodynamic performance.

Fig. 7 Lift-to-drag ratio and lift of the airfoil for different momentum coeffi-
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cients / Lift-to-drag ratio and lift as a function of momentum
(a) CM—L/D; (b) C,-L

2.4 Chordwise distribution of blowing slots

Figure 8 presents the influence of three blowing-slot locations on the control of
the airfoil aerodynamic characteristics. It can be seen from the figure that the
blowing excitation at 26%c and 50%c provides better control than the blowing
excitation at 13%ec. After control is applied, the lift coefficient increases, the
drag coefficient decreases, and the area of the hysteresis loop is reduced. This
indicates that blowing injection effectively increases the circulation around the
airfoil and effectively controls unsteady aerodynamic losses.

Fig. 8 Influence of different blowing locations on the control effect of airfoil
aerodynamic characteristics / Comparison of baseline and dynamic test data
(a) Lift-coefficient curves; (b) Drag-coefficient curves

Figure 9 shows the velocity-streamline contours of the time-averaged flow field
around the airfoil for C, = 1.3% and h = 2.5%c, with the blowing-velocity
direction parallel to the freestream direction and the blowing slots located at
13%c, 26%c, and 50%c, respectively.

Unit: m-s!
Fig. 9 Velocity-streamline contours for different blowing locations
(a) C, = 1.3%, 13%c; (b) C,, = 1.3%, 26%c; (c) C,, = 1.3%, 50%c

When the blowing hole is arranged at 13%c, the high-speed blowing causes
the separation point to move slightly downstream, but the downstream shift is
limited and cannot effectively suppress the subsequent flow separation. The area
of the separation region does not decrease noticeably, and the strength of the
trailing-edge stall vortex is not effectively controlled (Fig. 9a). Meanwhile, new
separation vortices continue to form in the leading-edge region. These vortex
structures develop downstream with the main flow and continuously intensify,
ultimately shedding from the trailing edge. The aerodynamic data shown in
Fig. 10 further indicate that this blowing location has no significant effect on
improving the overall aerodynamic performance of the airfoil.

Fig. 10 Velocity streamline contours at the 50%c blowing location
Unit: m -s~!; color scale: 0-400.
(a) C, = 1.4%; (b) C,, = 1.5%.

When the blowing hole is arranged at 26%c, the flow-field control effect is sig-
nificant. The streamline results show (Fig. 9b) that blowing has little influence
on the leading-edge region, where the airflow displacement thickness is basically
consistent with that in the uncontrolled state. In the middle and rear portions
of the airfoil, however, the displacement thickness on the upper surface is signif-
icantly reduced, indicating weakened vortical motion within the boundary layer
and increased flow velocity. This enhances the ability of the boundary layer
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to resist the adverse pressure gradient, effectively delays flow separation, and
local flow reattachment contributes to improved aerodynamic performance of
the airfoil. The separation point shifts downstream of the blowing hole, and the
formation of the flow-separation vortex is correspondingly delayed. The laminar-
flow region on the upper surface of the airfoil expands, ultimately increasing the
airfoil lift by about 51% and improving the lift-to-drag ratio by about 31%.

When the blowing hole is arranged at 50%c, the injection of high-energy fluid
does not cause the separation point to move downstream (Fig. 9c). However,
the numerical simulation results show that implementing blowing control at
this location and increasing the blowing velocity can significantly improve the
aerodynamic performance of the airfoil: the lift coefficient increases by more
than 34%, and the lift-to-drag ratio increases by more than 24%, as shown in
Fig. 11. The analysis suggests that, because the separation point is already
upstream of the blowing hole, blowing cannot suppress the onset of separation,
but it can effectively intervene in the development and evolution of the already
formed vortex structures by enhancing the energy input in the near-wall region,
thereby improving flow reattachment over the middle and rear portions.

Fig. 11 Lift-to-drag ratio and lift as a function of blowing-hole location
(a) L/D; (b) L. Blowing-hole locations: no hole, 13%c, 26%c, 50%c.

From the comparison in Fig. 12, it can be seen that the greater the blowing
velocity, the smaller the area of the hysteresis loop, the smoother the curve tran-
sition, the larger the lift coefficient, and the smaller the drag coefficient. This
indicates that the improvement becomes increasingly significant as the blowing
velocity increases, and the control effect on dynamic stall becomes better.

Fig. 12 Comparison of baseline and dynamic test data
(a) Lift-coefficient curve; (b) Drag-coefficient curve.
Legend: baseline; 50%c, C), = 1.4%; 50%¢c, C, = 1.5%.

When the blowing-hole location is moved downstream to the critical position
of 74%c, the blowing-control effect is significantly weakened. The numerical
simulation results show (Fig. 13) that, under this arrangement, blowing can-
not effectively reduce the displacement thickness on the airfoil surface, nor can
it effectively suppress the evolution of the trailing-edge vortex. Because the
blowing-injection position is too far aft, it can hardly exert effective control over
the flow disturbance, and the aerodynamic performance cannot be improved.

Fig. 13 Velocity streamline contours of the airfoil at 74%c
Unit: m-s~'; color scale: 0-400.

Based on comprehensive consideration of control effectiveness and engineering
feasibility, the chordwise location of the blowing hole is recommended to be
arranged from near the separation point to the middle and rear regions of the
airfoil. As verified in Sections 2.2-2.4, the conclusions of this section are also
applicable from the airflow separation point to the middle and rear portions of
the airfoil. In subsequent research, two locations, 26%c near the separation point
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and 50%c downstream of the separation point, are selected for three-dimensional
numerical simulation, in order to further investigate the actual control effect of
the blowing-control strategy in a three-dimensional rotor environment.

3 Three-Dimensional Flow-Field Simulation

To simplify the calculation, the blade is modeled as a flapless configuration,
and periodic pitch control is introduced accordingly [26]. Because the two-
dimensional model neglects real physical effects in three-dimensional rotor flow,
such as centrifugal force, Coriolis force, and spanwise pressure gradients, sys-
tematic research is further carried out in a three-dimensional rotor model on the
basis of the two-dimensional parameter optimization: first, the retreating-blade
span---

the typical spanwise separation interval (0.55R ~ 0.75R). The blowing-hole lo-
cations selected from the two-dimensional optimization (26%¢c, 50%¢c) and the
momentum coefficient (C,, = 1.3%) were then taken as the baseline configura-
tion, with emphasis on examining the influence of the spanwise arrangement—
long single slot versus single-row distributed blowing—on aerodynamic perfor-
mance.

3.1 Stall-State Calculation

Based on rotor kinematic analysis, the local reduced frequency at the charac-
teristic section was determined to be k ~ 0.044 [24]. Figure 14 shows the
corresponding distribution of the rotor flow velocity.

Fig. 14 Flow velocity distribution on the retreating side of the rotor (0.55R ~
0.75R)

Unit: m -s~'; color scale: —50 to 200. Azimuth labels: ¥ = 180°, ¢ = 270°,
Y =90°, ¢ = 0°.

Figure 15 shows the velocity-streamline distributions of the characteristic blade
section at azimuth angles from 180° to 360°. Because of the presence of un-
steady effects, flow separation on the upper surface of the retreating-side blade
is delayed. Together with the weakening of the adverse pressure gradient, this
produces delayed boundary-layer separation and thereby increases the effective
angle of attack, as shown in Fig. 15(a). Under dynamic conditions, the strong
adverse pressure gradient formed near 13%c at the leading edge induces flow
separation. The free shear layer formed downstream of the leading edge rolls
up rapidly and evolves into a concentrated vortex structure. The velocity distri-
bution on the retreating side is markedly nonuniform; relatively strong vortex
structures appear within 225° ~ 270°, and are especially severe near the 270°
azimuth angle, indicating that this region exhibits pronounced dynamic-stall
characteristics.

Figure 16 shows the vorticity distribution on the upper surface over the
characteristic-section interval 0.55R ~ 0.75R during the motion of the retreat-
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ing blade. In this case, the combined effects of upstream wake shedding and
the unsteady boundary-layer response in this region induce flow separation and
promote the formation of vortex disturbances from the leading-edge region near
13%c to downstream areas, sweeping toward the trailing edge and blade tip.
After the vortex structures sweep downstream and merge into the turbulent
wake field, the airflow over the blade upper surface enters a state of complete
separation. This series of flow evolutions causes the effective angle of attack at
each section to vary significantly with azimuth angle, leading to a nonuniform
distribution of rotor-disk loading. In particular, at the 270° azimuth angle,
the blade is under a “large-angle-of-attack” condition, inducing the formation
and shedding of leading-edge vortices and thus causing typical dynamic-stall
phenomena such as abrupt lift changes; therefore, blowing control is applied in
this interval.

Unit: m -s~!; color scale: 0 to 400.

Subpanels: (a) ¥ = 180°% (b) ¥ = 225° (c) ¥ = 235°; (d) ¥ = 245°; (e)
U =250 (f) ¥ = 255°; (g) ¥ = 260°; (h) ¥ = 265°; (i) ¥ = 270°; (j) ¥ = 360°.

Fig. 15 Velocity streamline contours for various blade sections at different
azimuth angles (0.7R)

Subpanels:
(a) Vorticity distribution before the retreating blade passes azimuth angle 270°
(b) Vorticity distribution after the retreating blade passes azimuth angle 270°

Unit: s™1; color scale: 0 to 1 x 10,

Fig. 16 Vorticity contour at the 0.55R ~ 0.75R blade section on the rotor
retreating side

3.2 Spanwise blowing-hole configuration
3.2.1 Long single-slot blowing

In the interval 0.55R ~ 0.75R, where the blade characteristic sections are lo-
cated, blowing holes with a width of 2.5%c and a length of 0.2R are arranged
(Fig. 17).

(a) 13%c (b) 26%c (c) 50%c

Fig. 17 Blowing-hole locations
Fig. 17 Blowing location for airfoil

According to the preceding analysis results, aerodynamic data were analyzed
when the vortex-structure scale is largest. In the three-dimensional rotor flow
field, the control effects of three blowing-hole locations—13%c, 26%c, and 50%c
—were compared. The results are shown in Figs. 18 and 19 and Table 1. Among
them, two arrangements can suppress the vortex disturbance in a concentrated
manner, delay the formation of the vortex structure, weaken the dynamic in-
terference of the advancing-blade wake on the retreating blade, and improve
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the overall aerodynamic performance. Specifically, when the blowing holes are
located at 26%c and 50%c, the aerodynamic gain is further increased, and the
lift and lift-to-drag ratio can be increased by about 15% and 13%, respectively.

(a) 13%c
(b) 26%c

(c) 50%c
Unit: st

Fig. 18 Vorticity contours of the improved retreating-side rotor blade
Fig. 18 Vorticity contour of improved retreating rotor blade

Table 1 Rotor lift-to-drag ratio and lift under long single-slot blowing
Tab. 1 Rotor lift-to-drag ratio and lift as a function of long slot blowing

Slot relative Slot relative Slot relative Slot relative
position: no position: position: position:
Parameter slot 13%c 26%c 50%c
L
) 5 5 6 6
L/N 10 457.8 10 553.9 11 973.9 12 046.4

(a) 13%c (b) 26%c (c) 50%c

Labels shown in each rotor disk: ¢ = 180°, ¥ = 270°, ¢ = 90°, and ¢ = 0°.
Unit: m-s~!; color scale: —50 to 200.

Fig. 19 Rotor airflow velocity distribution after improvement
Fig. 19 Rotor airflow velocity distribution after improvement

3.2.2 Single-row distributed blowing

Within the blade spanwise range 0.55R ~ 0.75R, several rectangular blowing
holes with the same width of 2.5%c¢ are uniformly arranged. The length of
a single blowing hole is denoted by a, and its specific size is determined by
a=2xz-A, A=0.2R/n. Here, n is the number of blowing holes, A is the unit
length obtained by equally dividing the spanwise control interval, and x is the
ratio of the blowing-hole length a to A, defined as the aspect ratio (Fig. 20).

Fig. 20 Schematic diagram of the blowing-hole aspect ratio
Fig. 20 Schematic diagram of air injection hole aspect ratio

The momentum coefficient is taken as 1.3%. Under the condition of a fixed
momentum coefficient, blowing holes are arranged at the chordwise locations
26%c and 50%c, respectively, and 3, 4, and 5 blowing holes are configured at
each location for comparative study. The calculation results show that, under
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all operating conditions, the lift-to-drag ratio lies in the range 5.49 ~ 6.91,
which belongs to the typical aerodynamic-efficiency range. To further analyze
the influence of blowing-hole number and location on the control effect, the
corresponding lift-performance data are summarized in Tables 2 and 3.

From the comparative analysis of Tables 2 and 3, it can be seen that, in terms
of aerodynamic-performance data, compared with the long single-slot blowing
scheme, the single-row distributed blowing-hole arrangement can more signifi-
cantly improve the aerodynamic characteristics of the rotor in the stalled state.
At the same time, the control results for different blowing-hole distributions also
indicate that a larger number of excitation sources does not necessarily yield a
better control effect on the aerodynamic characteristics of the rotor.

the better. The key lies in accurately identifying the location of the airflow
separation point on the blade surface, and in reasonably setting the number of
blowing holes and the hole width near it, so as to control rotor dynamic stall
and airflow separation in a more targeted manner (Fig. 21).

Table 2 Rotor lift at 26%c for different numbers of blowing holes and different
aspect ratios
Tab. 2 Rotor lift at 26%c as a function of hole number and aspect ratio

x L/N,n=3 L/N,n=4 L/N,n=5
0.1 11 289.8 11 222.6 10 505.0
0.2 11 393.1 11 513.8 10 860.5
0.3 11 502.3 11 684.2 11 567.3
0.4 11 619.3 11 765.2 11 884.5
0.5 11 690.6 11 861.1 11 953.6
0.6 11 835.7 11 876.9 12 108.4
0.7 12 185.4 12 244.9 13 891.9
0.8 12 264.5 13 991.2 13 598.7
0.9 12 502.5 14 132.9 13 641.2

Table 3 Rotor lift at 50%c for different numbers of blowing holes and different
aspect ratios
Tab. 3 Rotor lift at 50%c as a function of hole number and aspect ratio

x L/N,n=3 L/N,n=4 L/N,n=5
0.1 11 1544 11 079.7 11 250.0
0.2 11 016.2 11 273.9 11 362.5
0.3 12 255.7 11 386.0 11 453.5
0.4 12 326.1 11 682.6 11 700.9
0.5 12 680.7 11 660.7 13 666.7
0.6 12 724.6 11 954.2 13 790.0
0.7 12 082.2 12 269.1 13 986.6
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x L/N,n=3 L/N,n=4 L/N,n=5
0.8 12 319.8 12 454.2 14 088.1
0.9 13 161.5 12 747.3 13 921.4

In the long single-slot blowing mode, the excitation region of the high-energy
fluid acting on the mainstream is relatively concentrated. Although it shows a
strong local flow-control effect, it can easily lead to nonuniform control, so that
the airflow problems along the blade span cannot be effectively improved. By
contrast, the single-row distributed blowing-hole scheme can achieve relatively
uniform flow excitation and improve the overall aerodynamic performance. In
addition, with consideration of structural strength, by reasonably setting the
combination of distribution parameters for the blowing holes, the control effect
of the blowing array on the rotor aerodynamic characteristics can be further
enhanced while ensuring structural integrity.

(a) 26%c (b) 50%c

Fig. 21 Rotor lift comparison at different slenderness ratios (z)

4 Conclusion

Based on the compressible unsteady N-S equations, this study systematically in-
vestigated spanwise single-row blowing control for dynamic stall of the retreating
blade of a helicopter rotor during preliminary aerodynamic design exploration.
The following conclusions were obtained.

1) The two-dimensional flow-field analysis shows that the blowing-control
effect depends critically on the proper matching of blowing parameters.
When the blowing velocity is higher than the freestream velocity, the
blowing holes are arranged near the airflow separation point and in its
downstream region, and the hole width is moderate, the aerodynamic
performance of the rotor airfoil during dynamic stall can be significantly
improved. In the case studied here, when the blowing velocity is 142% of
the freestream velocity, the blowing holes are located from 26%c to the
middle-rear region, and the width is 2.5%c, the control effect is optimal.

2) The three-dimensional flow-field analysis further verifies that the param-
eter configuration optimized from the two-dimensional study still has a
good control effect in a three-dimensional environment, as well as the ef-
fectiveness of two-dimensional analysis for screening key parameters. At
the same time, the three-dimensional results further reveal the significant
influence of the spanwise distribution mode on the control effect. A single-
row uniformly distributed multi-hole blowing scheme, when the number of
holes and the hole width are adapted according to the excitation interval,
is superior in overall control effect to continuous long single-slot blowing.
This scheme can achieve more uniform flow excitation and is beneficial
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for maintaining structural strength. In the present case, a single row of
uniformly distributed blowing holes was arranged in the 0.55R ~ 0.75R
interval of the blade (n = 4,5, x = 0.6 ~ 0.8), and the maximum lift
increase reached 33.7%, demonstrating good potential for engineering ap-
plication.

3) Combining the calculation results for a certain helicopter rotor case, this
study further quantified the matching relationship of key parameters in
two-dimensional and three-dimensional conditions, providing reference
value for the promotion of blowing-control technology in the aerodynamic
design of helicopter rotor systems. Further work may couple multiple
factors such as structural-design reliability, flight-mission profiles (e.g.,
hover, forward flight, and maneuvering states), and control complexity,
and systematically optimize the number distribution and geometric
parameters of blowing holes, so as to maximize engineering improvement.

the effect of improving the aerodynamic performance of helicopter rotors.
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