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When a helicopter rotor undergoes flow separation, the drag of the rotor increases substantially, as does the power demand, which
seriously affects the aerodynamic performance and flight safety of the helicopter. Therefore, it is crucial to research how to
suppress the flow separation of rotor blades. An active control technique based on a coflow jet (CFJ) at the rotor blade tip was
employed in this study to suppress the flow separation over the rotor. The mechanisms and behavior were investigated. The
rotor flow field was numerically simulated by solving the Reynolds-averaged Navier-Stokes equations with the finite volume
method. The turbulence model was k —w SST, and the rotor motion was simulated using the overset mesh technique. After
applying CFJ control, the airflow from the injection slot at the leading edge of the rotor increased the energy of the
mainstream in the near-wall area, which enhanced its ability to resist the adverse pressure gradient. A flow separation was
effectively suppressed, both on the advancing and retreating sides, which improved the aerodynamic performance of the rotor.
During the whole rotation period, the thrust coefficient of the rotor increased by up to 5.6%, the moment coefficient decreased
by as much as 26.8%, and the equivalent lift-to-drag ratio increased by up to 44.0%. Moreover, the effects of the CFJ
parameters on the flow separation suppression of the rotor are researched. These results may provide a foundation for the

development of aerodynamic performance improvement for helicopter rotor based on a CFJ.

1. Introduction

A helicopter is a kind of aircraft with the capability for
vertical take-off and landing and for hovering. Helicopters
not only have good maneuverability but also have a larger
flight envelope than other aircraft. Therefore, helicopters
are widely used for military and civil applications. When a
helicopter flies forward at high speed, the speed of a blade
on the advancing side is greater than that of a blade on the
backward side due to the superimposition of the rotation
speed of the rotor and the forward-flight speed of the
helicopter. The advancing blade is prone to shock waves in
transonic states, which trigger the occurrence of shock
wave/boundary layer interference. This causes the flow to
separate from the blade surface which negatively affect the
rotor’s aerodynamic performance. In contrast, the retreating
blade has a high angle of attack (AoA). It often undergoes
large-scale flow separation, which causes an unsteady

dynamic stall [1-3]. These phenomena lead to a dramatic
increase in drag and a significant increase in power demand,
which seriously affect the aerodynamic performance of the
helicopter and restrict any increase in the forward-flight
speed. Hence, it is of great significance to research the flow
separation suppression of helicopter rotors.

There are two categories of control method for prevent-
ing a flow separation: passive control and active control.
Passive control methods for suppressing the shock-induced
flow separation of an advancing blade mainly include opti-
mizing the shape of the blade tip, such as the backward
sweep, forward sweep, and shape of the curves [4-6], to
decompose the flow velocity and delay the shock waves. In
addition, Doerffer et al. [7, 8] proposed using a perforated
surface. The airflow after a shock wave flows to the wave-
front through perforations, and the pressure before and after
the shock wave can be automatically adjusted to reduce the
intensity of the shock wave. This strategy, however, creates
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FiGure 1: Helicopter rotor with CFJ control.

a boundary layer reflow, which dramatically increases
viscous drag. In most circumstances, too much energy is lost,
significantly compromising the reduction of wave resistance
[9]. Passive control methods to suppress a flow separation of
a retreating rotor at a high AoA are as follows: vortex
generators [10, 11], gurney flaps [12, 13], wavy leading-
edge [14, 15], and so on. Although these methods can
suppress the flow separation of a rotor, this type of passive
control works well in the design state, but when the working
state deviates from the design point, the control effect is
poor.

Active control methods act on a specific part of a rotor at
a specific time. They can be actively adjusted, making the
control more flexible. Thus, they have many advantages over
passive control. The main active control methods for sup-
pressing the flow separation of a rotor include active
trailing-edge flaps [16, 17], inflatable leading edges [18, 19],
variable-droop leading edges [20, 21], and synthetic jets
[22-26]. However, active trailing-edge flaps and variable-
droop leading edges often cause significant changes to the
center of gravity and load. Moreover, they frequently necessi-
tate intricate mechanical adjustment structures and control
systems. A synthetic jet (acoustic wave or plasma) has a weak
effect on the mainstream, and achieving continuous and
efficient management is difficult. In general, suppressing the
flow separation of a rotor has not been adequately addressed,
and a more flexible and effective flow management system is
urgently needed to improve the aerodynamic performance
of rotors.

A coflow jet (CFJ) [27-29] is a new type of active flow
control technology proposed by Zha of Miami University.
In this method, the upper surface of the wing near the
leading edge has a slot, which is used to inject a high-
energy tangential jet in the same direction as the main flow.
Then, flow with the same mass is drawn into another slot at
the trailing edge. Pumps and pipes are arranged inside the
wing to transport the air pulled in from the trailing edge to

the injection slot at the leading edge. Since the rate at which
air is blown out is equal to the suction rate, the CFJ is a
zero-mass jet that does not require an additional air
source. With the development of miniaturized motors
and high-power technology, the proposed method has
broad application. A CFJ has a lower cruise drag than a
circulation control [30, 31] airfoil because it is not neces-
sary to increase the circulation by blowing air onto the
blunt leading or trailing edge (Coanda surface). In addi-
tion, a CFJ controls the flow around the airfoil more
strongly than a synthetic jet, and the effect is more notice-
able. In recent years, many scholars have studied CF] con-
trol methods. Zha et al. found that CFJ can suppress the
flow separation of a wing, improve the stall characteristics,
and significantly increase the lift-to-drag ratio of the wing.
Moreover, a CFJ has a high energy efficiency [28, 32].
Using particle image velocimetry, Wells [33] found that a
CFJ can suppress the generation of airfoil wake vortices.
Lefebvre [34, 35] designed a new electric aircraft concept
based on CF] control, which reduced the size of the wing,
shortened the aircraft’s take-off and landing distances, and
increased the flight range. The latest research shows that a
CFJ can also improve the aerodynamic performance of an
airfoil in transonic conditions and increase its lift coeffi-
cient and lift-to-drag ratio [36, 37].

When a rotor rotates through a circle, a flow separation
can occur for a retreating blade at a high AoA whereas a flow
separation of the advancing blade can be induced by a shock
wave. Research shows that a CF] effectively suppresses the
flow separation of a fixed wing at high AoAs and reduces
the transonic separation. Therefore, using CFJ may be a
promising flow control strategy for suppressing both the
shock-induced flow separation of the advancing blade and
the flow separation of the retreating blade at large AoAs.
Yang et al. [38], Xu et al. [39], Liu et al. [40, 41], etc. found
that CFJ control weakened the flow separation and
improved the aerodynamic performance of a rotor airfoil.
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FIGURE 3: Surface pressure coeflicient vs. dimensionless position for the AH-1/OLS rotor at r = 0.955R.

However, current research has considered only two-
dimensional airfoils, and there has been very little research
published on the flow separation control of a three-
dimensional rotor. Therefore, more research into the control
effect and mechanism of this method are required.

In this work, flow separation suppression and aerody-
namic performance improvement for a three-dimensional
helicopter rotor based on a CFJ positioned at the rotor
tip is investigated using the numerical simulation method.
The mechanism of action is also explored. Further, the
effects of the jet momentum coefficient of the CFJ and
the location, width, and height of the slots are investigated.
The rest of this paper is organized as follows. The CFJ
control method for the rotor and the numerical simulation
of a rotor flow field with CFJ control are introduced in
Section 2. The results for flow separation suppression

and aerodynamic performance improvement of a rotor
with CFJ control are described in Section 3 for rotors in
typical states. The effects of different values of the CFJ
control parameters on aerodynamic performance improve-
ment for a rotor are studied in Section 4. The entire work
is summarized in Section 5.

2. Methodology

2.1. Rotor Model with CFJ] Control. A rotor with CFJ control
is shown schematically in Figure 1. The leading edge of the
rotor has a slot through which air is blown out. The trailing
edge has a slot into which air is sucked. The surface of the
rotor between the injection slot and the suction slot was
created by translating and rotating the surface of the original
rotor. In addition, note that for CF] control, the jet
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momentum coefficient is commonly employed to describe
the intensity of the airflow. It is defined as:
mv;

C = 71, 1
“o12p V2SS W)

where i is the mass flow rate, V; is the jet velocity at the
injection slot, p_ is the density of the free stream, V, is
the velocity of the free stream, and S is the reference area
of the rotor.

2.2. Numerical Methods. The flow field around a helicopter
rotor was simulated using the compressible Reynolds-
averaged Navier-Stokes equations, whose integral form can
be written as

aJ Wd0 +§; (Ec - By)dS =0, 2)
ot ) g 20

where Q is the control volume, 0Q2 is the boundary of the
control volume, W are the conservative variables, and F:
and Fy are the convective fluxes and viscous fluxes:

P PY, 0

pu puV, +n.p MyTox M, Tyy + M T;
W=| pv [, Fc=| pvV,+np |, Fy=| mT,+mT,+n1, |,

pw pwV, +n,p M T ¥ 1T, + 1T,

pE pHV +V.,p n0,+n0,+n0,

(3)

where u, v, and w are the three components of the
velocity in the x, y, and z directions. p, p, E, and H
are the density, pressure, the total energy per unit mass,
and the total enthalpy per unit mass, respectively. n,, n,,

and n, are the components of the unit normal vector of
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FiGure 7: Computational domain and overset grid.

the control volume surface. V, is the relative velocity,
and V, is the grid velocity. 7;; is the component of
the viscous stress tensor. ®; is a term that describes
the work of the viscous stress and the heat conduction
in the fluid. Further details of the equations can be
found in Ref. [42].

In this work, the finite volume method was employed to
solve the governing equations of the fluid. The Roe scheme

[43] was adopted to discretize the convective fluxes. The dis-
crete fluxes at each face are given by:

= 5 (F(Wy) + EOWL)) — S |A[(We - Wy), ()

N =

where F,,, are the inviscid fluxes over the face of the control
volume, W and Wy denote the left and right states, and A
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denotes the Roe matrix. The viscous fluxes were discretized
by a second-order central difference.

To simulate the unsteady flow simulation of rotor, the
dual time-stepping method [44] was used for time discreti-
zation. The time derivative term of Equation (2) is approxi-
mated by the 3-point backward difference scheme to obtain
the implicit equation; the formula is as follows:

3wn+1 —AW" + Wn—l
2At

+R(W™1) =0, (5)

where At represents the global physical time step, which was
set as the time corresponding to a rotation of the rotor by 1°.
In order to solve the nonlinear implicit equation, a pseudo-
time derivative term was introduced, and then, the time
marching method used in the steady equation was used to
solve it. The following formula can be obtained.

d(.Qn+1W*)

I +R*(W") =0,

(6)

. 3W* —4W" + W1
2At

>

where R and R* represent the residual, rdenotes a pseudo-
time variable.

The two-equation turbulence model with k — w SST [45]
was employed to simulate the separated airflow over the sur-
face of the helicopter rotor. A no-slip boundary condition
was applied for the rotor surface, and a nonreflection bound-
ary condition was applied for the far field.

An overset grid [46, 47] was used to simulate the motion
of the rotor, as this technique works well for complex
moving-body problems [48]. An overset grid consists of a
background grid and a component grid. Each set of grid is
generated separately, which not only makes grid generation

easier but also ensures that grid quality is maintained
throughout grid movement. The computational grid was
established at each time step by performing three steps: hole
mapping, searching for contributing cells, and interpolation.

2.3. Validation of the Numerical Methods. In this section, the
flow field of an AH-1/OLS rotor in forward flight and a
NACAG6415 airfoil with CFJ control were computed to
ensure that the methodology is correct, laying the ground-
work for the numerical simulation of the rotor’s flow field
based on CFJ control.

2.3.1. AH-1/OLS Rotor in Forward Flight. The AH-1/OLS
rotor is composed of two blades with an Operational Loads
Survey (OLS) airfoil. The rotor radius R=0.958m and
chord ¢=0.104 m. The linear negative torsion of the blade
is 10°, and the blade root is removed by 18.2%. Experimental
case 10014 in Ref. [49] is selected for calculation: the Mach
number of the rotor tip May, =0.664, Reynolds number

Re = 1.6 x 10°, advance ratio p=0.164, and tip-path plane
angle is 1°. The trimmed periodic pitching and flapping
angles are as follows:

0(t) = 6.14° +0.9° cos y(t) — 1.39° sin (1),

B(t) =0.5"—1° cos y(t).

(7)

The numbers of background and component grid ele-
ments were 1.8 x 10° and 6.1 x 10%, respectively. Figure 2
shows the vorticity isosurface contour of the AH-1/OLS
rotor (colored by Mach number). It can be seen that the
numerical method use for the rotor flow field in this paper
simulates the tip vortex of the rotor well. Figure 3 gives the
surface pressure coefficient distribution of the 0.955R section
at azimuth angles of 90° and 180". In the figure, C, is the
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FIGURE 9: Vorticity contours of the rotor slices.

pressure coefficient, and x/c is the dimensionless position
along the chord line. The calculated results are in good
agreement with the experimental data as shown in the figure,
which verifies the correctness of the numerical simulation of
the rotor flow field.

2.3.2. Coflow Jet Flow Control. The NACA6415 airfoil with
CFJ control [50] was selected to be another validation
case. In the computation, Mach number Ma = 0.3, Reyn-
olds number Re =2.08 x 10°, and jet momentum coefficient
C,=0.08. The lift coefficient (C;) and drag coefficient (Cp,)
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of a NACA6415 airfoil obtained for AoA =0°, 5%, 10°, 15°, 20°,
and 25° are shown in Figure 4. It can be seen that the compu-
tational fluid dynamics (CFD) results from our simulation at
different AoAs fit the results of Ref. [50] well, which means
the present simulation method is correct. Figure 5 presents
the pressure contours and the streamlines of a NACA6415
airfoil with or without CFJ at AoA = 20°. It is apparent that
the flow separation at the trailing edge of the airfoil was well
suppressed by the CFJ.

3. CFJ Control of Helicopter Rotor under
Typical Flight Conditions

In this work, a helicopter rotor with CFJ control was based
on a Caradonna-Tung (C-T) rotor [51] as the original
model. The flow separation and aerodynamic performance
improvement of the rotor with CFJ control were investi-
gated. Only one rotor blade was simulated to demonstrate
the effect of CFJ control better. A model of the C-T rotor
with CFJ control is shown in Figure 1. The width of the
CFJ slot was 0.2R, and the slot was positioned between
0.75R and 0.95R. The profile of the CFJ-based rotor is shown
in Figure 6. The Mach number of the rotor tip Ma,, =0.6
and the advance ratio = 0.3. The trimmed periodic pitch-
ing angle was «a(t) =12° -8’ sin (wt). The jet momentum
coeflicient C, =0.0138. Figure 7 shows the computational
domain and the overset grid.

3.1. Verification of Grid Independence. First, in this section,
grid independence was investigated. The number of back-
ground grid elements was 1.7 x 10°. Three grids were

employed, a coarse grid, a medium grid, and a fine grid.
The numbers of grid elements were 3.0 x 10°, 4.1 x 106,
and 5.3 x 10°, respectively. Figure 8 shows that the thrust
of a C-T rotor computed with the three grid resolutions
was in phase. As can be seen, there was a significant devia-
tion of the thrust calculated with the coarse grid compared
to the other two grids at 90°. The results for the medium grid
are almost the same as those for the fine grid. Therefore, the
medium grid has sufficient resolution and was used in fol-
lowing simulations.

3.2. Flow Field Analysis of Helicopter Rotor. Figure 9 presents
the vorticity contours of rotor slices at azimuths of 90° and
270°. Slice 1 is in the middle of the CFJ zone (r =0.85R)
and slice 2 is 0.58¢ away from the leading edge of the blade.
The vorticity around the rotor decreased after applying CFJ
control at an azimuth of 90° or 270°. The separation vortex
on the upper surface was obviously suppressed at 270° where
the rotor has a high AoA. Besides, slice 2 shows that the zone
where the separation vortex weakened moved to the tip of
the blade relative to the CFJ zone (0.75R-0.95R), which
was caused by the large centrifugal force generated by the
high-speed rotation of the rotor.

Figure 10 shows the velocity profiles of the upper sur-
faces of the baseline and CFJ-based rotors (r = 0.85R) behind
the injection slot at x =—-0.015m. Here, d is the distance
from the upper surface of the rotor, and Vy is the velocity
along the chord direction of the rotor. The panels indicate
that the main flow velocity on the leading edge increased
when the airflow was blown from the injection slot and that
the velocity profile in the near-wall region was fuller, which
enhanced the ability of the blade to resist the adverse
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pressure gradient and effectively suppressed the flow separa-
tion on the upper surface of the rotor.

Figure 11 shows the pressure contours of the rotor sur-
face with and without CFJ control. It is apparent that the
surface pressure between the injection slot and the suction
slot of the CFJ-based rotor was lower than in the corre-
sponding part of the baseline rotor. The closer to the tip of
the blade, the more the lower pressure zone increased along
the chord length. In addition, the surface pressure of the area
outside the CFJ zone (0.1R-0.75R and 0.95R-R) also
decreased.

Figure 12 presents the surface pressure coeflicient of the
baseline rotor and CFJ-based rotor at an azimuth of 90° or

270°. The distribution of the surface pressure for the profiles
at 0.85R and 0.9R is significantly different between the base-
line rotor and CFJ-based rotor at the azimuth of 90°. The
surface pressure coeficient between the injection slot and
0.3c and between 0.6¢ and the suction slot dropped strik-
ingly with CFJ control. Furthermore, the surface pressure
coefficient at 0.98R, which is outside the CFJ zone, was
slightly lower. At the azimuth angle of 270°, the surface
pressure of the CFJ-based rotor decreased less than that of
the baseline rotor at 90°. The surface pressure coefficient
between 0.1c and 0.3¢ and between 0.6¢ and the suction slot
decreased with CFJ control for the profiles at 0.85R and
0.9R. The difference in the surface pressure coefficient
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FiGure 14: Thrust and moment coefficients in the CFJ zone (0.75R-0.95R).

between the baseline rotor and the CFJ-based rotor was
small for the profile at 0.98R.

3.3. Aerodynamic Performance Improvement of Helicopter
Rotor. The effect of CFJ control on improving the aerody-
namic performance of a rotor was mainly analyzed by asses-
sing the change in the unsteady aerodynamic coefficients.
The main aerodynamic coefficients of a rotor are the thrust
coefficient Cy, moment coefficient Cq, drag coefficient Cp,
and equivalent lift-to-drag ratio (L/D),:

T
C = 5, .9 8
"7 pnR*(wR)? ®
Q
Co=—F—> 9
Q P7TR3 wR)Z ( )
D
CD: 2 2° (10)
PR (wR)

(L> o S (11)
D), Cqylu
where T, Q, and D are the thrust, moment, and drag of the
rotor, respectively. p is the density of free flow, y is the
advance ratio, and w is the angular velocity.

For the CFJ rotor, power consumption should be consid-
ered. And Equation (10) changes as the following:

_ D+PIVy, (12)

P pnR2(wR)?

where P is the power required by the pump. V;  is the veloc-

ity of the rotor tip. And P is defined as:

P:rhcpTO P, <V‘1>’V_1
’7 Psuc ’

where 71 is the jet mass flow rate. ¢, is the constant pressure

tip

(13)

specific heat. T, is the total temperature. # is the efficiency of
the pump and equals to 0.9 in this work. P,, and P, are the
total pressure of injection and suction slots. y is the air
specific-heats ratio.

The aerodynamic coefficients of the baseline rotor and
CFJ-based rotor are shown in Figure 13. The thrust coeffi-
cient of the rotor had increased for all azimuth angles after
applying CFJ control. On the advancing side, the greatest
increase of about 5.6% was near the azimuth angle of 90°.
On the retreating side, the greatest increase of about 4.8%
was near the azimuth angle of 270°. The moment coefficient
decreased over the whole period. On the advancing side, the
greatest decrease of about 26.8% was at the azimuth angle of
100°. On the retreating side, the greatest decrease of about
16.0% was at the azimuth angle of 280°. The drag coefficient
was also significantly reduced over the whole period. On the
advancing side, the greatest decrease of about 27.3% was at
100°. On the retreating side, the greatest decrease of about
20.8% was at 280°. As the thrust coefficient of the rotor
increased and the moment coeflicient decreased after using
CFJ] control, the equivalent lift-to-drag ratio of the rotor
increased significantly, by about 44.0% at 90° on the advanc-
ing side and by 15.3% at 270° on the retreating side. In gen-
eral, CFJ control significantly improved the aerodynamic
performance of the rotor.
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To make the changes in the aerodynamic coefficients
more apparent visually, Figure 14 shows the thrust and
moment coefficients in the CFJ zone (0.75R-0.95R). The
thrust coeflicient in the CFJ zone has noticeably increased.
The maximum increases were about 13.0% near the azi-
muth of 90° on the advancing side and 6.2% near the azi-
muth of 270" on the retreating side. Furthermore, the
moment coefficient decreased substantially. The maximum
decreases were about 49.2% at the azimuth of 100° on the

advancing side and 26.3% at the azimuth of 280" on the
retreating side.

To verify that CF] control can generally improve the
aerodynamic performance of a rotor under different flight
conditions, cases with a different advance ratio or a different
Mach number were investigated (case 1: May, = 0.6, ¢ =0.2;
case 2: May, =0.65, 4 =0.3).

The aerodynamic parameters of the baseline rotor and
CFJ-based rotor are compared in Figure 15. Aerodynamic
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FiGure 16: Thrust and moment coefficients in the CFJ zone (0.75R-0.95R).

performance of the rotor under different flight conditions
was improved with CFJ control, that is, the thrust coeflicient
increased, the moment coefficient decreased, the drag coeffi-
cient decreased, and the equivalent lift-to-drag ratio
increased. However, the increment of the thrust coefficient
between the azimuth angles of 300° and 30° was less com-
pared to other azimuth angles. The decrement of the moment
coeflicient in case 2 between azimuths of 120° and 240° was
less than that of case 1. Thus, the increment of the equivalent
lift-to-drag ratio was reduced within this range of azimuth
angles.

Next, the change in the aerodynamic coefficients of a
rotor in the CFJ zone (0.75R-0.95R) was investigated, spe-
cifically to analyse the control effect of CFJ. Figure 16 com-
pares the thrust and moment coefficients of the baseline
rotor and CFJ-based rotor in the CFJ zone. In case 1, the
thrust coefficient of the rotor with CFJ control had signifi-
cantly increased over the whole period, and the moment
coefficient had significantly decreased. However, the incre-
ment of the rotor thrust coefficient was small for azimuth
angles of 0°-30° for case 2, which has a higher Mach number
at the rotor tip and a larger advance ratio than case 1. Fur-
ther, the decrement of the rotor moment coefficient was
small for the azimuth angles 180°-240°.

4. Effects of CFJ Parameters on Aerodynamic
Performance of Helicopter Rotor

To further explore the effect of the CFJ parameters on the
aerodynamic performance improvement of the rotor, CFJ
cases with different jet momentum coefficients, locations,

widths, and heights of the injection and suction slots are
explored in this section.

4.1. Effect of CF] Momentum Coefficient. The effect of the
CF] momentum coefficient on the aerodynamic perfor-
mance of the rotor is investigated in this section. The posi-
tion, width, and height of the CFJ injection and suction
slots are the same as those in Section 3. The jet coefficient
was 0.0097, 0.0138, or 0.0196. Figure 17 shows the thrust
and moment coefficients of the baseline rotor and CFJ-
based rotor with different jet momentum coefficients. The
results show that, for most azimuth angles, the thrust coeffi-
cients of the CFJ-based rotors were larger than that of the
baseline rotor whereas the moment coefficients of the CFJ-
based rotors were smaller than that of the baseline rotor.
These coefficients were almost equal for the different rotors
at other azimuth angles. The greater the jet momentum coef-
ficient, the greater the increase in the rotor thrust coefficient,
and the greater the decrease in the rotor moment coeflicient
compared to the baseline rotor. The increase of the thrust
coefficient of the rotor near the azimuth angle of 90° on
the advancing side was more pronounced than near 270°
on the retreating side. The reduction of the moment coeffi-
cient of the rotor near the azimuth angle of 270° on the
retreating side was more pronounced than on the advancing
side near 90°.

4.2. Effect of CFJ Location. The effect of the location of the
CFJ on the aerodynamic performance of the rotor is investi-
gated in this section. The symmetry plane of the CFJ was at
r=0.79R, 0.85R, or 0.88R, and the slot width was 0.2R.
According to the distance of the CFJ from the rotor tip,
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FiGure 18: Thrust and moment coefficients vs. azimuth angle of the

the three cases are farthest, moderate, and nearest. The
other parameters for CF] control are the same as those
in Section 3.

Figure 18 shows the thrust and moment coefficients of
the baseline rotor and CFJ-based rotors for slots in different
positions along the blade. It can be seen that the thrust coef-
ficient increased, and the moment coefficient decreased with
CFJ control. The thrust coeflicient increments for the far-
thest and nearest slots were close to that for the moderate
slots, but the decrement of the moment coefficient for the

12

360

Baseline
CFJ-farthest
CFJ-moderate
CFJ-nearest

(b) Moment coeflicient

baseline rotor and CFJ-based rotors with different slot positions.

farthest and nearest slots was smaller than that for the mod-
erate slots. Hence, if the CFJ is too close to or too far from
the rotor tip, the aerodynamic performance improvement
will be weakened for the rotor.

4.3. Effect of CF] Width. The effect of the width of the CFJ on
the aerodynamic performance of the rotor is investigated in
this section. The CFJ width was 0.15R, 0.2R, or 0.25R,
respectively, and the symmetry plane was at r = 0.85R. The
corresponding CF] zones were 0.775R-0.925R, 0.75R
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-0.95R, and 0.725R-0.975R. The other parameters for the
CFJ are the same as in Section 3.

The thrust and moment coefficients of the baseline rotor
and CFJ-based rotors with different slot widths are presented
in Figure 19. As shown, the greater the CFJ slot width, the
greater the increment in the rotor thrust coefficient and the
greater the decrement in the rotor moment coeflicient com-
pared to the baseline rotor. Thus, the aerodynamic perfor-
mance improvement was enhanced for the rotor. However,
the improvement for a width of 0.25R was not better than

a width of 0.2R. The moment coefficient for a width of
0.15R was larger than that for the baseline rotor near the
azimuth angle of 180°. Therefore, 0.2R is the best width for
the CFJ.

4.4. Effect of CFJ Slot Height. The effect of the heights of the
CFJ injection and suction slots on the aerodynamic perfor-
mance of the rotor is investigated in this section. The CFJ
control zone is 0.75R-0.95R. The CFJ] momentum coeffi-
cient is the same as that in Section 3.
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First, the suction-slot height was fixed (1% of c), whereas
the injection-slot height was 0.4% of ¢, 0.5% of ¢, or 0.55% of
c. Figure 20 shows the thrust and moment coefficients of the
baseline rotor and CFJ-based rotors with the injection slot at
different heights. As the figure indicates, the injection-slot
height had little effect on the increase of the rotor thrust
coefficient. The reduction of the moment coefficient for a
height of 0.4% of ¢ was almost equal to that for a height of
0.5% of c. The effect was the worst when the injection-slot
height was 0.55% of ¢, which demonstrates that the
injection-slot height should not be too large.

Next, the injection-slot height was fixed (0.5% of c), and
the suction-slot height was 0.9% of ¢, 1% of ¢, or 1.05% of c.
Figure 21 shows the thrust and moment coefficients of the
baseline rotor and CFJ-based rotors for different heights of
the suction slot. It can be seen that the suction-slot height
also had little effect on the increase of the rotor thrust coef-
ficient. The reduction of the moment coefficient for a
suction-slot height of 1% of ¢ was almost equal to that for
a suction-slot height of 1.05% of c. The effect was the worst
when the suction-slot height was 0.9% of ¢, which demon-
strates that the suction-slot height should not be too low.

5. Conclusions

In this study, an active control method based on CFJ is pro-
posed to suppress the flow separation for improving the
aerodynamic performance of a helicopter rotor. The effect
of the CFJ parameters on improving the aerodynamic per-
formance of a rotor was investigated. The main conclusions
are as follows:

(1) With a CFJ at the rotor tip, the energy of the airflow
near the wall of the rotor increased, which enhanced

()

3)

its ability to resist the adverse pressure gradient. The
flow separation of the rotor was well suppressed, and
the aerodynamic performance of the rotor was much
improved. By investigating cases with different flight
conditions, it was found that CFJ control has a gen-
erally excellent effect on improving the aerodynamic
performance of a helicopter rotor

Under forward-flight conditions, after applying CFJ
control, the thrust coeflicient of the rotor increased,
and the moment coefficient decreased during the
whole rotation period. The maximum increase of
the thrust coefficient was about 5.5% on the advanc-
ing side, and the maximum increase was about 4.8%
on the retreating side. The maximum reduction of
the moment coeflicient was about 26.8% on the
advancing side, and the maximum reduction was
about 16.0% on the retreating side. The equivalent
lift-to-drag ratio of the rotor increased significantly,
with a maximum increase of about 44.0%

By solving and analyzing the rotor flow field with
different CF] parameters, some general conclusions
were reached. The greater the jet momentum coeffi-
cient of the CFJ, the better the improvement of the
aerodynamic performance of the rotor. If the CFJ is
too close to or too far from the rotor tip, the
improvement of the aerodynamic performance of
the rotor will be weakened. The improvement of
the aerodynamic performance of the rotor was best
when the width of the CFJ was 0.2R and when the
middle plane of the CFJ was at r = 0.85R. If the injec-
tion slot is too high and the suction slot is too low,
the improvement of the aerodynamic performance
of the rotor will be weakened
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