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Abstract The interaction of turbulent flows with the external structure of ground
vehicles generates uncomfortable noise and a lot of attention is devoted to find
new mechanisms for its suppression. The present work is concerned with open
cavity flows, very often found in the automotive industry. A three-dimensional
rectangular very wide open cavity with aspect ratio L/D = 4 at Reynolds num-
ber Rep = 5000 and Mach number M = 0.1 is considered. The passive control
technique is based on eight different geometrical modifications: the length of the
cavity, the radius of the trailing, leading and bottom edges and the difference in
heights between the left and right wall of the cavity. Wall-resolved Large Eddy
Simulations (LES) are used to obtain the flow fields and a post-process based on
Curle’s analogy is applied to evaluate the acoustic radiation and the effectiveness
of the control mechanisms. The results show that the modifications on the trailing
edge are the most effective to control the flow. They allow to reduce the pres-
sure fluctuations produced by the recirculation confined inside the cavity and the
abrupt ejection of the flow at the trailing edge. As a consequence, the overall sound
pressure level can be decreased up to 9dB.
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Nomenclature

ao = speed of sound

Cp = cavity drag coefficient, %plgﬁ
D = cavity depth

f = fundamental frequency

S
I

force contribution from the cavity walls
shape factor, H = %
L = cavity length
= unitary vector pointing from source point to observation point.

=
|
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0
OASPL = overall averaged sound pressure level, 20log10 %ﬁﬂ

ref
M = Mach number, %

P = non-dimensional pressure, p:fiil]i
Py = dimensional pressure
pilms = root mean square of the acoBtlc pressure
pie f = reference acoustic pressure, p1ap x 10 12
n = surface normal vector pointing to the surface
Q = second invariant of the velocity gradient tensor, —% g;; gzz
r = distance between an observer position and a source point
R;; = autocorrelation coefficient
Reprs = Reynolds number, UlD UJV-L Ug-e
Str, = Strouhal number based on L, St;, = f—
s = distance from the leading edge along the wall
= time
t = retarded time, t — r/ag
TU = time units, tUTl
U = non-dimensional velocity, g—;‘_
Uy = dimensional velocity
U = friction velocity, T
U = freestream velocity
w = cavity width
x = streamwise coordinate
= cross-stream coordinate
UYn, = wall normal coordinate
y* = dimensionless wall-normal distance, y* = “-=
z = spanwise coordinate
«@ = counterclockwise angle tlgken from the downstream wall of the cavity
) = displacement thickness, 399 1- % dyn,
dij = Kronecker delta
Azt = wall spacing in the z-axis, Az = %
Az* = wall spacing in the z-axis, Az" = ©-42
= momentum thickness, 06 89 £ (ypl)g(ly) 1-— u[(;’l) dyn
I = dynamic viscosity
v = kinematic viscosity
p = density
P = freestream density
W = wall shear stress, u %Z
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1 Introduction

The subject of noise generated by turbulent flows is an area of research with in-
creasing relevance due to its technological and societal implications. According to
the World Health Organisation, environmental noise exposure is responsible for
a range of health effects such as cardiovascular disorders or sleep disturbances
[1] and, hence, regulation is continually being developed to minimise its effects
(e.g. Environmental Noise Directive (END) 2002/49/EC in Europe). In the aero-
nautic industry continuous effort is devoted to the reduction of noise produced,
for instance, by landing gears [2,3] or jets [4,5]. In ground vehicles, due to the
progressive increase in maximum speed and the reduction of the powertrain noise
(especially in electric cars), aerodynamic noise is becoming an important reason of
discomfort and many studies have been devoted to this issue. Among them, Xiao-
Ming et al. [6] studied the noise generated by train roof configurations where the
noise is dominated by the pantograph, the roof cavity and the insulation plates.
In the automotive industry, a large amount of work has been done regarding the
noise generated by the air flow around side mirrors, either as parts of a generic
vehicle model [7,8] or as simplifications of an isolated side mirror in form of a half
cylinder or a hemisphere [9,10]. Due to soiling management or manufacturing re-
strictions, cavities, the object of study of the present work, are also common parts
of vehicle designs and their acoustic performance is a key issue of comfort [11].
As a consequence, many works have lately been devoted to the understanding of
the physical mechanism producing noise in cavities and to the creation of control
mechanisms that suppress the generation of such noise. These mechanisms are
usually classified into active control mechanisms [12-18] based on flow injection
or suction, which significantly change the dynamics of the flow in the cavity and
passive mechanisms [19-29] based on permanent geometrical modifications such
as spoilers mounted in the leading edge or trailing edge slants. Passive noise con-
trol mechanisms are usually simpler but very effective in noise reduction; for this
reason, the aim of this paper is to study different cavity geometries that optimise
the acoustic performance of cavities in vehicle designs.

Among the works considering active noise control, Lamp and Chokani [17]
studied the effectiveness of controlling noise via an active technique based on
flow injection through a small jet placed within the upstream wall of a cavity
with L/D = 4.33 at supersonic speed, M = 1.75, and Rep = 5.58 x 10”. The
two-dimensional numerical results showed that the suppression depended on the
amplitude and frequency of the jet injection. In particular, a larger blowing rate
provided the greatest reductions. Suponitsky et al. [12] also focused on an active
control technique based on simultaneous injection and suction through the front
and rear walls of a cavity with L/D = 4 at Rep = 5000 considering very low Mach
number. The results showed that the major effect of the control technique was the
reduction of the reverse flow inside the cavity and, for injection levels exceeding a
certain threshold value, the tonal noise was nearly vanished. A different approach of
active noise control was experimentally addressed by Fabris and Williams [18] for a
cavity with aspect ratio L/D = 4 and M = 0.15,0.23 for Rep = 4.4 x 105,6.7 x 10°5.
The technique consisted on the forcing of the shear layer by means of an acoustic
perturbation produced by three speakers located below the inlet wall, showing
that an acoustic disturbance was also capable of perturbing the system and its
acoustic response.
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With respect to passive noise control techniques, Saddington et al. [20] experi-
mentally tested different trailing and leading edge configurations for a finite cavity
with L/D = 5 and W/D = 2 at Rep = 1.31 x 10’ and M = 0.71. The control tech-
nique was based on the addition of different geometries such as spoilers, ramps or
steps, reaching the conclusion that these devices were more effective when attached
to the leading edge as a consequence of the shear layer being deflected away from it
by the spoiler. Other authors such as Knowles et al. [21] (experimental work with
L/D =4 at M =0.85 and Rep = 4.9 x 10°) or Mancini and Kolb [24] (numerical
work with L/D =5 at M = 0.8,1.35 and Rep = 1.29 x 107,2.2 x 107) varied the
yaw angle of the front and rear walls of the cavity. Both authors concluded that
the effectiveness in cavity tones suppression was only significant when the angle of
rotation was greater than 15 degrees. Hao et al. [30] studied the effect of the cav-
ity length (L/D = 1,4,8) and the trailing edge height with respect to the leading
edge height, (h/D = —0.5,0,1) when the incoming boundary layer is turbulent,
Reg = 4755. The authors observed that the acoustic field increased with gap width
and trailing-edge height.

An important aspect of cavity flow is the oscillation mode. Gharib and Roshko
[31] experimentally found that depending on the development of the boundary
layer at the cavity inlet there are two different oscillation modes (in addition to
a non-oscillating mode): shear layer (SL) and wake mode (WM). The SL mode is
characterised by a feedback loop between the large-scale vortex shedding at the
leading edge of the cavity and the acoustic waves generated at the trailing edge
and then travelling upwards, hence playing an important role for the self-sustained
oscillations in the cavity. The WM is characterised by a more energetic large-scale
vortex shedding and a more violent ejection at the trailing edge of the shedding
vortices towards the downstream wall. Later, Colonius et al. [32,33] determined
the transition between modes using a compressible flow solver for cavities with
aspect ratios ranging from L/D =1 to L/D =5 and a wide range of Rey values.
The transition from SL to WM was established for Rey = 58.6 at L/6 ~ 75.

The present study considers very wide open cavities with no interaction be-
tween the detached vortex and the side walls oscillating in wake mode. The as-
pect ratio of the baseline case is L/D = 4 and the flow conditions considered are
Rep = 5000 and M = 0.1. A total of 7 different passive noise control techniques
are studied based on the modification of the length of the cavity, the radius of
the leading edge, the radius of the trailing edge, the radius of the right bottom
edge and the distance in the y-axis between the leading and trailing edge. In the
context of the automotive industry, the application that has motivated the present
paper, for the Mach number considered and speed of sound at standard sea-level
conditions, ag = 340m/s, the car velocity would correspond to Ua = 34m/s. This
value is around the usual speed of vehicles during their design development pro-
cess. Therefore, the geometrical parameters of the cavities being considered in this
study for Rep = 5000 would be D = 2.2mm. These dimensions correspond to usual
gaps found in different external parts of cars, e.g, side mirrors, roofs or doors.

This paper is organised as follows: firstly, the hybrid method developed by
Curle for predicting the acoustic response due to flow past a solid body is briefly
reviewed; secondly, the case under study and the proposed geometrical modifi-
cations are described, as well as the numerical methods used and the mesh con-
vergence study; finally, the influence of each control technique on the flow and
acoustic fields results are presented.
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2 Computational Aeroacoustics Method

Computational aeroacoustics problems can be addressed from two general ap-
proaches: Direct Simulation (DS), based on the solution of the compressible Navier-
Stokes equations without using any modelling of the sound, and hybrid methods,
which consist in the use of an unsteady Computational Fluid Dynamics (CFD)
tool as the sound source generator and an acoustic solver as the transport method.
Due to the extreme computational costs associated to DS, hybrid approaches, as
Lighthill’s analogy, are more affordable to predict aeroacoustic noise in an engi-
neering context.

Lighthill [34] considered the compressible continuity and momentum equations
without external forces:

Op 0 .

ot T an =0 (1)
0 0
Pt oz, (pusuj + pij — 75) = 0, (2)

where z; are the spatial coordinates (z, y and z), u; are the velocity components
(u, v and w) and 7;; the viscous stress tensor,

o Ou; | Ouj  20uy
TSR Ga T Oa, 302,00 3)

After a mathematical manipulation of the previous equations, Lighthill obtained
the inhomogeneous wave equation:
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22
o7 OV P = o

 Oz;0x; (4)

where T;; = pu;u; + pij — a%p&ij — 7;j is known as the Lighthill’s stress tensor.
The original solution proposed by Curle [35] for Lighthill’s formulation when
a solid body at rest is immersed in the fluid is:

1 f T3] 19t n;
47ra% oxyxj v T dV+47m% dx; ST[pij*Tij}dS, (5)

p(x,t) —p1 =

where the expression in brackets stands for the evaluation of the expression at the
retarded time ¢. In order to evaluate Eq.5, the spatial derivatives are taken inside
the integral and transformed into time derivatives. This procedure was first done
by Farassat and Myers in [36] to modify the solution of Kirchhoff’s expression,
primarily used in the theory of diffraction of light and in other electromagnetism
problems [37]. Therefore, omitting the viscous term and expressing p in terms of p
assuming that the flow is isentropic, the final expression to evaluate the acoustic
pressure is:

z
1 lilj . 3lilj - 5”‘ . -?)lilj — 5ij
Pt —po=go gl =0 ] + == Ty) dv+
) (6)
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I rag Pidl + 2 [pi] S,
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L

Fig. 1: Geometry of the cavity and parameters of modification.

where the expression () stands for the evaluation of the time derivative and ( )
for the second time derivative.

The right hand side of Equation 6 accounts for two type of sources: a quadrupole
source arising from the volume integral (first term) and a dipole source arising from
the surface integral (second term). Quadrupole sources are less efficient producing
acoustic waves than monopoles or dipoles sources, especially for low Mach num-
bers. Curle showed that for low Mach numbers the relation between the acoustic
power generated by quadrupoles and dipoles is:

Lauad o g2, (7)
Pdip

Hence, the evaluation of the acoustic pressure will be made by computing the
surface intergal of Equation 6. Reducing Curle’s formulation to a surface integral
is especially interesting since the computation of the volume integral is expen-
sive. Nevertheless, in Curle’s formulation, special attention needs to be paid to
the acoustic compactness of the body in order to ensure that acoustic scatter-
ing phenomena, such as reflection or diffraction are not affecting the results [38].
Mathematically, the acoustic compactness is defined in terms of the Helmholtz
number [39]:

H6:M<

ao

1. (8)

3 Problem Statement

The present work considers multiple very wide open cavities in presence of an
upstream laminar flow at M = 0.1 and Rep = 5000, as sketched in Figure 1. As
it has been used in previous works [40] the physics of the case is solved using
an incompressible Large Eddy Simulation (LES) solver coupled with the integral
method based on Curle’s analogy.

The baseline case is a rectangular cavity with L/D = 4 over which geometrical
modifications are made. The parameters under consideration are the length of the
cavity, L, the radius of the leading edge, R1, the radius of the trailing edge, R,
the radius of the right bottom edge, R3, and the distance in the y-axis between
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Case L=D h=D Rj1=D R2=D R3=D Geometry

C1 4 0 0 0 0 ‘

i
C2 2 0 0 0 0 9q

U

= &
C3 4 0 1 0 0 Y

Uoo

w

C4 4 0 0 1 0 <

= ',
cs 4 0 0 0.5 0 |

Uw \
C6 4 0 0 0 1 <

‘J} \
c7 4 -05 0 0 0 <

= N

Y

c8 4 0.5 0 0 0 g =

Table 1: Geometrical parameters of the cases studied. The parameters L, h, R,
R> and R3 are defined in Figure 1.

the leading and trailing edge, h. The list of the geometries simulated is given in
Table 1. The modification C8 is not expected to perform better acoustically but
it will arise deeper knowledge on the effect of the parameter h.

The thickness of the boundary layer arriving at the leading edge of the cavity
can substantially change the behaviour of the flow in the cavity. Colonius et al.
[32] established the transition between shear layer (SL) and wake mode (WM)
for Rey = 58.6 at L/6 =~ 75. In the present work, a uniform non-dimensional
free-stream velocity, U1 = 1, is imposed at the inlet boundary which is located
8D units before the cavity leading edge. Under these conditions, the boundary
layer profile is developed along the inlet wall and arrives to the leading edge with
L/6 ~ 172 (Rey = 116), which corresponds to WM.
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No-slip boundary conditions are applied at solid boundaries. At the outflow and
top boundaries, zero normal derivatives for the velocity and p = 0 are considered.
Finally, to account for the infinity of the cavity in the spanwise direction, periodic
boundary conditions have been imposed at the front and back boundary surfaces.

4 Computational Methods
4.1 Numerical Method

The CFD code used to solve the incompressible Navier-Stokes equations is Alya,
developed at Barcelona Supercomputing Center [41]. In the Alya code, the convec-
tive term is discretised using a non-dissipative Galerkin Finite Element Method
(FEM) scheme recently proposed by Charnyi et al. in [42], which conserves lin-
ear/angular momentum and kinetic energy at a discrete level. Neither an up-
winding scheme nor equivalent momentum stabilisation is used. In order to use
equal-order elements, numerical dissipation is introduced only for the pressure
stabilisation via a fractional step scheme [43], which is similar to approaches for
pressure-velocity coupling in the codes based on collocated finite volume methods
for unstructured meshes [44]. This approach was shown to be significantly less
dissipative compared to traditional stabilised FEM approach [45]. Temporal dis-
cretization is performed through a conservative explicit third-order Runge-Kutta
scheme [46]. In the present computations large eddy simulations are performed;
the subgrid-scale viscosity model proposed by Vreman [47] is used to close the
formulation.

4.2 Computational Domain

Figure 2 shows the extension of the aerodynamic and aeroacoustic resolved do-
mains. The dimensions of the aerodynamic domain are 32D in the z-direction, 8D
in the y-direction and 2D in the z-direction. The upstream boundary is located 8D
units ahead of the leading edge of the cavity. The dimensions of the aeroacoustic
domain are 48D in the z-direction and 25D in the y-direction.

In order to check the appropriateness of the computational domain in the
spanwise direction, spanwise two-point correlation at different locations are eval-
uated for a total time of 20 TUs after the simulation has achieved the statistical
stationary regime. The resulting autocorrelation at a point located in the cavity,
(z/D,y/D) = (3,—0.5), has been represented in Figure 3 a). Its definition is:

< ug(:rz, t)u[i(acz +4,t) >
- < ugug >

Ry : (9)
where < * > denotes the time average, ug = wu; — u; is the velocity fluctuation
and ¢ is the distance in the spanwise direction. As an additional check, the auto-
correlation coefficient of the pressure fluctuation for three points located on the
wall at (z/D,y/D) = (3,-1), (z/D,y/D) = (4,0) and (z/D,y/D) = (5,0) is also
calculated. The results are shown in Figure 3 b).

As can be seen from the figures, the autocorrelation for the three compo-
nents does not completely vanish to zero at half of the spanwise size; this strictly
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Fig. 2: Aerodynamic (cyan) and aeroacoustic (grey) domains.
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Fig. 3: Autocorrelation coefficient along the z-axis. a) velocity fluctuations for a
probe located at (x/D,y/D) = (3,—0.5); b) pressure fluctuations for probes located
at (z/D,y/D) = (3,-1), (z/D,y/D) = (4,0) and (z/D,y/D) = (5,0).

means that the domain cannot accommodate all the largest structures. Thus, a
computation with a larger spanwise size would be required. However, given the
computational resources available, a larger domain is not possible. Thus, these
computations are a trade off between computational resources available and do-
main size. Also notice that this only affects to the largest scales; as discussed in
Frohlich et al. [48] in the presence of a large range of scales it would not affect
substantially the primary flow properties. Therefore, in the authors opinion this
assumption on the spanwise size does not affect the discussion of the results.






