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Passive control on deep cavity noise at
subsonic speeds by leading-edge grooves

Weishuang Lu1 and Guannan Zheng1,2

Abstract
Control effects of leading-edge grooves on deep cavity noise are investigated numerically. The length-to-depth ratio of the

grooves are 0.5, 1, and 4, respectively. The freestream Mach number is equal to 0.16, corresponding to the Re based on the

cavity length of 7.7 × 105. The Detached Eddy Simulations (DES) combined with Ffowcs Williams–Hawkings (FW-H)

acoustic analogy are adopted to simulate the characteristic information of the flow field and the acoustic field. The analysis

results show that all grooves investigated in this paper have a certain noise control effect, and the groove with the most

obvious noise reduction effect is the groovewith a length-to-depth ratio of 0.5, namely, the deep groove. Narrowband noise

generated by the flow-acoustic feedback (100–700 Hz) and the acoustic resonance mechanism (above 300 Hz) and

broadband noise caused by the turbulent disturbance in the shear layer of the cavity mouth significantly reduce when the

deep groove is used for the noise control. The reason for the noise reduction is that the leading-edge grooves can effectively

change the flow characteristics near the mouth of the downstream cavity. When the flow passes the grooves, the groove

flow reduces the energy in the fluid, resulting in the significant decrease of flow velocity of the boundary layer of the

incoming flow of the cavity. In addition, the use of the deep groove also promotes the vortex concentration position to

move towards the bottom of the cavity, pushes the energy in the shear layer of the downstream cavity towards the front-

edge as well as the bottom of the cavity, and stabilizes the development of the shear layer near the cavity mouth.
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1. Introduction

Cavity structures, such as slat cove (Chen et al., 2021;
Dobrzynski W, 2010), pin holes (Abdelmwgoud et al.,
2020), landing gear bays (Pereira et al., 2021; Zhao K
et al., 2020), and landing gear well (Casalino et al., 2014),
are major noise sources during aircraft takeoff and landing
(Pott-Pollenske et al., 2002). When the flow passes the
cavity, the shear layer will impinge on the rear wall and
produce intense oscillation and noise radiation. Due to their
necessary existence on aircraft, the problem of flow over the
cavities has inspired a large volume of research work, both
experimental and computational, over the past several
decades. The research results (Rockwell and Naudascher,
1978) show that, under certain conditions, the cavity flow is
unsteady and self-sustained oscillation occurs. For rigid-
wall deep cavities (length-to-depth ratio, L/D <1), the
generation mechanism of the narrowband noise in the cavity
noise can be classified into two types. One is the fluid-
dynamic oscillation caused by the instability of the cavity
shear layer and are enhanced through an acoustic-wave
feedback mechanism, also called flow-acoustic feedback.
The empirical formula proposed by Rossiter (1964) is still

widely used to match the frequency of the narrowband
noise, which depends on the freestream velocity, the vortex
convection speed (East, 1966), and the phase delay
(Larcheveque et al., 2003). The other is the acoustic res-
onance caused by the fluid-resonant mechanism due to the
standing wave inside the cavity. The frequency of acoustic
resonance noise is related to the geometry of the cavity and
sound speed, and almost independent of the flow velocity
(Mendoza, 1997).

There are many control techniques proposed to suppress
the cavity noise, whether active or passive, depending on
the external energy input (Li et al., 2013). Passive control
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techniques do not involve any external energy input and just
require geometric modifications or wall material replace-
ments. Common passive noise reduction methods for
cavities include leading-edge spoilers, wall perforated
panels, changes in geometric shapes of front and rear wall,
etc. Chaudhari and Raman (2011) experimentally in-
vestigated cavity tone suppression mechanism by placing
a cylinder in cross flow. This control method can effectively
reduce tonal amplitudes of the near-field noise in the cavity.
Lawson and Barakos (2009) numerically simulated flow
noise characteristics of a cylinder placed horizontally above
the front-edge of a cavity. The numerical results indicate
that the horizontally placed cylinder can not only weaken
the interaction of flow structures with rear-edge solid walls
and delay the instability of the shear layer, but also raise the
height of the shear layer, suppressing pressure pulsations
generated by the rear-edge walls from propagating into the
far field as sound waves. Wang et al. (2016) numerically
investigated the passive control of cavity flow oscillations
by a dimpled non-smooth surface, noticing that the cavity
noise intensity caused by a turbulent boundary layer is
weaker than that of a laminar boundary layer. Saddington
et al. (2016) studied different passive control techniques
experimentally, including spoilers, porous walls, leading-
edge wedges, and the leading-edge deep cavity. His test
results show that leading-edge control techniques are more
effective on suppressing cavity tone amplitudes than
trailing-edge modifications.

Some effective noise reduction methods are summarized
above. However, these research work is basically carried
out based on the shallow cavity models (L/D >1), and less
attention has been paid to deep cavities (Guo et al., 2021).
The mechanisms of noise reduction by flow past shallow
and deep cavities are different. In shallow cavities, there is
almost no acoustic resonance noise mechanism, but in deep
cavities, this is the dominant noise mechanism.

It should be noted that the cavity itself may also be
designed as a leading-edge noise control device. The flow
over the leading-edge cavity and the deep cavity succes-
sively can be regarded as flow over tandem cavities.
However, the tandem cavities refer to two cavities of
comparable size, whereas the leading-edge cavity for noise
control is much smaller in size than the downstream cavity.
Currently, there have been some studies on flow over
tandem cavities. Wang et al. (2020) analyzed the acoustic-
driven flow interactions between tandem deep cavities using
a proper orthogonal decomposition (POD) method. Zhang
and Edwards (1992, 1999) and Taborda et al. (2001)
measured supersonic and transonic flows over tandem
cavities, respectively. According to their work, the down-
stream deep cavity is shown to be significantly affected by
the presence of an upstream cavity, and the effect of the
upstream shallow cavity is more obvious than that of up-
stream deep cavity. These findings all suggest that the
upstream cavity has a strong influence on the flow

characteristics of the downstream cavity, and the geometry
of the upstream cavity is also an important influencing
factor.

Accordingly, the aim of this paper is to investigate
numerically the noise reduction effect of leading-edge
cavities with different length-to-depth ratios on a deep
cavity at a Ma = 0.16. To facilitate the distinction between
the leading-edge cavity and the downstream deep cavity,
the leading-edge cavity is referred to as a groove in this
paper. The ratios of length over depth of the grooves are
0.5, 1, and 4, respectively. The ratio of length-to-depth
ratio of the deep cavity is 2/3. The Detached Eddy
Simulations (DES) combined with Ffowcs Williams–
Hawkings (FW-H) acoustic analogy are adopted to
simulate the flow and noise characteristics of the cavities.
DES is used to compute the acoustic source while the
FW-H acoustic analogy is employed for the prediction of
the far-field sound.

2. Computational setup

2.1. Cavity models

The model studied in this paper is a three-dimensional
rectangular cavity configuration at the rear of rectangular
grooves with different length-to-depth ratios, as shown in
Figure 1, where the positive x axis refers to the stream-wise
direction, the y axis is perpendicular to the wall, and z axis
refers to the span-wise direction. Geometrical parameters of
the cavity and the grooves are shown in Table 1, where L is
the length, D is the depth, W is the width, the subscript c
represents the parameters of the cavity, and the subscript g
represents the parameters of the grooves. ΔL is the distance
between the cavity and the groove, which is 40 mm in this
paper.

Figure 1. Schematic diagram of computational domain.
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To facilitate the verification of the reliability of the
simulation method, the length (Lc) of the cavity for the Base
case is 200 mm, the width (Wc) is 600 mm, and the depth
(Dc) is 300 mm, the distance from the front-edge of the
cavity to the inlet is 1400 mm, which are consistent with the
parameters of Guo et al., 2021 studies model.

2.2. Computational methods

In this paper, the 3D structured grid is created by the mesh
generation software ANSYS ICEM. The computational
domain selected in this paper is shown in Figure 1. Its
length, width, and height are set to L ×W ×H = 3600 mm ×
1600 mm × 1500 mm. There are three types of mesh with
small, medium, and large grid numbers, namely, coarse,
medium, and fine mesh, respectively. The total numbers of
cells are 2.1 million, 4.3 million, and 7.6 million, re-
spectively. The details of these three computational grids are
shown in Table 2.

A commercial CFD solver ANSYS FLUENT 2021 was
used to simulate the flow field and acoustic field. The gas
properties are chosen as ideal-gas. The inlet, outlet, two
sides, and above of the computational domain are all set to
pressure-far-field boundary condition. The freestreamMach
number is equal to 0.16. The temperature and pressure are
consistent with the experimental environment of Guo et al.,
2021 work: T∞ = 303 K and P∞ = 101325 Pa. No-slip solid-
wall boundary conditions are applied on the walls inside the
cavity and groove, as well as the bottom of the computa-
tional domain, as shown in Figure 1.

A k-ε two-equation model is used to calculate the steady-
state flow field. The momentum and turbulent kinetic en-
ergy in the equation are two-order upwind schemes. The
pressure–velocity coupling is dealt with the SIMPLE al-
gorithm. The calculation result of the steady-state flow field

is used as the initial value of the transient calculation, and
the DES (Detached Eddy Simulation, also named as hybrid
LES/RANSs) method is used to calculate the transient flow
field to obtain acoustic sources. The RANS model is the
Spalart–Allmaras model, whereas the subgrid-scale model
of LES is wall-adapting local eddy-viscosity. The time step
is set to Δ t = 2 × 10�5 to ensure the Courant–Friedrichs–
Lewy number which is less than 1.

A FfowcsWilliams–Hawkings (FW-H) acoustic analogy
is employed to calculate the acoustic field. To analyze sound
pressure information of the cavity noise, a surface pressure
monitoring point is placed on cavity bottom in the span-
wise centerline, namely, S1. 5 far-field pressure monitoring
points (F1-F5) are arranged at the flyover direction (x–y
plane) 2 m away from the front-edge of the cavity, as shown
in Figure 2. The direction angles of these far-field pressure
monitoring points are 75°, 90°, 115°, 120°, and 135°, re-
spectively. The total duration of the cavity noise calculation
is 1.5 s. The noise calculation time is divided into 15 parts,
each part is 0.1 s, and the analysis frequency interval is
10.10 Hz. Afterwards, by performing fast Fourier transform
(FFT) on each part of the noise data, and then averaging the
results of each part a relatively smooth noise power
spectrum result can be obtained.

To deeply explore the noise reduction mechanism as well
as the flow mechanism, velocity distributions in boundary
layers and shear layers are selected for further analysis. The
locations of the boundary/shear layer are shown in Figure 3

2.3. Model validation and grid independence

To verify the reliability of the numerical model and grid
independence, the numerical simulation results about the
power spectral density (PSD) of the near-field noise and far-
field noise intensity are compared with those of wind tunnel

Table 1. Geometrical parameters of cases in this paper (unit:

mm).

Lc Dc Wc ¼ Wg Lg Dg ΔL

Base 200 300 600 — — —

Case1 200 300 600 20 40 40

Case2 200 300 600 20 20 40

Case3 200 300 600 20 5 40

Table 2. Details of the computational grids.

Nx ×Ny ×Nz Quantity (Million) First cell height

Coarse 220 × 60 × 160 2.1 2 × 10�3Lc
Medium 280 × 80 × 190 4.3 1 × 10�3Lc
Fine 330 × 110 × 210 7.6 5 × 10�4Lc

Figure 2. Locations of surface (S1) and far-field (F1–F4)

microphones.
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test results (Guo et al., 2021). The numerical verifications
about an acoustic field were performed on the Base case at
Ma = 0.16.

Figure 4 shows the power spectral density (PSD) of the
near-field noise calculated by three computational grids.
Referring to the experimental results measured by Guo
et al. (2021), coarse mesh resolution has a large calcu-
lation error in a high-frequency band. When the reso-
lution of the coarse grid is increased to the medium grid
and the fine grid level, the numerical simulation results of
broadband noise intensity are almost in agreement with
the experimental results. In addition, as it can be seen
from the experimental result in Figure 4, there are several
narrowband noises superimposed on the broadband
spectrum, among which the narrowband noise charac-
terized by the frequency of 244 Hz is the strongest and is
regarded as the dominant tone. All numerical simulation
results basically reproduce the frequencies corresponding
to these narrowband noises, and the errors of the intensity
of the dominant tone are less than 3%.

In order to further verify the reliability of the nu-
merical model and grid independence, the comparison of
far-flied noise intensity of the dominant tone between
experimental results and numerical simulation results
are presented in Figure 5. The variation trend of the far-
flied noise intensity of the dominant tone is well sim-
ulated by the three grids. The simulation results of the
fine grid and medium grid almost coincide with each
other, and the intensity difference between the

experimental results and these simulations is less than
2.5 dB with an error of 3%.

According to the analysis above, there is little error
between the results of medium and fine grid resolution.
Therefore, on the premise of the calculation accuracy and
the limited computing resources, the grids in the subsequent
numerical calculation are generated according to the setting
of the medium grid.

3. Frequency prediction formula of cavity
noise

3.1. Flow-acoustic feedback

When fluid flow passes the front-edge of the cavity, it
separates and forms a shear layer due to Kelvin–Helmholtz
instability, which leads to disturbance. During the down-
stream excursion of the flow, the disturbance is magnified
continuously in the shear layer. When the flow is reattached
to the rear-edge wall of the cavity, the impact with the rear-
edge solid wall stimulates a new disturbance, which
propagates to the upstream shear layer in the form of sound
waves, and causes new shear layer instability, thus forming
a feedback loop.

From an acoustic point of view, Rossiter J. (1964)
summarizes the phenomenon of flow-acoustic feedback
as an acoustic feedback model, and the characteristic fre-
quencies can be predicted using a semi-empirical formula,
as shown in equation (1).

Figure 3. Location of the analyzed boundary/shear layer (a) boundary layer at the front-edge of the cavity mouth; (b) shear layers at

x = 0.25 L, 0.5 L and 0.75 L; (c) boundary layer at the rear-edge of the cavity mouth; (d) wall at the rear-edge of the cavity.
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fn ¼ U∞

L
� n� α
1=κ þMa

(1)

where fn is the characteristic frequencies of the flow-
acoustic feedback. n = 1, 2, … are the mode numbers.
α = 0.25 is an empirical constant, and κ = 0.57 is another
semi-empirical constant, which is the ratio of the convection
velocity of the shear layer Uv to the incoming flow velocity

U∞. L is the length of the cavity. Ma is the ratio of the
incoming flow velocity U∞ to the sound speed c0.

3.2. Acoustic resonance

The acoustic resonance noise is generated by the acoustic
standing wave mode of the cavity. Unlike the flow-acoustic
feedback mechanism, which generally exists in the cavity

Figure 5. Comparison of far-flied noise intensity of dominant tone between experimental results and numerical simulation results

calculated by three computational grids.

Figure 4. Comparison of power spectral density (PSD) of the near-field noise between experimental results and numerical simulation

results calculated by three computational grids.
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structure, the acoustic resonance mechanism is only com-
mon in the deep cavity (L/D <1).

The turbulent disturbance in the shear layer of the cavity
mouth, as a random noise source, produces broadband
noises. When the sound waves propagate in the cavity, they
cause pulsations through the resonance wave effect. Ac-
cording to the size of the cavity, the flow pulsations form
several standing waves in the depth-wise, span-wise, and
length-wise, respectively, thus amplifying the noise ampli-
tude at certain specific frequencies to form narrowband
noises. Because the phenomenon of the acoustic resonance is
a pure acoustic phenomenon, the frequencies of these nar-
rowband noises are only related to the geometrical size of the
cavity and have no relation to the incoming flow velocity, and
can be regarded as the natural frequencies of the cavity.

Ahuja KK et al. (1995) proposed a formula for predicting
the characteristic frequencies of acoustic resonance in a square
cavity by solving the wave equation with the solid wall of the
cavity as the boundary condition, as shown in equation (2).

fjmn ¼ c0
2
�

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi�
j

2D

�2

þ
�m
W

�2

þ
�n
L

�2

s
(2)

where fjmn are characteristic frequencies of the acoustic
resonance, j = 1, 3, 5,…, m ¼ 0, 1, 2,… and n = 0, 1, 2,…
are the mode numbers for the depth-wise, span-wise, and
length-wise, respectively. D,W , and L are the depth, width,
and length of the cavity, respectively. c0 is the sound speed
in the air, 348.91 m/s in this paper.

4. Results and discussion

4.1. Computational results of Base case

According to Guo et al., 2021 explanation of the narrow-
band noise of the cavity model (the Base case in this paper),

the low-frequency narrowband noise is mainly caused
by the flow-acoustic feedback mechanism in the cavity,
while the medium-frequency and high-frequency narrow-
band noises are caused by the acoustic resonance mecha-
nism. Therefore, the noise spectrum results of the Base case
at Ma = 0.16 are compared with the predicted values of
equation (1) and equation (2), respectively, as shown in
Figure 6. The black lines represent the experimental results
measured at the same position of the surface pressure
monitoring point (S1) in this paper. The red lines represent
the numerical simulation results of the surface pressure
monitoring point (S1), and the blue lines represent the
numerical simulation results of the far-field pressure
monitoring point (F2). Figure 6(a) compares the frequencies
predicted by equation (1) with the noise spectra, and

Figure 6. Noise spectra of base case at Ma = 0.16. (a) Dashed lines represent the frequencies predicted by equation (1); Dot lines

represent the frequencies predicted by equation (2).

Figure 7. Far-field noise characteristics of base case at different

direction angles.
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Figure 6(b) compares the frequencies predicted by equation
(2) with the noise spectra.

It can be seen from the black and red curves that the
characteristic frequencies of the narrowband noises between
200 Hz and 700 Hz almost coincide with the characteristic
frequencies of the second to sixth modes of flow-acoustic
feedback noise predicted by equation (1). The characteristic
frequencies of some narrowband noises between 300 Hz
and 700 Hz are also in good agreement with the charac-
teristic frequencies of acoustic resonance noise predicted by
equation (2), especially the tones near 600 Hz and 700 Hz,
whose characteristic frequencies are more consistent with
the prediction result of equation (2), compared with that
of equation (1). Between 300 Hz and 700 Hz, the
characteristic frequencies of the two noise mechanisms
are highly coincident, and the coupling of the two noise
mechanisms amplifies the pressure oscillations, accord-
ing to the view proposed by Verdugo et al. (2012). The
characteristic frequencies of narrowband noises above
700 Hz are in good agreement with the prediction result
of equation (2).

It can be seen from the blue curves that only the nar-
rowband noise from 100 Hz to 400 Hz and near 700 Hz can
well propagate to the far-field, while other narrowband
noises are almost indistinguishable in the far-field noise
spectrum. In other words, only the flow-acoustic feedback
noises and the coupling noises can propagate to the far-field,
while the acoustic resonance noises hardly propagate to the
far field.

Figure 7 shows the far-field noise spectrum and the
OASPL at the direction angles of 75°, 90°, 105°, 120°, and

135°. The larger the direction angle is, the lower the
broadband noise amplitude is, but the stronger the nar-
rowband noise caused by the flow-acoustic feedback
mechanism is. This indicates that the main propagation
direction of the flow-acoustic feedback noises is towards the
upstream of the flow, which indirectly explains why the
greater direction angle results in the stronger OASPL.

4.2. Acoustic analysis of control effect

The effect of noise control of the grooves with different
length-to-depth ratios (L/D) will be analyzed in this

Figure 8. Surface noise spectra of all cases.

Figure 9. Overall sound pressure level of surface noise of all

cases.
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Figure 10. Contour maps of surface acoustic power of rear wall. (a) Base; (b) L/D = 0.5 (Case1); (c) L/D = 1 (Case2); (d) L/D = 4

(Case3).

Figure 11. Contour maps of surface acoustic power of bottom wall. (a) Base; (b) L/D = 0.5 (Case1); (c) L/D = 1 (Case2); (d) L/D = 4

(Case3).
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subsection. The analyzed frequency range is from 100 Hz to
2000 Hz.

Figure 8 shows the surface noise spectra of three leading-
edge grooves with different depths and that of the Base case.
The black curve represents the noise spectrum of the Base
case, and the red, green, and blue curves represent the
spectrum of the grooves with L/D of 0.5, 1, and 4,
respectively.

It can be seen from Figure 8 that these three grooves all
have a certain noise control effect, and the groove with
the most obvious noise reduction is the one with a length-
to-depth ratio of 0.5, namely, the deep groove. It can also
be seen from the comparison of the black and red curves
that the presence of the deep groove significantly sup-
presses the broadband noise on the cavity surface, as well
as the narrowband noise generated by the flow-acoustic

feedback and the acoustic resonance mechanism. Com-
pared with the deep groove, the noise reduction effects of
grooves with L/D of 1 (square groove) and 4 (shallow
groove) are slightly worse. The noise reduction effects of
these two grooves are similar, and there is almost no noise
reduction on the broadband noise and the narrowband
noise generated by the acoustic resonance mechanism.
But there is a little noise reduction effect on the nar-
rowband noise generated by the flow-acoustic feedback
mechanism.

Figure 9 shows the OASPL of surface noise of all cases.
As shown in Figure 9, for the Base case where there is no
groove for flow and noise control, the OASPL of surface
noise is 104.68 dB/Hz, while the OASPL decreases after the
grooves in front of the cavity are used for flow and noise
control. The groove with the most obvious noise reduction
effect is the deep groove, which reduces the OASPL by
3.9 dB/Hz. The square groove and the shallow groove also
have noise reduction effects, but not obvious. The total
sound pressure level is reduced by about 1 dB/Hz. The
results of Figure 9 further confirm the conclusions in
Figure 8.

Figures 10 and 11 show the contour maps of surface
acoustic power of rear and bottom walls of the cavity,
respectively. It can be seen from Figure 10 that the
presence of the deep and shallow grooves results in
a small reduction in the surface acoustic power at the rear
wall of the cavity mouth and bottom (as shown by the red
arrows) compared to the Base case. It can be seen from
Figure 11 that the presence of the deep groove results in

Figure 12. Overall sound pressure level of far-field noise at

different direction angles.

Figure 13. Far-field noise spectra at the direction angle of 90°.
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a reduction in the surface acoustic power at the cavity
bottom, whether at the front, rear, or center of the cavity
bottom. However, the presence of the shallow groove
significantly reduces the surface acoustic power at the
front and rear edges of the cavity bottom, but slightly
increases the noise at the center of the cavity bottom. The
presence of the square groove hardly changes the char-
acteristics of the surface acoustic power at the rear and
bottom walls.

Figure 12 shows the OASPL at the direction angles of
75°, 90°, 105°, 120°, and 135°. Figure 13 shows the far-
field noise spectra at the direction angle of 90°. It shows
that the OASPL and spectral results of far-field noise are
consistent with those of surface noise. Due to the pres-
ence of the leading-edge deep groove, both narrowband

noise and broadband noise significantly reduce, and the
OASPL reduces by about 4dB. The other two grooves
also have a little noise reduction effect.

4.3. Flow control mechanism

As is mentioned in Section 3, the aerodynamic noise
characteristics of the cavity are closely related to the flow
characteristics near the cavity, especially the cavity mouth.
To further study the noise reduction effect and flow control
mechanism of the leading-edge grooves, the flow field
characteristics of the boundary/shear layer near the cavity
mouth and within the cavity will be analyzed in this section.

Figure 14 shows the velocity characteristic of the
boundary layer at the front-edge of the cavity mouth. It can

Figure 14. Velocity characteristic of the boundary layer at the front-edge of the cavity mouth. (a) Time-averaged flow velocity dis-

tribution of the boundary layer at the front-edge of the cavity mouth. (b) Root mean square error of the velocity of the boundary layer at

the front-edge of the cavity mouth.

Figure 15. Contour maps of turbulent kinetic energy (TKE) of the groove. (a) L/D = 0.5 (Case1); (b) L/D = 1 (Case2); (c) L/D = 4

(Case3).
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be seen from Figure 14(a) that except for the Base case, the
velocity profiles of the boundary layer of the other three
cases with the grooves almost coincide, which indicates that
the time-averaged flow velocities in the boundary layer of
these three cases are almost constant. Compared with the
Base case, the presence of the grooves reduces the incoming
flow velocity of the boundary layer of the cavity. In ad-
dition, Figure 14(b) shows the root mean square error
(RMSE) of the velocity of the cases with the grooves. It can
be seen that the fluctuation of the velocity in the boundary
layer increases as the depth of the groove decreases. This

indicates that the smaller the groove depth is, the stronger
the energy pulsation is, although the energy in the incoming
boundary layer is consistent. The deeper grooves make the
flow more stable.

Figure 15 shows the contour maps of turbulent kinetic
energy (TKE) of the groove. For the deep groove, most of
the TKE in the incoming flow enters the interior along the
groove wall as the air flows through it. There is also some
TKE that goes downstream, and the shallower the groove,
the stronger the TKE downstream of the groove. Therefore,
the TKE at the mouth of the deep groove and the wall

Figure 16. Time-averaged flow velocity distribution of the shear layers on the cavity mouth.

Figure 17. Velocity characteristic of the boundary layer near the rear-edge of the cavity mouth. (a) Time-averaged flow velocity

distribution of the boundary layer at the rear-edge of the cavity mouth. (b) Time-averaged flow velocity distribution along the de-

velopment direction of boundary layer at the rear-edge wall surface.
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between the groove and the cavity is significantly lower
than in the other two cases.

Figure 16 shows the time-averaged velocity distribution
of the shear layers at X/L = 0.25, 0.5, and 0.75 on the cavity
mouth. Due to the shear effect, the energy of the fluid
outside the shear layer gradually transfers to the inside of the
shear layer during the development of the shear layer, which
accelerates the flow on the cavity mouth along the de-
velopment direction of the shear layer. It can be seen that the
black, green, and blue lines almost coincide, indicating that
the convective velocities in the shear layer are almost equal
for these three cases. Compared with the Base case and the
cases with the square and shallow grooves, the value of the
case with the deep groove (red curve) is smaller, in which
the flow acceleration of the shear layer is not obvious. At x =
0.75 L, the convective velocity of the shear layer decreases
slightly. Therefore, the deep groove in front of the cavity
reduces the energy variation of the shear layer flow and
stabilizes the shear layer flow on the cavity mouth.

Figure 17(a) shows the time-averaged flow velocity
distribution of the boundary layer at the rear-edge of the
cavity mouth. At the rear-edge of the cavity mouth, the flow
velocity of the case with deep groove is obviously lower
than that of other case. Compared to the results of the Base

case, there is a slight reduction in the flow velocity for the
shallow and square groove cases. Figure 17(b) shows the
time-averaged velocity distribution along the development
direction of boundary layer at the rear-edge wall surface.
The variation trends of the flow on the rear-edge wall
surface are the same for all the cases, with a slight accel-
eration first, then a sharp deceleration, and finally a slow
acceleration till stable. In addition, in the whole process of
flow development along the rear-edge wall, the flow ve-
locity of the case with deep groove is obviously lower than
that of other case. This further indicates that the control
effect of the deep groove on the flow of the cavity mouth is
the most obvious, which decreases the flow velocity near
the rear-edge of the cavity significantly.

Figure 18 shows the contour maps of time-averaged
velocity, and Figure 19 shows the contour maps of TKE.
It can be seen from Figure 18(a) and Figure 19(a) that when
there is no groove in front of the cavity for flow control, the
main vortex structure in the cavity is concentrated at
the front-edge near the cavity mouth. The position of the
strongest TKE is at the bottom of the rear-edge of the cavity,
followed by the position near the rear-edge of the cavity
mouth and the concentration position of the vortex
structure.

Figure 18. Contour maps of time-averaged velocity. (a) U/U∞ Base; (b) U/U∞ L/D = 0.5 (Case1); (c) U/U∞ L/D = 1 (Case2); (d) U/U∞ L/D =

4 (Case3).
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Figure 19. Contour maps of turbulent kinetic energy of the cavity. (a) TKE Base; (b) TKE L/D = 0.5 (Case1); (c) TKE L/D = 1 (Case2); (d)

TKE L/D = 4 (Case3).

Figure 20. Instantaneous iso-surface of Q criteria colored by the Mach number. (a) Base; (b) L/D = 0.5 (Case1); (c) L/D = 1 (Case2); (d)

L/D = 4 (Case3).
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Compared with the Base case, the vortex concentration
position in the cavity moves obviously to the bottom of the
rear-edge of the cavity when the deep groove is used for
flow control, as shown in Figure 18(b). In addition, as
shown in Figure 19(b), the energy of the shear layer near the
cavity mouth, rear-edge of the cavity wall, and rear-edge of
the cavity bottom decreases obviously, while the TKE at the
front and rear edge of the cavity mouth, the front-edge of
the cavity bottom increases obviously. The deep groove at
the upstream pushes the energy in the shear layer of the
downstream cavity towards the front-edge as well as the
bottom of the cavity.

Compared with the deep groove case, the flow controls
using a square groove and a shallow groove have less in-
fluence on the flow characteristics in the downstream cavity,
and there is no significant change in the vortex concen-
tration position and the TKE distribution in the cavity.

To get further information of the characteristics of the
cavity flow, Figure 20 shows the instantaneous iso-surface
of Q criteria colored by the Mach number. For the four cases
studied in this paper, the flow structures near the cavity
mouth and within the cavity are similar. The shear layers are
all characterized by span-wise coherent structures, pre-
senting the behavior of vortex shedding from the leading
edge of the cavity. The coherence is kept until the shear
layer hits the rear wall. However, compared to the results in
the other three subfigures, the size of the vortices in the
cavity shear layer in Figure 20(b) is slightly smaller and the
Ma number is reduced. These indicate that the leading-edge
grooves does not disrupt the vortex structure of the cavity
shear layer, but rather reduce its strength, especially the
deep grooves.

5. Conclusion

The noise characteristics of the deep cavity following
leading-edge grooves with different length-to-depth ratios
have been investigated numerically in this paper. The length-
to-depth ratios of these grooves are 0.5, 1, and 4, respectively.
The length-to-depth ratio of the deep cavity is 2/3. The
purpose was to analyze the noise control effect of the leading-
edge grooves and its flow mechanism. The DES combined
with Ffowcs Williams–Hawkings (FW-H) acoustic analogy
were adopted to simulate the flow and noise characteristics of
the cavities. The results have shown the following:

By analyzing the far-field and surface noise results of the
Base case (without the grooves for noise control), it is found
that, the low-frequency (100–700 Hz) narrowband noise is
mainly caused by the flow-acoustic feedback mechanism in
the cavity, while the medium-frequency and high-frequency
(above 300 Hz) narrowband noises are caused by the
acoustic resonance mechanism. Only the flow-acoustic
feedback noises and the coupling noises can propagate to
the far-field, while the acoustic resonance noises hardly
propagate to the far field.

All grooves investigated in this paper have a certain
noise control effect, and the case with the most obvious
noise reduction effect is the groove with a length-to-depth
ratio of 0.5, namely, the deep groove. Due to the presence
of the leading-edge deep groove, the narrowband noise
generated by the flow-acoustic feedback and the acoustic
resonance mechanism and broadband noise caused by the
turbulent disturbance in the shear layer of the cavity
mouth significantly reduce, and the OASPL lowers by
about 4dB. The other two grooves also have some noise
reduction effect, but obvious. There is almost no noise
reduction effect on the broadband noise and the nar-
rowband noise generated by the acoustic resonance
mechanism, yet there is a little noise reduction effect on
the narrowband noise generated by the flow-acoustic
feedback mechanism.

Compared to the Base case, the presence of the deep
groove result in a small reduction in the surface acoustic
power at the rear wall of the cavity mouth and at the cavity
bottom. The presence of the shallow groove significantly
reduces the surface acoustic power at the rear wall of the
cavity mouth, the front and rear edges of the cavity bottom,
but slightly increases the noise at the center of the cavity
bottom. The presence of the square groove hardly changes
the characteristics of the surface acoustic power at the rear
and bottom walls.

Based on the further analysis of the flow mechanism of
noise controls, it is found that the leading-edge grooves can
effectively change the flow characteristics near the mouth of
the downstream cavity. The energy in the boundary layer
of the incoming flow of the cavity significantly reduced
when the grooves were used for control, and the control of
the deep groove pushes most of the TKE in the incoming
flow into the interior along the groove wall and suppress the
velocity of the incoming flow of the cavity. The control also
promotes the vortex concentration position to move towards
the bottom of the cavity, and pushes the energy in the shear
layer of the downstream cavity towards the front-edge as
well as the bottom of the cavity. However, leading-edge
grooves do not alter the flow structure of the shear layers,
which are all characterized by span-wise coherent struc-
tures, presenting the behavior of vortex shedding from the
leading edge of the cavity. The coherence is kept until the
shear layer hits the rear wall.
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