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This paper presents a numerical investigation of unsteady surface blowing using periodic variations of jet velocity with azimuthal
angle to reduce helicopter rotor blade-vortex interaction (BVI) noise. The unsteady blowing is modeled as the mass flow outlet
boundary condition of time-varying jet velocity on the blade surface grid using computational fluid dynamics. The same high-
resolution overset grid system and flow/noise solver are used to perform a detailed flow field simulation and noise prediction
for the nonblowing baseline case and the steady/unsteady blowing cases under the rotor BVI condition, and a grid convergence
study for the steady and unsteady blowing cases is carried out. The BVI noise reduction and rotor thrust coefficient results of
the unsteady blowing method and the previously published steady blowing with constant jet velocity are then compared. The
noise reduction level of unsteady blowing is approximately equivalent to that of steady blowing (noise reduction is more than
3 dB). However, the loss in rotor thrust coefficient caused by unsteady blowing (3.3%) is only half of that by steady blowing
(6.3%); the air mass cost by unsteady blowing is only 63.7% of that by steady blowing per rotation revolution. The results

show that unsteady blowing can effectively reduce BVI noise with lower cost and less thrust loss.

1. Introduction

Reducing rotor blade-vortex interaction (BVI) noise to com-
bat helicopter noise pollution has become an increasingly
urgent task in helicopter aerodynamics and aeroacoustics
[1, 2]. BVI is the phenomenon in which the tip vortex trail-
ing from the rotor tip directly strikes with the following
blades during low-speed descending flight or maneuvers,
resulting in strong fluctuations in the aerodynamic load on
the blade surface. This process causes significant BVI noise,
which is essentially a kind of vortex-induced aerodynamic
noise [3, 4]. The studies in tip vortex formation, evolution,
and vortex dynamics have been an increasingly active
research field [5-10]. And many researchers [11-13] have
employed flow control methods in the tip vortex to reduce
BVI noise, specifically to control the structure, strength,
and trajectory of the tip vortex.

As an active vortex control method, rotor tip air mass
injection (TAMI) technology [13] works by arranging jet
ducts at the rotor tip or on the blade surface to blow

out compressed air, which can increase the diftfusion,
reduce the strength, or alter the trajectory of the tip vor-
tex, thereby reducing BVI noise. This active control con-
cept based on positive mass jet blowing on the blade
surface has successfully demonstrated an excellent ability
to control the tip vortex structure and trajectory in many
experiments and numerical studies [14-16]. However, pre-
vious research results on blade surface blowing have illus-
trated that blowing will have an adverse effect on rotor
aerodynamics and may cause a significant loss in the rotor
thrust [17-19]. This phenomenon of rotor thrust loss
caused by surface blowing has not been thoroughly con-
sidered in previous studies. Liu et al. [17] investigated
the effectiveness of upper surface blowing to alter the tip
vortex strength of a hovering rotor. However, in this
research, surface blowing caused a thrust loss of up to
29.4% compared with the nonblowing case. Duraisamy
and Baeder [18, 19] studied the effect of steady spanwise
and streamwise blowing on the tip vortex structure of a
single-blade hovering rotor. The blowing significantly
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reduced the swirl velocity and the strength of the tip vor-
tex but resulted in a maximum of 6.5% loss in the rotor
thrust. The authors of this paper [20, 21] previously con-
ducted a parametric analysis of the effects of the jet slot
location on the blade surface, jet velocity, and jet slot area
of the steady blowing to reduce the rotor BVI noise and
found that there was an optimal steady blowing jet veloc-
ity that could achieve a maximum noise reduction of
3.6dB with the minimum thrust loss of 6.3%. Since rotor
design is a complex multidisciplinary program, the design
goal of a low-noise rotor is often constrained by aeroa-
coustics, aerodynamics, aeroelastic stability, and even
vibration problems [22]. Achieving noise reduction
through a significant sacrifice in the rotor thrust is unac-
ceptable in actual blade design [2], which is also an obsta-
cle restricting the practical application of TAMI
technology. Therefore, we attempt to further reduce BVI
noise with minimal loss in rotor thrust in this work.

In addition to the work based on the steady blowing dis-
cussed above, researchers are also increasing interest in the
application of unsteady blowing concepts. Vasilescu and
Dancila [23-25] carried out research on the effects of a tan-
gential unsteady spanwise blade tip blowing on the forma-
tion and evolution mechanism of the rotor tip vortex in
hover, where the air mass flow rate of the unsteady blowing
was periodically modulated by changing the jet slot area
using a piezoelectrically actuated servo valve. The results in
their study showed that unsteady blowing was more efficient
for vortex diffusion than steady blowing. The reduction of
vortex strength of the unsteady blowing reached the same
level as that of steady blowing, where the average blowing
cost was two times lower than the average blowing cost of
steady blowing. Few studies have been conducted on BVI
noise reduction using unsteady blowing. Considering that
unsteady blowing may have better application potential than
steady blowing, based on the previous work [20, 21] we have
carried out on the mechanism and parametric analysis of
steady surface blowing on BVI noise reduction, there is sig-
nificant research motivation to investigate the reduction of
rotor BVI noise using unsteady blowing control.

In this paper, a new unsteady blade surface blowing
method is proposed in which the jet velocity changes period-
ically with the rotor azimuthal angle. The compressible
unsteady Reynolds-averaged Navier-Stokes (URANS) equa-
tions with the improved fifth-order weighted essentially
nonoscillatory (WENO-Z) scheme and Farassat’s Formula-
tion 1A based on the Ffowcs Williams-Hawkings (FW-H)
equations are used to investigate the effect of the unsteady
blowing on the blade surface to reduce rotor BVI noise.
The unsteady blowing is modeled by the established mass
flow outlet boundary conditions on the blade surface grid
by modifying the velocity term of the flux in the URANS
equations. The high-resolution overset grid system and the
flow/noise solver are used to compare the rotor flow field
simulation and noise prediction results of the nonblowing
baseline case and steady/unsteady blowing cases under the
rotor BVI condition.

The remainder of this paper is organized as follows. Sec-
tion 2 provides a brief overview of the computational
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method, including the description of the grid system, the
introduction of the flow solver and the noise solver, and
the modeling of the unsteady blowing. In Section 3, the grid
convergence of steady and unsteady blowing cases is studied.
The changes in the rotor flow field and the BVI noise results
of the unsteady blowing case are discussed and compared
with the nonblowing baseline case and the steady blowing
case. The effects on the rotor thrust coeflicient are also ana-
lyzed in detail. Finally, the main conclusions of this paper
are summarized in Section 4.

2. Computational Methodology

2.1. Grid System. The grid system used in the computations
consists of two body-fitted blade grids with C-O topology
and a Cartesian background grid. The moving overset grid
method is used to simulate the rotation, pitching, and flap-
ping of the rotor blade motion. As shown in Figure 1, the
rotor hub serves as the origin of the coordinate system,
and the incoming stream direction is the +x-axis, where
the +x-axis points to the rotor 0 azimuthal angle. The
inflow and outflow boundary conditions are imposed on
the outer boundary of the background grid in the x-direc-
tion. The +y-axis points below the rotor plane, and the +z
-axis points to the 90° azimuthal angle. The normal distance
from the wall to the outer boundary of the airfoil is 2 ¢
(chord length). The key issue for accurately predicting BVI
noise is to capture the flow details of the wake system for
the study of the BVI phenomenon. To improve the resolu-
tion of the wake capture, the grid points in the normal direc-
tion of the two-dimensional airfoil grid and the grid points
in the spanwise direction near the region of the tip vortex
core of the three-dimensional blade grid are thoroughly
refined, and about 40 grid points cross through the vortex
core. As described in our previous work [20, 21], to simulate
surface blowing, about 15 grid points are uniformly refined
at the 92-95% radius of the blade in the spanwise direction,
which is used to define the jet slot on the blade surface. The
points of the single blade grid used are 225 x 80 x 155 (cor-
responding to the blade streamwise, normal, and spanwise
directions, respectively). The background grid is a cube-
shaped Cartesian grid with the outer boundary length of 7
R (rotor radius), 5.5 R, and 6 R (corresponding to the x-, y
-, and z-directions, respectively), and the finest grid spacing
in the background grid is 0.1 ¢ (chord lengths). The back-
ground grid uses 300 x 166 x 247 points. Our previous study
[20] showed that the background grid resolution had a great
effect on the rotor wake simulation and BVI noise predic-
tion. Therefore, two more background grid resolutions [20]
based on the mentioned 300 x 166 x 247 background grid
are employed in the grid convergence study for the steady/
unsteady blowing cases. The finer background grid uses
300 x 331 x 247 points with twice the number of the points
in the y-direction. The coarser background grid uses half
of the grid points in the y-direction, with the grid points of
300 x 83 x 247. These three kinds of background grids are
the ones we used for the grid convergence study in [20],
but in that research, we only evaluated the grid convergence
for the nonblowing case. This paper will revisit the grid
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convergence study for the steady and unsteady blowing
cases. The three grid resolutions use the same two 225 x 80
x 155 blade grids. Here, we refer to these three grid resolu-
tions as Benchmark Grid, Finer Grid, and Coarser Grid,
respectively, for distinction.

2.2. Flow Solver. The flow field simulation of the rotor BVI
uses the rotor computational fluid dynamics (CFD) codes
that have been developed by our research group over many
years. The self-programming CFD codes have a wide range
of applications in the simulation of single/coaxial rotor hov-
ering and forward flight [10, 20, 21, 26, 27], with good accu-
racy and robustness. The specific introduction of the flow
solver has been previously studied in detail [20]. The
URANS equations in the inertial coordinate system are used
as the governing equations, and the finite-volume method is
used to spatially discretize the governing equations. The
computation of the inviscid terms adopts the Roe flux-
difference splitting scheme, and the flux variables on the left
and right sides of the interface are reconstructed by the fifth-
order WENO-Z scheme [28]. The viscous term is computed
by the second-order central difference scheme. The dual
time-stepping iterative method is used for time advance,

and the pseudotime stepping is calculated by the implicit
lower-upper symmetric Gauss-Seidel (LU-SGS) scheme.
The Spalart-Allmaras (S-A) one-equation turbulence model
is adopted to simulate the effects of turbulence in this work.

2.3. Noise Solver. The noise solver has also been previously
described in detail [20, 29]. Thus, we briefly introduce the
noise computational method here. The self-programming
codes for predicting rotor aerodynamic noise are developed
according to Farassat’s Formulation 1A [30, 31] based on
the FW-H equation acoustic analogy, which provides clear
physical insight. The blade surface is selected as the integral
surface, and the acoustic pressure is the sum of the acoustic
pressure due to thickness and loading. After the flow solver
computation is completed, the grid coordinates and the
pressure of the blade surface grid points output by the
CFD codes are used as the input of the acoustic codes for
the noise prediction, and the noise information at the
observer position can be obtained by integrating Formula-
tion 1A at the retarded time.

2.4. Unsteady Blowing Model. As mentioned in our earlier
work [20, 21], the surface blowing model is appropriately
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FIGURE 4: Microphone locations in the OLS rotor noise experiment
[20, 21, 33].

simplified and modeled in the CFD method as the mass flow
outlet boundary condition of the surface grids at the defined
jet slot location on the blade surface. Figure 2 shows that the
defined jet slot is located on a 15 x 5 (spanwise and stream-
wise) grid cell face near the trailing edge on the blade upper
surface near the rotor tip in the blowing case. Admittedly,
some practical problems related to surface blowing are
ignored in the numerical modeling, such as how to generate
air blowing on the blade surface. The source of compressed
air may need to be supplied through a separate compressor
or air pump, and the compressed air may be supplied to
blow on the blade surface through the internal jet ducts
inside the blade. In addition, for the concept of unsteady sur-
face blowing, the piezoelectrically actuated servo valve pro-
posed by Vasilescu and Dancila [23-25] may also be
required to modulate the air by a specific frequency or wave-
form during the blowing cycle. In their series of studies
[23-25], the concept of unsteady blowing was achieved by
using a piezoelectrically actuated servo valve, which period-
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TaBLE 1: Coordinates of microphone locations (normalized by the
rotor chord length) [20, 21, 33].

Microphone X y z

1 -63.43 0.0 0.0

2 -31.717 0.0 0.0

3 -27.467 15.858 0.0

6 -27.467 0.0 15.858
7 -23.787 15.858 13.733
8 -27.467 0.0 -15.858
9 -23.787 15.858 -13.733

TaBLE 2: Comparison of the computational cost, thrust coefficient
of three grid resolutions.

Blowing case Grid case CPUR/ Thru‘st
rev coeflicient

Benchmark
. Grid 640.0 0.00539
Nonblowing Finer Grid 1304.1 0.00541
Coarser Grid 374.4 0.00538

Benchmark
. Grid 654.1 0.00505
Steady blowing Finer Grid  1359.7 0.00506
Coarser Grid 411.5 0.00505
Benchmark 648.2 0.00521

Unsteady Grid

blowing Finer Grid 1368.0 0.00522
Coarser Grid 392.5 0.00520

Notes: Benchmark Grid (background grid points: 300 x 166 x 247), Finer
Grid (background grid points: 300 x 331 x 247), and Coarser Grid
(background grid points: 300 x 83 x 247). The same blade grid of 225 x 80
x 155 points used in the three cases.

ically controlled the blowing air mass flow rate through the
variation of slot height during the rotor rotation. In this
paper, we modify the velocity term of the flux in the URANS
equations to account for the effect of jet blowing. By apply-
ing the blowing jet velocity varied with the azimuthal angle,
the velocity of the jet slot on the surface grid is the vector
sum of the blade rotation velocity and the blowing jet veloc-
ity. The mass flow outlet boundary condition is adopted for
the blade surface grids at the defined jet slot location; of
course, for the other blade surface grids, only the wall vis-
cous no-slip boundary condition must be satisfied. The den-
sity of the jet flow is extrapolated by the adjacent inner cells
of the flow field. The pressure is then computed by the nor-
mal momentum equation including the surface velocity.
The constant jet velocity in the steady blowing case is
defined as Vi g,, and the time-varying jet velocity in the
unsteady blowing case is defined as V;,_y;,. We assume that,
compared with steady blowing, the jet velocity in the
unsteady blowing presents a periodic variation relationship
with the change of rotor rotation azimuthal angle (y = Q).
Figure 3 shows the results investigating the variation rela-
tionship similar to the sine function to ensure a positive jet
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velocity, that is,

(1)

Vjet_Ub = Vjet_5b|sin 1//| = Vjet_sb|sin Qtl

The mass flow rate of blowing can be computed by

jetArea, and the accumulated mass in ¢ time is as fol-

lows:

t t
m= J thdt = J pViqAreadt. (2)
0

jet
0

According to the jet velocity relationship between
unsteady and steady blowing, it can be deduced that in the
rotor rotation revolution, the ratio of the accumulated air

mass cost of the unsteady blowing to the mass cost of steady
blowing is as follows:

T 2. .
mjet_Ub _ _[0 ijet_UbAreajetdt _ Jon Vjet_Sb|SIn W|d1// _ 2
== = 5 =
JoPVierspAreajdt I3 Viesvdy T

mjet,Sb

Thus, the mass required for unsteady blowing is 63.7% of
that required for steady blowing per revolution. The other
flow conditions of the unsteady blowing case are kept
completely consistent with the nonblowing case and the
steady blowing case, and simulations are carried out under
the same solver settings and grid conditions.
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We have carried out detailed parametric studies on
steady surface blowing in previous work [15], which dis-
cussed the effects of changes in parameters such as jet slot
location, jet velocity, and jet slot area of steady blowing on
the reduction of BVI noise. The BVI noise reduction results
in this steady blowing research show that blowing near the
trailing edge of the blade upper surface can effectively alter
the tip vortex trajectory, increase the blade-vortex miss dis-
tance, and weaken the vortex strength, which is beneficial
for reducing BVI noise. Moreover, the optimal jet velocity
is 20% of the rotor tip speed. Compared with the nonblow-
ing baseline case, the sound pressure level (SPL) can be
reduced by up to 3.6 dB. However, this is obtained at the sac-
rifice of a 6.3% loss in the rotor thrust coefficient. The jet slot

location we defined is located on the 15 x 5 (spanwise and
streamwise) grid cell face near the trailing edge on the
blade’s upper surface. The length of the jet slot is spanwise
92-95% of the rotor radius, and the width is streamwise
84-90% of the chord length. The jet velocity is kept at 20%
of the rotor tip speed, i.e., 45.2m/s, the blowing direction
is normal to the blade surface, and the air mass flow rate
of the jet is 9.9 x 107> kg/s. The detailed results of the non-
blowing baseline case and the Vi, =0.2V,;, steady blowing
case were described in our previous work [15]. In the study
of unsteady blowing, the defined slot location is the same
as the jet slot location modeled in the steady blowing case.
The maximum jet velocity of the unsteady blowing case is
set to be 20% of the rotor tip velocity as the steady blowing
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F1GURE 9: Blade surface pressure coefficients (r/R = 0.955) for the steady/unsteady blowing cases.

case; that is, the defined jet velocity varies with the azimuthal
angle to satisfy Vi = 0.2V, [sin y| during the rotor rotation
revolution.

3. Results and Discussion

The 10014 test case under BVI state [32, 33] of the Opera-
tional Load Survey (OLS) rotor aerodynamic/noise experi-
ment in the German-Dutch Wind Tunnel (DNW) is
employed for the nonblowing case. The tested OLS rotor is
a 1/7-scale model of the AH-1 helicopter main rotor. The
rotor has two rectangular straight blades with a rotor radius
of 0.958m and a chord length of 0.1039m and a negative
blade twist of 8.2° from root to tip. The test condition config-
uration corresponds to a tip Mach number of 0.664, an

advance ratio of 0.164, and a rotor thrust coefficient of
0.0054. The location of the microphones used to measure
the acoustic signal in the experiment is shown in Figure 4
[20, 21, 33], where microphones 1, 2, 6, and 8 are installed
in the plane of the rotor disk. Microphones 3, 7, and 9 are
used to measure the BVI noise and are installed 3.44 R from
the rotor hub 30° below the rotor plane, with the azimuthal
angles of 180°, 150°, and 2107, respectively. The specific coor-
dinates of all microphones [20, 21, 33] are listed in detail in
Table 1 (normalized by chord length).

The flow solver is run for four revolutions with 1440
steps per revolution in the azimuthal direction during the
CFD computation, that is, the time step corresponds to the
0.25" azimuthal angle. The CFD codes run on a standard
PC with an 8-core Intel Core i7-7700 CPU (3.60 GHz) and
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32.0 GB of RAM [20, 21]. After the flow simulation is com-
pleted, the coordinates and the pressure of the blade surface
grid output by the CFD codes are used as the input of the
acoustic solver to predict the BVI noise.

3.1. Grid Convergence Study. We first conduct the grid con-
vergence study using Benchmark Grid, Finer Grid, Coarser
Grid described above for the nonblowing, steady, and
unsteady blowing cases. Table 2 shows the comparisons of
the computational cost and the computed rotor thrust coef-
ficient of the three grid resolutions. The grid system of
Benchmark Grid contains 17.9 million grid points. The grid
systems of Finer Grid and Coarser Grid contain 30.1 million
and 11.7 million grid points, respectively. The computa-
tional cost increases substantially as the grid resolution
increases. The computational cost and the computed thrust
coeflicient of the blowing cases are very close under the three
grid resolutions.

Figure 5 shows the comparisons of the surface pressure
coeflicients at the blade spanwise 0.955 R position at the azi-
muthal angles of 0" and 90° under the three background grid
resolutions. The computed pressure coefficients of the three
grid resolutions are relatively close, indicating that the back-
ground grid resolution has little effect on the pressure coef-
ficient, and the computed results seem to be achieved the
grid convergence. The results also show that for the calcula-
tion of blade surface pressure coeflicient, using coarser back-
ground grid also has quite good accuracy. Similarly, Figure 6
also shows the grid convergence of the computed rotor
thrust coefficient with azimuthal angles.

However, the background grid resolution has a great
effect on the capture of the flow field details. Figure 7 shows
the comparisons of the captured rotor wake for the three
grid resolutions (Q criterion, Q = 0.001). It can be seen that
compared with Coarser Grid, Benchmark Grid and Finer
Grid can better predict the structure and trajectory of the
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tip vortex shedding from the blade. Benchmark Grid and
Finer Grid have similar simulation resolutions in capturing
the tip vortex structure, and the latter can capture more vor-
tex sheets in the rotor disk than the former. Although Finer
Grid exhibits the highest resolution for rotor wake simula-
tion, its computational cost is extremely expensive (our
CFD codes were run on the PC for more than 27 days to
complete the case).

The convergence of noise prediction is analyzed by com-
paring the sound pressure time history at microphones 1
and 3. Figure 8 shows the computed acoustic pressure time
history of microphones 1 and 3 for the three grid resolu-
tions. For microphone 1 in the rotor plane, the thickness
noise dominates the sound pressure waveform to show a
negative peak. For microphone 3 below the rotor plane, the
result exhibits the typical positive pulse characteristics of
BVI noise by the vortex-induced load fluctuation. The back-
ground grid resolution has a great effect on the BVI noise
prediction. The differences in the sound pressure positive
peak of microphone 3 calculated by Coarser Grid are too
large compared with Benchmark Grid and Finer Grid. The
amplitudes and phases of BVI sound pressure in the non-
blowing case computed by Benchmark Grid and Finer Grid
are well resolved and are in good agreement with the exper-
imental results. It is shown that the accurate prediction of
BVI noise peak is closely related to the simulation resolution
of rotor wake. The results calculated by Benchmark Grid and
Finer Grid successfully capture the typical pulse fluctuation
of the BVI noise at microphone 3, especially the peak sound
pressure. However, the results also have large prediction
deviation in some azimuthal phases. Although we have
adopted the low numerical dissipation WENO scheme and
the well-refined grid system, we only reduce the numerical
dissipation in the simulated rotor wake. And the wake sim-
ulation is not only related to the discretization scheme and
the grid refinement, but also to the accuracy of the turbu-
lence model. To adopt a more advanced (e.g., two-equation)
turbulence model will be a promising research direction in
the future studies of rotor BVI. The results of the negative
peak of microphone 1 and the positive peak of microphone
3 under the three grid resolutions are relatively close, show-
ing a convergence trend. Due to the limited computational
resources, considering that the accuracy of rotor wake simu-
lation and noise prediction in Benchmark Grid is also quite
good, the grid system of Benchmark Grid is used in the fol-
lowing section to study the flow control of unsteady surface
blowing on rotor BVI.

3.2. Effect of Unsteady Blowing. In this section, a comprehen-
sive numerical study is carried out to analyze the effects of
steady/unsteady blowing on the aerodynamic force, flow field,
and BVI noise compared with the nonblowing baseline case.
Figure 9 shows the comparisons of the pressure coeffi-
cients at the spanwise 0.955 R position of the blade in several
azimuthal angles during the rotor rotation by the nonblow-
ing baseline case and the steady/unsteady blowing cases.
Compared with the baseline case, it can be observed that
surface blowing has a significant effect on the pressure distri-
bution near the trailing edge. The pressure coefficient
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TaBLE 3: Comparisons of the thrust coefficient and SPL for the baseline case and the steady/unsteady blowing cases.
. SPL (dB)
Case Thrust coefficient Mic 1 ) 3 6 7 3 9
Baseline 0.00539 101.622 107.506 110.326 107.701 106.535 104.680 110.373
Steady blowing 0.00505 101.559 107.409 108.534 107.754 106.790 104.561 106.733
Unsteady blowing 0.00521 101.523 107.355 108.378 107.787 106.596 104.455 106.964

Notes: The decrease in SPLs at the microphones compared with the baseline case is shown in bold.
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F1GURE 11: Near-body vortex structure from several azimuthal angles at the blade’s advancing side for the steady/unsteady blowing cases
(isosurfaces of the Q criterion at Q =1, colored by vorticity magnitude).

changes dramatically near the trailing edge of the corre-
sponding jet slot location, and the magnitude of the negative
pressure peak near the leading edge is also slightly decreased.
The envelope of the pressure coeflicient of the unsteady
blowing case is between the nonblowing baseline case and
the steady blowing case. At the 0° and 180" azimuthal angles,
the jet velocity of the unsteady blowing is 0, and the results

of the surface pressure coefficient distribution are basically
consistent with the baseline case; the jet velocity reaches
the maximum at the azimuthal angles of 90° and 270°, which
is equal to the jet velocity of steady blowing. Thus, the pres-
sure coefficients are very close to the results of the steady
blowing. Since the blowing direction is toward the upper
surface, the surface blowing leads to rotor thrust loss. The
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Ficure 13: Vorticity contours at the cutting plane of X =0 at 90° azimuthal angle for the steady/unsteady blowing cases.
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FIGURE 14: Acoustic pressure time history at all microphones for the steady/unsteady blowing cases.

jet velocity of unsteady blowing is always lower than that of
steady blowing during the blowing cycle. According to the
comparisons of the computed rotor thrust coefficient with
azimuthal angles in Figure 10, the rotor thrust coefficient
of the unsteady blowing case is always larger than that of
the steady blowing case. Therefore, unsteady blowing causes
less thrust loss than steady blowing. The results of the aver-
age thrust coefficient are listed in Table 3. Taking the rotor
thrust coeflicient of 0.00539 of the nonblowing baseline case
as a reference, the rotor thrust coeflicients of the steady and
unsteady blowing cases are 0.00505 and 0.00521, respec-
tively, which are decreased by 6.3% and 3.3%, respectively,
compared with the baseline case.

Figure 11 shows the comparisons of the captured near-
field vortex structure (Q criterion, Q = 1) from several azi-
muthal angles at the blade’s advancing side for the baseline
case and the steady/unsteady blowing cases. After introduc-
ing surface blowing, the jet blowing vertically upward from
the blade surface, and an outward vortex forms behind the
jet slot due to the interaction between the blowing jet and
the free stream. The strength of the outward vortex is related
to the mass flow rate of the blowing jet, and the vortex
strength of steady blowing seems to be a little larger than
that of unsteady blowing.

Figure 12 shows the comparisons of the captured vortex
structure (Q criterion, Q =0.001) from several perspectives
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F1GURE 15: SPL contours on a hemispherical surface (3.44 R from the rotor hub) for steady/unsteady blowing cases.

for the baseline case and the steady/unsteady blowing cases.
The flow details of the BVI phenomenon are effectively
resolved in the baseline case. The trajectory of the rolled-
up tip vortex stays near the rotor disk. BVI occurs at the
position where the tip vortex interacts with the blades in
the rotor plane and then causes BVI noise. The top view
shows the positions of the BVI. The #1 interaction position
shows that the tip vortex shedding from the 270" azimuthal
angle retreating side interacts with the 90° azimuthal angle
advancing blade. The #2 position shows the interaction
between the tip vortex shedding from the 90° azimuthal
angle advancing side and the blade on the 270° azimuthal
angle retreating side. The #3 shows the tip vortex shedding
from the 90° azimuthal angle interacts with its own blade.
In the two blowing cases, it can be seen that blowing induces
the in-plane vortex to roll up and diffuse in the axial direc-
tion of the vortex motion. The enlarged front views, respec-
tively, show the relative positions of the blade and tip
vortices on the advancing and retreating sides. Compared
with the baseline case, it can be clearly seen that the tip vor-
tex is blown up, and the tip vortex trajectory is far away from
the blade. Figure 13 shows the vorticity contours at the cut-
ting plane of X =0 at 90" azimuthal angle to describe the
effects of blowing on the vortex strength. Compared with
the BVI interaction positions of the section framed by the
black line in the baseline case in Figure 13(a), the tip vortex
strength of the surface blowing cases is decreased, and the

vortex trajectory is also significantly altered. The blade-
vortex miss distance is increased, so the surface blowing
effectively weakens the BVL

Figure 14 shows the comparisons of the predicted acous-
tic pressure time history at all microphones for the steady/
unsteady blowing cases. The results of unsteady blowing
are quite close to those of steady blowing. Similarly, for in-
plane microphones 1, 2, 6, and 8, unsteady blowing has little
effect on the change of sound pressure, while it significantly
reduces the peak sound pressure at microphones 3 and 9. In
Table 3, for the steady blowing case, the SPLs of micro-
phones 3 and 9 are reduced by 1.8 and 3.6 dB, respectively,
the SPL of microphone 7 is increased by 0.3dB, and the
rotor thrust coeflicient shows a 6.3% loss compared with
the baseline case. In contrast, the SPLs of microphones 3
and 9 for the unsteady blowing case are reduced by 1.9
and 3.4dB, respectively, the SPL of microphone 7 is only
increased by 0.1dB, and the rotor thrust coefficient is
decreased by 3.3%. Figure 15 further provides the compari-
sons of noise radiation distribution on the below plane
hemispherical surface 3.44 R from the rotor hub. Surface
blowing reduces the maximum SPL of BVI noise (more than
110 dB region) and changes the direction and distribution of
the noise radiation. The changes in noise reduction and radi-
ation of unsteady blowing are similar to those of steady
blowing, and only a small region of the SPL distribution of
the unsteady blowing is slightly larger than that of the steady
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blowing. Compared with the steady blowing, the advantage
of the unsteady blowing is mainly manifested in the less
thrust loss. According to the noise results, the reduction in
noise level caused by unsteady blowing is almost equivalent
to that of steady blowing, but the loss in rotor thrust caused
by unsteady blowing is only about half of that of steady
blowing. Thus, active BVI control using the unsteady blow-
ing method may have the potential to both minimize the
thrust loss and effectively reduce BVI noise.

4. Conclusions

A numerical study on blade surface blowing control was car-
ried out to reduce the rotor BVI noise by establishing an
unsteady blowing model with time-varying jet velocity. Tak-
ing the OLS rotor BVI test case as the nonblowing baseline
case, the effects and physics of steady/unsteady blowing on
the rotor aerodynamics, flow field, and BVI noise were dis-
cussed, and the BVI noise reduction and thrust coefficient
results of the two blowing methods were compared. The
conclusions are as follows:

(1) The established CFD and noise numerical solver
based on the URANS and FW-H method can effec-
tively resolve the rotor flow field and BVI noise

(2) Surface blowing changes the tip vortex trajectory,
increases the blade-vortex miss distance, reduces
the vortex strength, and effectively weakens the
BVI, thereby reducing the BVI noise. The SPL of
the BVI noise using steady blowing can be reduced
by 3.6 dB, with a 6.3% loss in the rotor thrust

(3) The accumulated air mass cost for unsteady blowing
per rotation revolution is only 63.7% of that for
steady blowing. From the noise reduction results,
the level of noise reduction caused by unsteady blow-
ing is almost similar to that caused by steady blowing
(the SPL of BVI noise using unsteady blowing can be
reduced by 3.4 dB), but the loss in the rotor thrust of
the unsteady blowing is 3.3%, which is approxi-
mately half of that of steady blowing. Thus, BVI
noise may be effectively reduced with lower cost
and less thrust loss through unsteady surface
blowing

(4) Motivated by the potential of unsteady blowing to
reduce the rotor BVI noise, the authors intend to
conduct more studies on unsteady blowing control.
More diversified unsteady control methods should
be investigated to obtain lower BVI noise and less
thrust loss. Such studies will be continuous, with
more methods investigated to realize the application
of surface blowing in rotorcraft design
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