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Abstract. The flow past open cavities is a problem that is encountered in many engineering applications and can result
in intense acoustic tones. The flow physics and acoustics of a cavity are complex and has been the subject of many
studies over the years. In this paper, the tonal noise radiated by a two-dimensional cavity submerged in a turbulent
flow is investigated computationally using a hybrid scheme that couples numerical flow computations with an
implementation of the Ffowcs Williams — Hawkings equation. The turbulent near field is computed through Large Eddy
Simulation (LES). Refined computational grids in the immediate region of the cavity and small time step are used to
capture the unsteady flow physics. The unsteady characteristics of the cavity flow are discussed, together with an
analysis of the main mechanisms associated with the cavity noise generation. Numerical results are presented and
compared with reference solutions available in the literature.
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1. INTRODUCTION

The phenomenon of flows passing over a cavity has been studied in numerous investigations in the past and has a
broad range of applications, from automotive industry to aerospace applications. Earlier investigations based on full-
scale aircraft have indicated that there are many sources that contribute to airframe noise, with one of them being cavity
noise. For example, during the landing, there is an increase in the sound pressure level from aircraft that can be
associated with the presence of a cavity created by the open landing gear (Shieh, 2000). The flow-induced cavity noise
can also occur in automotive vehicles and the most relevant aerodynamic noise sources to occupants are from gaps in
the doors, windows and sunroof, as well as from the air conditioning and ventilation systems.

Despite its geometric simplicity, the physics associated to flow over cavities is a complex phenomenon. For
instance, the interaction of vortices with the cavity trailing edge generates a recirculating flow region in the cavity and
instabilities on the shear layer, yielding both broadband and tonal noise. These tones can be originated by two
mechanisms: shear layer mode and wake mode. The shear layer mode mechanism, also known as the Rossiter
mechanism (Rossiter, 1964), is the most important flow-acoustic resonance in which the interaction between the free
shear layer and the acoustic field produces a natural feedback loop. The wake mode, firstly noticed by Gharib and
Roshko (1987), is characterized by intense oscillations due to a shedding/ejection process of vortices whose dimensions
are nearly the size of the cavity, with an order of magnitude larger than that observed in the shear layer mode.

Rossiter (1964) was one of the first researchers who described the feedback mechanism, based on experimental
results, and derived a semi empirical equation for the non-dimensional feedback frequencies based on a periodic
phenomenon. Following Rossiter (1964), numerous studies have been devoted to cavity flows. For instance, several
experimental results for the near-field flow features and cavity-wall pressure fluctuations are available in the literature
(Rockwell and Naudascher, 1978; Cattafesta et al., 1998; Henderson, 2000; Henderson, 2004; Grace et al., 2004). An
extensive data set on cavity noise has been compiled by Ahuja and Mendoza (1995) as benchmark cases for
computational aeroacoustic (CAA) codes. One of the issues addressed by the authors was the effect of the cavity
dimensions, the upstream boundary layer and the flow temperature on the generation of cavity noise.

From the computational point of view, computational aeroacoustics (CAA) is now becoming a common tool for
predicting noise generated from flows, such as jets, airfoils and cavity flows. Recently, a number of studies about cavity
flow noise have been numerically conducted by Rowley et al. (2002), Gloerfelt et al. (2001, 2003), Rubio et al. (2007),
Ashcroft et al. (2001, 2003), Larchevéque et al. (2003) using direct numerical simulation and hybrid schemes.

In this paper, the tonal noise radiated by a two-dimensional cavity submerged in a turbulent flow is numerically
investigated using a hybrid scheme that couples flow computations with an implementation of the Ffowcs Williams —
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Hawkings equation. The turbulent near field is computed, in the commercial code Fluent, through Large Eddy
Simulation (LES). The unsteady characteristics of the cavity flow are discussed, so as to put some light on the main
mechanisms responsible for cavity noise generation. Numerical predictions are compared with reference solutions
available in the literature.

2. MATHEMATICAL FORMULATION
2.1. Near Field

The near-field turbulent flow and the far-field acoustics can be described by the Navier-Stokes equations, written for
a compressible and unsteady flow condition:
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where the viscous stress z;; is expressed through the strain rate, S;;, following the hypothesis of a Newtonian fluid:
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The equation for conservation of energy is also required:
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where E is the specific total energy, and q, is the heat flux. The working fluid chosen for the analysis was air and,

therefore, the hypothesis of ideal gas was assumed.

When Large Eddy Simulation (LES) is adopted, only the large-scale structures are explicitly computed, whereas
small scales are modeled. The governing equation employed for LES are obtained by filtering the time-dependent
Navier-Stokes equations in either spatial configuration. Thus, the resulting equations describe the dynamics of large
eddies. Detailed description of the method may be found in Larchevéque et al. (2003).

The spatial average or filtering is formulated in such a way that a generic flow quantity, ®(X,t), is separated into

the sum of a filtered component, @ (X, t), and a residual, or subgrid-scale component, ®'(X,t) :
D(X,1) = D(X, 1)+ D'(X,1) (6)
The filtered variable is defined by
D(X,1) :jv(i,]t)G[X—X',A(X)]cD()"(,t) dx’ 7)

where V is the fluid domain and G[X — X', (AX)] is the filter function that determines the scale of the resolved eddies,
defined here as

11V, A[X) € V(X,t)
0  A(X) otherwise

G[Xx - X', A(X)] = 8

with V assumed to be the volume of a computational cell.
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For the compressible flow, it is convenient to use the Favre-filtering, to avoid the introduction of subgrid-scale terms
into the equation of conservation of mass. Thus, the spatial filtering is rewritten as

D(X,1) = D(X,1) + D"(X, 1) 9)
with the density weighted average term being defined by

B(x, 1) = 2250
Y3}

(10)

Filtering equations (1), (2) and (5), the governing equations for the unsteady compressible Navier-Stokes equations
are
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where §ij is the Favre-filtered strain-rated tensor. The bar-symbol ‘"¢ denotes a filtering operation, and the tilde-

symbol ‘~" denotes a Favre filtering operation.

The subgrid-scale stresses resulting from the filtering operation are unknown and require modeling. In this work, the
dynamic Smagorinsky model proposed by Germano et al. (1991) and Lilly (1992) was used to calculate the sub-grid
scale stresses.

2.2. Far Field.

The differential form of the Ffowcs-Williams and Hawking (FW-H) equation is an exact rearrangement, with the aid
of the mathematical tool of generalized functions (so-called surface distributions), of the continuity and the Navier-
Stokes equations into an inhomogeneous wave equation in an unbounded space. The differential form of the FW-H
equation can be written as:
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The right-hand side of Eq. (14) is formed by three source terms. The first one corresponds to a monopole
distribution (thickness noise) due to the geometry and the kinematics of moving solid bodies. The second source term is
a dipole distribution (loading noise) generated by the interaction of the flow field with solid boundaries. Finally, the
third term is a quadrupole source distribution, accounting for nonlinear effects, generated by shocks, turbulence and
vorticity in the flow field.

If the wave solution of the differential form of the FW-H equation, Eq. (14), is written by using the free space
Green’s function, the integral form of the FW-H equation can be derived. Thus, Eq (14) can be written as



Proceedings of COBEM 2009 20th International Congress of Mechanical Engineering

Copyright © 2009 by ABCM November 15-20, 2009, Gramado, RS, Brazil
anp (R, 0)-— [ | V)|l [ ds()
o%.0x; v | ril=M,| T ox; | riL—=M,| o otds| -, | T
Co Co Co

(15)
M, =v;r; /¢

where |1—Mr|_1 is the Doppler factor, v;is the local velocity component on the control surface and r; is the
component of the vector position between the observation and source locations.

3. PROBLEM DESCRIPTION.

The cavity considered in the present study represents an automobile door cavity (Fig. 1a) presented at the Third
Computational Aeroacoustic Workshop on Benchmark Problems (Henderson, 2000). This cavity was previously
considered in flow simulations carried out through DNS - Direct Numerical Simulation (Kurbatskii and Tam, 2000),
DES - Detached Eddy Simulation (Shieh et al., 2000) and U-RANS - Unsteady Reynolds Averaged Navier-Stokes
(Ashcroft et al., 2003).

A two-dimensional rectangular enclosure of length L=15.9mm and depth D=24.7mm is cut into a flat plate. There is
a 3.3mm thick partial cover, or lip, over the upstream portion of the cavity that reduces the cavity opening to 8.76mm in
the streamwise direction. A fully turbulent boundary layer, with a 1/7th power law profile, approaches the cavity. The
boundary layer thickness is 17mm and the free stream Mach number is 0.147.

The flow over the cavity is taken as two-dimensional and the domain is discretized by using a structured rectangular
mesh. Time-resolved flow predictions are obtained using a compressible turbulence closure scheme for LES, available
in the commercial code Fluent. The Roe-FDS second order accurate upwind interpolation scheme is used to estimate
fluxes of flow properties at each control volume resulted from the domain discretization. The governing equations are
integrated using an implicit density based solver.
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Figure 1. (a) Cavity geometry and computational mesh used in the present study; corresponding to the problem of
category 6. (Kurbatskii and Tam, 2000); (b) Computational domain.

3.1. The computational domain and numerical boundary condition

Figure 1b shows the two dimensional computational domain for both the source and propagation region. With the
origin of the coordinate system situated at the left boundary. The computational domain for LES (excluding the buffer
zones) for this cavity extend from 20 < x/D <43.77 in the streamwise direction and —1<y/D <11.88 in the normal

direction. At the outflow, pressure outlet with non-reflecting boundary condition was applied to enable the acoustic
waves and unsteady flow structures to propagate out of the domain without causing significant numerical reflections. At
the top, a symmetry boundary condition was imposed. At the inflow, velocity components were fixed to describe the
approaching turbulent boundary layer profile, so as to ensure the correct boundary layer on the leading edge of the
cavity. The velocity profile utilized was the one-seventh power law velocity profile. In order to obtain the correct
boundary layer thickness at the cavity lip, the slip condition was assumed for a small section of the upstream wall. For
all the remaining walls a non slip boundary condition was considered. To minimize reflection of acoustic waves and
vertical structures at the boundaries, a buffer zone was added to the computational domain with a length of 20D in both
directions. Finally, all walls were assumed to be adiabatic.
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3.2. Computational grid: Near and Far Field

The LES mesh is refined near to solid walls and in the region of the shear layer. The mesh is also progressively
stretched towards the outlet region to help dissipating vertical structures before they reach the outlet boundary, but
observing a maximum stretching of 10%. Due to the fact that second order schemes are used for the LES, the mesh size
need to be small enough to avoid excessive dispersion and dissipation errors that could contaminate the acoustic field
prediction.

The frequency and amplitude pressure results was compared with three grid levels. The first, second and third mesh
had a total of 229.000, 300.000 and 364.000 cells, respectively. For the first mesh, the difference in the first frequency
on the second and third mesh was approximately 12%, and in the amplitude was 7 dB. For the second mesh, the
amplitude, reference to first frequency, was the same, and the difference in the amplitude, reference to second
frequency, was around 8 dB. From this we conclude that the grid with 364.000 cells is sufficient for resolving the flow
field.

The mesh had a total of 364.000 cells of approximate size equal to 0.0017D, with y* ~1 being sought near the

solid walls. The dynamic Smagorinsky subgrid scale model was used to estimate the contribution of unresolved scales
on the flow field. The simulations were started from an initial solution provided by steady state RANS k-epsilon
simulation and carried out until a statistically steady state was reached.

The acoustic calculations were carried out by the FW-H acoustic analogy, with impenetrable and permeable
surfaces. The source region for the impenetrable surface corresponds to the solid surface of the cavity, spanning from
21D to 42.7D in the streamwise direction. The permeable surface extends itself from 0 to 10.8D in the normal direction
and from 21D to 42.7D in the streamwise direction. This surface control is slightly smaller than the total domain used to
solve the LES, in order to minimize the effect of boundary conditions on the fluctuating variables inside the flow
domain.

4. RESULTS AND DISCUSSIONS
4.1. Near Field

Figure 2 shows results for vorticity and pressure contours at four different time instants, corresponding to second
Rossiter mode, which is dominant for this flow geometry. Figure 2(a) illustrates the growth of a vortex, which is
separated by growth of instabilities in the shear layer. The vortical structure impinges on the trailing edge of the cavity,
as indicated in Fig. 2(b), and part of its structure is convected downstream, forming smaller vortices along the flat plate
(Fig. 2(c)). The presence of such convected vortices can be clearly detected in the pressure contour plot. Part of the
vortical motion is transferred to the cavity, creating a large recirculation region of small vortices (Fig. 2(d)), which
cause instabilities on the shear layer. The vorticity contours also show a steady vortex at the neck of the cavity, which is
an evidence that the interaction between the shear layer and the flow inside the cavity is very weak for this oscillation
mode.
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Figure 2. Vorticity contours (on the left) and pressure contours (on the right) during one cycle of oscillation for the
shear layer mode (second Rossiter mode) at different time instants.

Figure 3 shows the spectrogram of the pressure signal at the centre of the left wall of the cavity, which was obtained
by using 2,048 points FFT’s, with a flat top window and 50% overlap. The observed dominant peak at 1,809 Hz
corresponds to the characteristic frequency indicated by the classic theory for Helmholtz resonators (f = 1,850 Hz). The
secondary peak at 3,618 Hz is the first harmonic of the dominant tone at 1,809 Hz.

In order to identify the oscillation frequencies, time signal of pressure have been recorded at three points in the
cavity: the centre of the left wall, the centre of the cavity floor and the centre of the right wall. Figure 4 (a) shows the
time history and Sound Pressure Level at the centre of the left wall after the flow reached a statically steady regime.

Figure 4(b) indicates that the dominant frequency occurs at a Strouhal number of 0.573 (1,809Hz). This is in good
agreement with the value of 0.551 predicted by Rossiter equation for the second shear layer mode, with a ratio between
the convection velocity of vortices and the free-stream velocity of 0.33, suggested by Henderson (2004), and a factor of
0.25 to account for the lag time between the impact of a structure on the downstream corner and the emission of an
acoustic wave, as suggested by Rossiter (1964).
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Figure 3. Spectrogram of the pressure signal at the centre of the left wall of the cavity .

As shown in Table 1, the results are also in good agreement with the experimental data obtained by Henderson
(2000, 2004) and with numerical results found by other authors. However, it should be said that results for frequency
and amplitude are very sensitive to boundary layer thickness at the cavity mouth.

Table 1. Comparison between prediction of the present study and results from other authors
(bold numbers represent the dominant frequency).

Authors 6 (mm) Frequency [Hz] Amplitude [dB]
2 1824 144
3648 111
Henderson (2000) 1824 134
12 2016 113
- 2848 106
g 3552 111
= 1727.3 124
é 14 3136.4 106
|.>u< 3568.2 101
1504 112.5
Henderson (2004) 1624 116.5
17 2616 108
3200 105
3808 102
4400 97
Ashcroft et al. (2000) 22 1960 141
3920 111
Ashcroft et al. (2003) 18.44 1850 127
Moon et al. (2000,2003) 19 2080 133
1852.61 146
Shieh et al. (2000) 15 3705.22 107
Tg 5557.82 99
5 1 2200 106
g Kurbatsii et al. (2000) 2 1990 124
P4 3 1840 110
1381 107
Lin et al. (2004) 14 2880 104
5662 91
Zhang et al (2004) 12 1890 137.1
Ahn et al (2008) 2.9 1976.1 143.87
Present study 17 1809.3 128.9
3618.6 100.44
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Figure 4. (a) Time signal and (b) noise spectrum at the centre of the left wall of the cavity (location: 29.58D,-0.55D).

4.2 Far-field Results.

Contours for far field pressure in Figures 5 show the directivity of the acoustic field propagated away from the
cavity which is characteristic of a monopole acoustic source in low subsonic flow stream. This predominance of a
monopole noise source is in agreement with results of Ashcroft et al. (2003), Shieh et al. (2000) and Kurbatskii et al.

(2000).
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Figure 5. Far field pressure contours lines showing a monopole acoustic field.

The time history of acoustic pressure and the noise spectrum, using Ffowcs Williams and Hawkings acoustic

analogy, are shown in Figs. 6 and 7, respectively, for an observer located 2,0m directly above the cavity mouth.

Sound

Pressure Level results for the first peak frequency (~90dB) at far-field are in agreement with results obtained by

Ashcroft et al. (2003).
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Figure 6. Time history of acoustic pressure at far field.
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Figure 7. Noise spectrum at far field.

5. CONCLUSIONS

This paper reports a study in which a hybrid CAA approach was used to predict acoustic noise generated by
turbulent flow over an automobile door cavity. The flow in the source region was computed using LES and then
coupled to the Ffowcs Williams and Hawkings acoustic analogy. Grid refinement was observed in the immediate region
of the cavity and small time step were used to properly capture flow unsteadiness. Good agreement was observed
between the results obtained in the present study and experimental and numerical results available in the literature.
Resonance frequencies and sound pressure levels are predicted accurately in the acoustic near-field and far-field. It has
also been noticed that the prediction is very sensitive to some parameters of the numerical simulation, such as the
boundary layer thickness at the inlet, grid refinement and size of the computational domain.
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