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Numerical study of Aeroacoustic sources generated from the wake behind the car
BARLEV RAYMOND NAGAWKAR
Division of Department of Applied Mechanics
Chalmers University of Technology

Abstract
Due to new legislative and consumer demands Europe’s major vehicle manufactures
(Original Equipment Manufacturer, OEMs) are forced to make big investments in
the area of aeroacoustics. To measure a small noise contribution in wind tunnels is a
challenge. Do to uncertainties of physical testing, the importance of using numerical
methods for aeroacoustics has gone up.
In this thesis an aeroacoustics study is performed on generic bodies with a focus on
the wake. Three types of Ahmed bodies are used namely, the slant or fast back, the
square or bus back and the notch or sedan back. The geometries being different in
the rear will generate different wake structures and difference in noise levels obtained
from these are analysed.
An hybrid computational aeroacoustic method is adopted where first Large Eddy
Simulations (LES) are done using AVL Fire to simulate the flow field. The sound
propagation is then solved by using the Curle acoustic analogy.

Keywords: Aeroacoustics, Curle, Large Eddy Simulations, Ahmed body, CFD, CAA
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1
Introduction

Aero-acoustics, simply put, is the study of air flow induced noise. The need to reduce
noise from jet engines lead to the development of the field in the 1950s. With the
increase in computation power various numerical methods have been developed to
solve this problem in various engineering applications. This thesis is a study of the
noise induced by external air flow around different car shapes with a focus on the
wake.

1.1 Background
Stapleford and Carr [1] divided the flow induced noise for ground vehicles in three
categories

• Unpitched noise caused by air rushing past the exterior of the car
• Monotone noise caused by sharp edges and gaps on the exterior or the car
• Flow excitation of openings in the vehicles such as side windows and sun-roof

which influence the compartment noise level.

The first category is also called the air rush noise or wind noise and is the focus
of the thesis. This sound is expected to dominate other sources at speeds above
100− 160km/h.

In 1964 Thomson [3] conducted road tests to investigate whether aerodynamic
shape noise is the source that contributes to most wind noise. He found the most
critical region were the foremost part of the side windows, the A pillar sealing
followed by the C pillar region close to the belt-line and he front door region close to
the driver or passenger. The two part study was done by Stapleford and Carr [1, 2]
to associate different flow regimes with aerodynamic noise level for generic objects
and production vehicles. They found that the aerodynamic noise levels were highly
associated with different forms of flow separation, particularly spiral vortex flows
downstream of the A pillar.

Due to new legislative and consumer demands Europe’s major vehicle manu-
factures (OEMs) are forced to make big investments in the area of aeroacoustics. To
measure a small noise contribution in wind tunnel is a challenge. Do to uncertainties
of physical testing, the importance of using numerical methods for aeroacoustics has
gone up.

Numerical methods have been adopted to investigate the noise for generic or
realistic mirrors. Rung et al. [4] conducted flow and noise generation study for
generic side mirrors in comparison of URANS and DES. Posson and Perot [5] took

1



1. Introduction

the geometry complexity a step further by mounting a production mirror on top of
a plate and exposing it to freestream velocity of 40m/s. Duncan et al. [6] performed
simulations on a Ahmed body and did a spectral analysis to visually identify noise
sources for restricted frequency bands. There seems to be limited work in the field
with focus on the wake of the vehicle and this thesis is the basis for such a study.

1.2 Objective
The main objective of the thesis is to establish a methodology to solve the aeroa-
coustics problem for external air flow around a car. Once the method established
the goal is to apply it to three generic car geometries with different shapes of the
rear. The three shapes are the the slant-back, square-back and notch-back. Due to
the difference in the shapes the turbulent structures in then wake would be differ-
ent. Theses would be computed and analysed with CFD and the resulting sound
propagation due to these different wake structures would be analysed by performing
a Computational aeroacoustic calculation.

1.3 Delimitation
The delimitation’s of the study are as follows:

• Generic car body: the geometry used generic car shapes. The reason for using
simplified geometries is to establish a methodology first. This is to reduce to
computational cost while giving essential understanding the flow, such as the
wake.

• Low Reynolds number flow: Large Eddy Simulations (LES) were done and
a Reynolds number of 10000 was chosen to keep the computational cost low.
This implies a low velocity for the chosen geometry.

Typically the noise generated by the air rush dominates above 100km/h for road
vehicles [9]. For cars, that is a Reynolds number higher than 2 · 106. This would
mean the noise calculation would not be in the audible range of humans.

2



2
Theory

In this section a summary of the theory relevant to the thesis is described. This
involves certain topics from fluid mechanics, computational fluid mechanics (CFD),
turbulence modeling, aeroacoustics and computational aeroacoustics (CAA).

2.1 Fluid Mechanics

2.1.1 Governing equations

2.1.1.1 The continuity equation

The continuity equation is the balance equation for mass and is given as

dρ

dt
+ ∂ρvi

∂xi
= 0 (2.1)

For incompressible flow, the density is constant. Therefore eq 2.1 reads

∂vi
∂xi

= 0 (2.2)

2.1.1.2 The momentum equation

This is called the Navier-Stokes equation and is a transport equation for momentum.
It is given by

ρ
dvi
dt

= −∂P
∂xi

+ ∂τji
∂xi

+ ρfi (2.3)

Alternatively,
∂ρvi
∂t

+ ∂ρvivj
∂xj

= −∂P
∂xi

+ ∂τji
∂xi

(2.4)

Here,
τji = 2µSij −

2
3µSkkδij (2.5)

Where µ is dynamics viscosity and

Sij = 1
2

 ∂vi
∂xj

+ ∂vj
∂xi

 (2.6)
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2. Theory

For constant µ incompressible flow, equation 2.3 can be written as

ρ
dvi
dt

= −∂P
∂xi

+ µ
∂2vi
∂xi∂xj

+ ρfi (2.7)

Alternatively neglecting body force term and expressing the term on the left in its
non conservative form

∂vi
∂t

+ vj
∂vi
∂xj

= −1
ρ

∂P

∂xi
+ ν

∂2vi
∂xi∂xj

(2.8)

Where ν is the kinematic viscosity

2.1.2 Important dimensionless quantities
2.1.2.1 Reynolds number

The Reynolds number is defined as the ratio of inertial forces to viscous forces. It
is used to describe the flow patterns for a given fluid flow situation, by indicating
whether the flow is laminar or turbulent. It is expressed as,

Re = V∞L

ν
(2.9)

Where V∞ is the flow velocity, L is the characteristic length and ν is the kinematic
viscosity. The Reynolds number is used for scaling a fluid dynamics problem and
determining similitude between two different cases of flow.

2.1.2.2 Mach number

This is the ratio of local velocity of flow to the speed of sound. It is given by

Ma = V

a
(2.10)

The Mach number is used to determine the approximation of incompressibility. For
M < 0.3, air is assumed to be incompressible. This is because compressibility has
negligible effects on flow [7].

2.1.2.3 Strouhal number

This represents the ratio of the inertial forces due to unsteadiness of the flow or
local acceleration to the inertial forces due to change in velocity from one point to
the other in the flow field. It is important while analysing unsteady, oscillating flow
problems. It is formulated as

St = fL

V∞
(2.11)

Where f is the oscillating frequency, L is the characteristic length and V∞ is the
flow velocity. Dominant Strouhal numbers of bluff body wakes are usually within a
range of 0.2 for circular cylinders and 0.26 for short D-shaped bodies, Leder 1992
[8]. This is useful in order to estimate tonal peaks caused by vortex shedding.
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2. Theory

2.2 Turbulence modeling
In turbulent flow, velocity and pressure are unsteady and include all turbulent mo-
tion, often called eddies. The spatial scales of these eddies vary in magnitude from
large eddies which are proportional to the size of the largest physical length scale to
smallest eddies where dissipation takes place. Dissipation is where kinetic energy is
transformed to internal energy.

Turbulent flow problems are solved numerically in two ways; Direct Numer-
ical Simulation (DNS) and Turbulence Models. DNS is the most accurate method
available as it gives the exact solution of the flow field in time and space. How-
ever this method is only feasible for low Reynolds number. Higher the Reynolds
number, finer the grid must be to resolve the Kolmogorov scales as the smallest
length and time scales decrease with Re−3/4 and Re−3/4 respectively. This makes
it computationally expensive to solve the Navier-Stokes equation for high Reynolds
numbers.

To solve the Navier-Stokes equation with a reasonable computational cost,
turbulence models are used. They are in essence an approximation of the Navier-
Stokes equation. These models are Large Eddy Simulation (LES), Reynolds Aver-
aged Navier-Stokes (RANS) and hybrid RANS/LES Models. In this thesis only LES
was performed and hence on this shall be described here [10].

2.2.1 Large Eddy Simulation (LES)
Here the small eddies are modeled and only the large eddies are resolved. Small
eddies refer to the eddies with scales smaller than the grid size (computational cell
size) and the eddies larger than the grid size are resolved by the filtered Navier-
Stokes equation. In LES instead of time averaging, volume averaging (filtering) is
done. The filtered variables are then a function of both space and time. The LES
equation reads

∂v̄i
∂t

+ ∂v̄iv̄j
∂xj

= −1
ρ

∂p̄

∂xi
+ ν

∂2v̄i
∂xi∂xj

− ∂τij
∂xj

(2.12)

The first term is kept because the large, time dependant fluctuations are part of vi
and p and are not modeled. The last term includes the Reynolds stress of all the
small eddies and are called sub-grid stresses (SGS). This term is given by

τij = vivj − v̄iv̄j (2.13)

2.2.1.1 Filtering

The separation of resolved large scales and modeled small scales is done by filtering.
It is formally defines as

v̄(x) =
∫ −∞
∞

GB(r)v(x− r)dr

GB(r) =
{

1/∆, r < ∆/2
0, r > ∆

(2.14)
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2. Theory

This equation is a representation in 1D where GB is the filter function and ∆ is the
filter width. The spacial filter can also be expressed as

f̄(xi) =
∫

Ω
f(x′i)G(xi, x′i)dx′i (2.15)

where f is the quantity to be filtered.
In finite volume method the filtering is the same as the discretization. So the

filter width is taken as the local grid size [14], given as

∆ = (∆VIJK)1/3 (2.16)

2.2.1.2 Sub-grid model

A sub-gird model is needed to model the eddies with scales smaller than the grid
size. This is done by modeling it with the turbulent SGS viscosity and is called the
Smoagorinsky Model.

τij −
1
3δijτkk = −νSGS

 ∂v̄i
∂xj

+ ∂v̄j
∂xi

 = −2νSGS|s̄ij| (2.17)

So equation 2.12 can be expressed as

∂v̄i
∂t

+ ∂v̄iv̄j
∂xj

= −1
ρ

∂p̄

∂xi
+ ∂

∂xj

(ν + νSGS) ∂vi
∂xj

 (2.18)

The turbulent SGS viscosity is give by

νSGS = (CS∆)2
√

2s̄ij2s̄ij (2.19)

Where CS is called the Smagorinsky constant, although its value is flow dependant
and varies from the range 0.065 to 0.25, and ∆ is the filter width. The SGS viscosity
near the wall gets really high near the wall because the gradient of velocity is high.
However the SGS turbulent fluctuations near the wall goes to zero, therefore so
should the SGS viscosity. This is ensured by using a damping function fµ which is
given by

fµ = 1− exp(−x+
2 /26) (2.20)
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2. Theory

2.3 Aeroacoustics
Sound can be defined as a pressure perturbation p′ which propagates as a wave
and is detectable to the human ear. For harmonic pressure fluctuations the range
of frequency of the human ear is between 20Hz and 20kHz. The human ear has a
logarithmic sensitivity, hence we use a decibel scale to measure sound level. The
Sound Pressure Level (SPL) is given by

SPL = 20 · log10

p′rms
pref

 = 10 · log10

p′rms
pref

2

(2.21)

where p′rms is the root mean square of the acoustics pressure fluctuation p’, and
pref = 2 · 10−5Pa in air.

Speed of sound is defined as isentropic change in pressure with change in
density

co =

√√√√√
∂p
∂ρ


s

=
√
γRT (2.22)

where γ = Cp/Cv is the specific heat ratio, R is the specific gas constant. The speed
of sound in air is 346.65m/s at 298.15K.

2.3.1 Classical Wave equation
It was Laplace who suggest a model that gave the first correct derivation of the
classical wave equation. In the 19th century Kirchhoff, Helmholtz and Rayleigh laid
ground for classical theory of sound in fluids [11]. The classical wave equation is
valid in an isentropic, homogeneous fluid at rest. The equation is given as

1
c2
o

∂2p

∂t2
− ∂2p

∂x2
i

= �2p = 0 (2.23)

or,
1
c2
o

∂2ρ

∂t2
− ∂2ρ

∂x2
i

= �2ρ = 0 (2.24)

where �2 is called the d’Alembert operator or the wave operator and co is the
isentropic speed of sound. In regions of turbulent flow, �2p 6= 0

This equation is derived from the continuity and momentum equations of
flow. Apart from the above mentioned assumption the derivation neglects the source
terms from the equations. Theses are the unsteady mass injections and unsteady
external forces from respective governing flow equations. This means that the wave
equation has no source term and doesn’t account for sound generation by unsteady
fluid flow. This was not a large issue a hundred years ago but became an important
problem in the 1950’s with the development of the commercial jet engine. The need
to reduce the noise led to understand the underlying mechanisms. It was Sir James
Lighthill who published the a paper in 1952 on aerodynamics noise which marked
the birth of the new field of research, aeroacoustics.
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2.3.2 Sources of sound
Typically there are three types of sound sources namely, monopole, dipole and
quadrupole.

2.3.2.1 Monopole

This is the strongest type of acoustic sources and is defined as,

�2ρ = ∂m

∂t
(2.25)

where m is mass rate and the source mechanism is mass injection which acts as a
pulsating sphere where sound is radiated uniformly in all directions. Hirschberg and
Rienstra [12] describe this a person jumping on a boat providing unsteady supply
of volume generating a monopole wave pattern around the boat. The pressure
fluctuations are dependant on velocity and will scale as

p′m ∝ u2 (2.26)

where u is the characteristic velocity scale of the source fluctuation [13].

2.3.2.2 Dipole

This source term is given as
�2ρ = −∂Fi

∂xi
(2.27)

where F is the unsteady external force in the fluid flow.The dipole source consists
of two monopole sources alternatively expanding and contracting. Hirschberg and
Rienstra [12] describe this as two people playing with a ball tossing it back and forth
making the boat oscillate creating a dipole wave field around it. This is proportional
to velocity and Mach number [13] as

p′d ∝ u2M (2.28)

Curle showed that the dipole sources are most dominant for low Mach numbers.

2.3.2.3 Quadrupole

This sources radiates sound less effectively than the dipole and is given by

�2ρ = ∂2

∂xi∂xj
(ρuiuj − τij) (2.29)

where Tij = ρuiuj−τij is called Lighthill stress tensor. It can be noted that the viscos
forces τij are mainly important for dampening sound waves and their importance
for sound generation is negligible. The quadrupole source corresponds to to sound
production due to the momentum transport ρuiuj in the flow. The time average
of this term is called Reynolds stress and is responsible for the added viscosity
experienced in turbulent flow. The unsteady part of this term is the noise generating
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2. Theory

term in the quadrupole source. This source term is cause by turbulence isn the free
shear layer. Hirschberg and Rienstra [12] describe this as two people fighting on a
boat as these sources are more irregular. The dependence can related to velocity
and Mach number [13] as

p′q ∝ u2M2 (2.30)

The quadrupole qill give less pressure fluctuations for M � 1 but are significantly
important for higher Mach numbers. This source term is the main source of noise
from a high speed jet.

2.3.3 Computational Aeroacoustics (CAA)
This is the field of numerically computing the flow induced generation of sound. A
direct simulation of this would involve solving the governing equations for flow and
the propagation of sound. This would be more computationally demanding than
DNS. Instead of using the direct simulations, acoustics analogies have been devel-
oped and widely used for the prediction of far field noise generated by aerodynamic
noises [15]. This is a hybrid method which involves two steps. The first step is
to calculate the flow field using computational fluid dynamics (CFD) methods. At
high Reynolds number the cost of using DNS and LES are high. However, RANS
provides only a mean flow information and not the instantaneous fluctuations that
are required for the aeroacoustics analysis. In the next step, flow properties are
measured and formulated as source terms for the acoustic analogies. The acoustics
analogy in CAA is used to isolate the noise computation from the flow computa-
tion. An assumption made here is that the flow and acoustics are decoupled. More
accurately this means that the propagation of sound doesn’t affect the flow.

2.3.3.1 Lighthill’s acoustic analogy

The analogy method was first proposed by Lighthill [16, 17]. The Lighthill equation
is obtained by first subtracting the divergence of the momentum equation (eq 2.4)
from the time derivative of the continuity equation (eq 2.1) to obtain

∂2ρ

∂t2
= ∂2

∂xi∂xj
(ρvivj + pδij − τij) (2.31)

Eq 2.22 can be expressed as

c2
o

∂2

∂x2
i

− ∂2pδij
∂xi∂xj

= 0 (2.32)

Subtracting eq 2.32 from eq 2.31 we get the Lighthill equation

∂2ρ

∂t2
− c2

o

∂2ρ

∂x2
i

= ∂2Tij
∂xi∂xj

(2.33)

where Tij is the Lighthill stress tensor,

Tij = ρvivj + (p− ρc2
o)δij − τij (2.34)
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This an inhomogeneous wave equation which describes the linear motion of sound
waves generated by fluctuations in the flow. This is an exact equation and is valid
as long as the flow is known at every point at every instant of time. Outside the
turbulent region the acoustic wave propagation would be governed by the homoge-
neous wave equation. In this region the density and pressure act on a quiescent fluid
with small perturbations and hence it can be expressed as

ρ = ρ∞ + ρ′

p = p∞ + p′
(2.35)

The Lighthill equation can thus be expressed as

∂2ρ′

∂t2
− c2

o

∂2ρ′

∂x2
i

= ∂2Tij
∂xi∂xj

(2.36)

An analytical solution is obtained by applying Green’s function which gives

ρ′(x, t) = 1
4πc2

o

∫
V

1
r

∂2Tij
∂xi∂xj

(y, τr)dV (y) (2.37)

where x is the position of the observer in the far field and y is the source location.
τr is the retarded time given as

τr = t− r

co
(2.38)

where r = |x− y| is the distance between the source and observer. The left side of
eq 2.37 corresponds to far field density fluctuations around a state of rest which is,

ρ′(x, t) = ρ(x, t)− ρ∞ (2.39)

Assuming an adiabatic process of sound propagation, the far field density fluctua-
tions can be related to the far field pressure fluctuations by

p′(x, t) = ρ′(x, t)c2
o (2.40)

The sound pressure level can then be calculated for the observer using equations
2.37 and 2.40.

The assumption that the acoustic field doesn’t affect the flow field is not
always true. The acoustic field and flow field in reality are dependant on each other
which can be seen by the Lighthill equation. The varies on the basis of when the
two fields interact. For low Mach flows the interaction can be considered as one way
coupled where the acoustics field depends on the flow field and not the other way
round. In two way coupled the fields are dependant on each other.

This acoustic analogy was expended to include the effects of stationary wall
within the flow by Curle and later for moving walls by Ffowcs Williams and Hawk-
ings. These methods are explained later.
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2.3.3.2 Curle Method- special case of FW-H

The Curle formulation generalizes the Lighthill equation to include rigid walls in the
flow field [18]. The equation is given by [18, 19]

�2p′(x, t) = − ∂

∂xi
(p′niδ(f)) + ∂̄2

∂xi∂xj
(TijH(f)) ≡ QCUR (2.41)

The first term on the right corresponds to the noise induced by pressure perturba-
tions in the boundary layer flow over the wall. The Lighthill stress tensor is neglected
and the solution is given by

p′(x, t) = − 1
4π

∫
f=0

cosθr
 1

co

∂

∂τ
+ 1
r

p′

ret

dS (2.42)

The permeable surface in the FW-H method can be attached to the stationary wall.
This will then give the above Curle equation. This makes this form of the Curle
equation a special case of the FW-H method. For this thesis, this was the method
that was adopted.
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3
Methods

This chapter will explain the methodology adopted in the thesis. With a brief
introduction of the entire work flow, a description of each choice along with reason
of each setting is given.

3.1 Workflow
The work flow starts with geometry creation followed by defining the flow domain.
Based on the type of flow and the turbulence model used, the mesh requirements
are obtained and a mesh is generated. Flow is simulated using Computational Fluid
Dynamics (CFD), from which required properties are measured and exported for
the acoustic solver. The method of solving the aeroacoustic problem is the hybrid
method where flow and acoustic calculations are decoupled.

3.2 Geometry and Domain

The Ahmed body was defined by Ahmed et. al. in [20]. It is essentially a simplified
representation of a car body. It neglects many of the details of a real car but gives
a essential details of the flow features, typically the separation in the wake. This
helps in studying important processes such as drag. Morel [21] and Hamed [20] were
the first to show the significance of the slant in the rear of the car. This lead to the
implementation of the three different types of rear geometries namely, the slant-back
or the fast back, the bus or square back and the notch or sedan back. The only
difference here is the rear which implies that the structures of the wake would be
different. The difference in noise generated would hence be due to the differences in
the wake.

3.2.1 Geometry
Three geometries of the Ahmed body with different backs were chosen, namely the
standard slant back, the notch back and the square back. The dimensions of each
are the same with and are expressed in terms of height of the body. The height for
the body was H = 0.297m Figures 3.1, 3.2 and 3.3 shows the side and rear view
of the three different geometries. The slanted surface in the notch back is usually
referred to as backlight. The horizontal surface is called the deck. The angle of the
backlight used here is 42◦
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Figure 3.1: Slant-back

Figure 3.2: Notch-back

Figure 3.3: Square-back

3.2.2 Computational Domain

Figure 3.4: Domain

14
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The dimensions of the wind tunnel domain is also expressed in terms of the height
H of the Ahmed body. The distance of the inlet to the front of the body is F = 8H.
The distance of the rear of the body to the outlet is B = 15H. The height from
the top of the car to the roof is T = 5H to T = 8H. On either side of the car the
distance is S = 3H to S = 4H. The distance from the bottom of the car to the
ground is h = 0.17H.

3.3 Mesh
The mesh was made using ANSYS ICEMCFD. Hexahedral cells are used to make a
structured mesh in this software. Here the criteria for making a mesh for LES and
aeroacoustics are discussed.

3.3.1 Mesh requirements
3.3.1.1 For LES

The cell sizing near the wall of the body is determined by boundary layer region
to be resolved. These quantities are specified in terms of dimensionless namely, the
wall normal resolution n+, streamwise resolution s+ and the spanwise resolution l+.
These values are calculated by

n+ = u∗n

ν

u∗ =
√
τw/ρ ≈ 0.05V∞

(3.1)

where n is the distance from the wall, τw is wall shear stress, ν is kinematic viscosity.
The requirements for LES are n+ < 1, l+ < 30 and s+ < 100. Based on these the
cell size are calculated and specified for the near wall.

3.3.1.2 For aeroacoustics

The mesh size are based on the recommended at least 10 cells per acoustical wave-
length [22]. That can be represented as as

∆ = λ

10 (3.2)

where λ = a/f , a is speed of sound and f is frequency. So a frequency of 1000Hz
requires a ∆ 6 0.034m. However the LES mesh is used for the aeroacoustic calcu-
lation. The contribution of pressure fluctuations of small eddies are to be included
for far field noise calculation which can be only resolved by the LES mesh.

3.3.2 Mesh details for geometries
The meshes were made for a Reynolds number 10000. The free stream velocity
was calculated to V∞ = 0.508m/s based on the height of the geometry. The above
requirements for LES were kept and the first cell height was specified within the n+
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of 1. The aspect ratios of the cells at sharp corners are important and a ratio of
no more than 3:1 were used. No cell in the domain of the computational grid was
larger than 0.5H. As the Ahmed body is a symmetric geometry, the mesh made was
also symmetric. The blocking transition and cell growth were kept smooth from the
surface of the body to the walls of the wind tunnel.

(a) Contour plot

(b) Surface plot

Figure 3.5: Temperature plots, Gauss Seidel
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The table 3.1 gives some of the details of the mesh that were made for each
body.

Body Slant Notch Square
No of cells 3376539 3132744 3634537
Cells on Body 22654 28278 24590
Surface area (m2) 1.537 1.540 1.585
Determinant 3x3x3 0.887 0.675 0.853

Table 3.1: Mesh details

3.4 Numerical setup for CFD
The Large Eddy Simulations were done using AVL FIRE. This section will describe
the setting used for the CFD simulations.

3.4.1 Transient
The data required for the aeroacoustic calculation are the unsteady pressure fluctu-
ations on the surface of the body of the generic car. Therefore transient simulations
were required. The time step size ∆t = 0.001 was used based on the CFL number.
The criteria for this was

CFL = V∞∆t
∆x < 1 (3.3)

where V∞ is the free stream velocity, ∆x is the smallest cell size.

3.4.2 Incompressibility
For low Mach numbers, typically M < 0.3 air can be assumed to be incompress-
ible. This is a good approximation for flow problems, however sound propagation
is caused by compressibility of air. In a compressible flow the sources of sound
at a given instant will contain both the effects of turbulence and acoustic waves.
This is expressed in the right hand side of the Lighthill and Curle equation in the
Lighthill tensor. Since we are neglecting the Lighthill stress tensor and using the
Curle equation which depends only on pressure fluctuation on the surface of the
body the incompressiblilty criteria holds.
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3.4.3 Boundary conditions
The boundary conditions used are shown in the table

Inlet inlet/outlet at velocity at V∞
Outlet inlet/outlet with gradient = 0
Body Wall with velocity 0
Ground wall with velocity V∞
Roof symmetry
Sides symmetry

Table 3.2: Boundary conditions

3.4.4 Data for Aeroacoustics
The data required for the aeroacoustics calculations are the pressure fluctuations for
each time step for each cell on the surface on the car, the coordinate of each cell,
each component of the normal and the area of the cell. The cell data is obtained
from the 2D output from AVL Fire. The pressure is extracted using the usetim.f
user defined code for monitoring points. The total time for which the pressure data
is obtained is minimum six flow passages over the length of the car body. The total
time chosen was 15s which corresponds to roughly seven flow passages.

3.5 Acoustics solver
The solver is an in house code [23] in FORTRAN that gives the analytical solution of
the Curle equation and calculates pressure at a specified positions. The coordinates
of these are selected as shown in the figure 3.6. Here only one of the geometries are
shown. The same was done with the other two geometries. These pictures are an
exaggeration just to visibly present the orientation of the points with respect to the
body. In reality the points are much further away from the body.
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(a) Around (b) Front to Back

(c) Side to side in wake

Figure 3.6: Mic Positions

Figure 3.6a show the points around the body at same height of the body, 10m
away. Figure 3.6b show points from front to back and over the body at a distance of
10m. Finally figure 3.6c show points from side to side and over the wake of the car
at distance 1m from the rear of the body with a radius of 10m. Matlab was used to
make these coordinate points.

3.6 Postprocessing

The CFD simulations analysed using Ensight and the aeroacoustics data is analysed
using Matlab. The sources of sound is analysed by comparing near field pressure
fluctuations from the CFD simulation data to the far field propagation of sound.
The near field pressure is plotted from the CFD simulation at certain monitoring
points. Figure 3.7 shows an example of the way the monitor points were located
for the notch back. Similar to this the monitor point were placed in the other two
geometries.
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Figure 3.7: Monitor points for notch back

The pressure is plotted in the frequency domain for both near field and far
field. The dominating frequencies, i.e frequencies with the highest peak are then
checked. This helps identify the location of the sources for the sound. Codes for
calculating Sound Pressure Level(SPL) and Overall Sound Pressure Level (OASPL)
are given in the appendix.
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4
Results

Here the results obtained from the CFD simulation and aeroacoustic calculations
are presented.

4.1 Computational Fluid Dynamics
For each case the a Reynolds number of 10000 was chosen. Each body being of the
same height had the same inlet velocity of 0.508m/s. The simulation was carried out
for roughly 4 wind-tunnel flow passages to ensured the flow was averaged correctly.
The aver ageing was done for the last 2.5 flow passages. Each flow passage was
about 15.5 seconds.

4.1.1 Slant-back

(a) Y= 0.1m

(b) Y = 0.2m

Figure 4.1: View from top
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Figure 4.1 show flow average velocity streamlines for planes specified at dif-
ferent heights. Figure 4.1a is roughly at the middle of the height of the back portion
of the car. Symmetric circulations of the flow can be seen here. This is an indication
that the simulation has been averaged for sufficient time.

(a) Full

(b) Zoom to wake (c) Zoom to edge

Figure 4.2: Side view

Figure 4.2 show the average velocity stream line for a plane at the middle of
the car. On the top of car in figure 4.2a a recirculating bubble can be seen. This
represent flow that is separated and reattached. The wake is shown in figure 4.2b
where the flow recirculates along the back and the slant surfaces of the car. Zooming
into the edge between the back and the slant surface a counter rotating bubble can
be seen in figure 4.2c.

Figure 4.3 show flow average velocity for planes specified at different distance
along the length of the car. It can be seen how the flow moves along the length and
down the slope of the slant. The vortices on each side of the car become smaller as
it moves towards the end of the car. No prominent vortices can be seen on the slant
region. Figure 4.3a is closer to the front of the geometry while the rest are on the
slant.

Figure 4.4 shows the relative pressure at an instant for each view. Regions
where the flow reattaches is visible on the top and sides, closed to the front of the
body.
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(a) X = 0.2m (b) X =

(c) X = (d) X =

Figure 4.3: View from front/back

Figure 4.4: Instantaneous pressure
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4.1.2 Notch-back

(a) Y = 0.1m

(b) Y = 0.2m

(c) Y = 0.21m

(d) Y = 0.25m

Figure 4.5: Top view

Figure 4.5 show the flow averaged streamlines of velocity for planes specified at
different heights of the geometry. These are located at the middle of the back, just
bellow the deck, just above the deck and midway to the backlight respectively.
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(a) Around

(b) Front to Back (c) Side to side in wake

Figure 4.6: Side view

Figure 4.6 show the average velocity stream line for a plane at the middle
of the car. It can be seen than part of the flow recirculates along the back, the
deck and the backlight of the car. There is also two separate circulation of flow just
behind the back and above the deck which can be seen in figure 4.6b. Also a small
counter rotating vortex can be seen between the backlight and deck which is shown
in figure 4.6c.

Figure 4.7 show average velocity streamlines for different planes along differ-
ent positions along the length of the car. The vortices along the the bas of the car
seem to be of the same size as they move along the length of the car. There is vortex
formed at the end of the backlight which is shown in figure 4.7c. Figure 4.7a is in
close to the front of the car, while figures 4.7b, 4.7c and 4.7d are on the backlight,
between the backlight and deck, and on the deck of the car respectively.

Figure 4.8 shows the relative pressure at an instant for each view. As in the
previous before, regions where the flow reattaches is visible on the top and sides,
closed to the front of the body.
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(a) front (b) backlight

(c) between backlight and deck (d) Deck

Figure 4.7: Front/back view

Figure 4.8: Instantaneous pressure
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4.1.3 Square-back

Figure 4.9: Top view

Figure 4.10: Side view

(a) Front (b) Back

Figure 4.11: Front/back view

Figure 4.11a show the flow averaged velocity streamlines for a plane at a height of
0.15m. Symmetry in the flow is again visible here along with two separation bubbles
on either side of the body close to the front of the car. Figure 4.10 shows the same
for a plane at the middle of the body and figure 4.11 show the same for a plane in
the front and at the back of the car body.
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Figure 4.12: Instantaneous pressure

Figure 4.12 shows the relative pressure at an instant for each view as for the
previous two cases.Regions where the flow reattaches is visible on the top and sides,
closed to the front of the body which are similar to the other two bodies in figures
4.4 and 4.8.
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4.2 Aeroacoustics

4.2.1 Sound Pressure Level (SPL)
The SPL was calculated for all the points shown in Fig. 3.6.
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(a) Wake, 10m
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(b) Wake, 10m at angle with the ground
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(c) Wake, 10m above the ground
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(d) 10m directly above geometry

Frequency (Hz)
10 -1 10 0 10 1 10 2 10 3

S
P

L

-80

-60

-40

-20

0

20

40

Slant

Notch

Square

(e) Front, 10m with angle with ground

Figure 4.13: SPL for selected mic positions
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In Fig. 4.13 the slant, notch and square back geometries are represented by
blue, green and red lines respectively. Figure 4.13a is the SPL for a point located
10m directly behind the the body at the same height of the body. Figure 4.13b is
behind the body 10m away but an angle of 36◦ with respect to the ground. Figure
4.13c represents another point behind the body 1m away at a height of 10m. Figure
4.13d is a point 10m directly above the body and finally figure 4.13e is 10m away
at angle of 36◦ in front of the body.

4.2.2 Overall Sound Pressure Level (OASPL)
Instead of plotting and analysing the SPL for each point in Fig. 3.6, the overall
sound pressure level can be calculated. This is the summation of the sound levels
and shows the directivity of sound. Directivity is the measure of the directional
characteristic of a sound source. These are calculated for each position in the far-
field and plotted in a polar format.
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Figure 4.14: OASPL around the car

Figure 4.14 shows the OASPL for the points placed around the car as shown
in figure 3.6a with a radius of 10m. The slant, notch and square geometries are
represented with blue, green and red lines respectively. Here 0◦ is at the front of
the car and the view is as seen from top. Similarly figure 4.15 correspond to the
OSAPL measured from front to back as in figure 3.6b at a distance of 10m from the
body. 0◦ here is at the front of the body. Finally figure 4.16 corresponds to points
as shown in figure 3.6c with a radius of 10m. Here 0◦ is to the right, when facing
the front of the body.
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Figure 4.15: OASPL front to back
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Figure 4.16: OASPL side to side in wake
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5
Discussion

Here the results will be analysed and the differences will be discussed in flow and
noise calculations. Finally the near field flow data will be correlated to the far field
noise calculation.

5.1 Comparison of flow
The only difference in the shape of Ahmed bodies are the backs. This means that the
difference in the flow structures are purely to do with the difference in the geometry.
The flow is therefore the same in the front of the car an this is confirmed by figures
4.3a, 4.7a and 4.11a which of course is expected. This can also be observed from
the instantaneous pressure contours shown in figures 4.4, 4.8 and 4.12. Another
similarity in the flow can be seen at the back, which are the presence of vortices
close to the base, on either side of the body which are seen in figures 4.3 (b),(c),(d),
4.7(b),(c),(d) and 4.11 (b).

Figures 4.2, 4.6 and 4.10 show the flow recirculation in the wake of the car
body as seen from the side. The square back has a single large rotation pattern in
the wake which moves up the entire length of the back. The slant back has two
flow circulations. One large one where the flow move up the vertical back and slant
surface of the car. The second is the small counter rotating flow on the edge between
the vertical back and slant surface. The large recirculation pattern separates when
it moves up the back to the slant creating this second counter recirculating. The
notch back has four recirculation patterns. The first being the largest and similar
two the previous two case where the flow travels along the vertical back, deck and
backlight surface of the body. Two recirculation are resent inside this structure. One
which is behind the vertical back and the other above the deck. A small counter
recirculation is seen at the edge between the deck and the backlight surfaces.

Figures 4.1, 4.5 and 4.9 show the flow pattern from the top view. It can be
seen in the figures 4.1a and 4.9 for the slant and square back bodies respectively
that the flow is similar behind the vertical back surface. However for the notch
back in figure 4.5a the flow behind the vertical surface is quite different. There is a
presence of more than one vortex on either side of the body. Comparing the flow for
the slant and notch back over the slant surfaces in figures 4.1b and 4.5(c), (d) there
are prominent recirculation patterns in the notch back while there are none in the
slant back. The same can be seen from the rear views from figures 4.3c and 4.7c

This implied that the the flow in the notch back is more complicated than
the other two cases. The presence of these vortices shown in the wake of the notch
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back would contribute to more pressure fluctuations on the surface of the deck and
backlight of the notch-back.

5.2 Comparison of Noise
From figure 4.13 for each point the low frequencies are similar for each geometry,
but based on the location of the point the higher frequencies vary. For a point in
directly behind the car as in figure 4.13a the sound level for the square back is higher
than that for the notch and slant back. This is because the vertical back surface of
the square back is larger and hence contributes to a higher sound level. Similarly if
we look at a point at behind the car at an angle of 36◦ with respect to the ground
(along the length of the car) as in figure 4.13b, the sound levels are higher for the
notch and slant back compared to the square back. Following the same reasoning
the for a point in front of the car at an angle of 36◦ should in principle have similar
sound levels. This is seen in figure 4.13e.

It is clear that the sound levels measured depend highly where the points
are placed with respect to the car. This can also be seen from the overall sound
pressure level plots. Figure 4.14 shows higher sound levels for the slant and square
back on either side of the body than the notch back. That is because there is more
surface area for slant and square back that contributes to sound level. There is an
asymmetry in this figure. The reason for this is that the time for which the pressure
were measured was not long enough. So the contribution for large scale eddies is
missing. It can be seen that the overall noise levels for notch and slant back are
higher in figures 4.15 and 4.16 compared to the the square back.

5.3 Identifying sources
The sources for the sounds can be identified by plotting the pressure fluctuations
in the near field from the CFD simulation and comparing those to the pressure
fluctuations in the far field calculated from the aeroacoustic solver.

5.3.1 Slant-back
For points in the far field above the car, the largest peak frequency observed is
0.2001 Hz. A monitoring point specified on top of the car also shows a peak at 0.2
Hz. This is shown in figure 5.1.
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Figure 5.1: Pressure in spectra on top of body

The reason for this strong peak is the separation bubble on top of the car.
The flow separated from the front and reattaches on the top interacting with the
surface of the car.

In the far field, for a microphone located behind the car, a secondary peak
frequency is found with 0.3335 Hz. This can be seen in figure 5.2.
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Figure 5.2: Far field noise, wake

A frequency of 0.3655 Hz and 0.3845 Hz where found for monitoring points
located slightly above the surface in the slant region but on either side of the body,
close the the edge. These two are shown in figure 5.3
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Figure 5.3: Near field on top of slant region

Also a frequency of 0.3364 Hz were found for points located in the wake.
Figure 5.4 shows the near field pressure from CFD for three points located in the
wake. This is the vortex shedding frequency. This suggests that the vortex shedding
is a source for sound.
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Figure 5.4: Near field in wake
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Finally a small notable peak of 0.5336 Hz was found for a microphone located
in the wake but 10m above the ground in the far field. A frequency of 0.5527 Hz
was found from the near field data for a point on the slant of the car. These are
shown in figure 5.5.
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Figure 5.5: Pressure in spectra

5.3.2 Notch-back

For microphone points above the car a frequency of 0.1334 Hz is observed. Moni-
toring points on the top of the car show a frequency of 0.1194 Hz.
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Figure 5.6: Pressure in spectra

In the far field above the car body a second peak is observed with a frequency
of 0.333 Hz. Figure 5.7 shows this peak.

37



5. Discussion

10 -1 10 0 10 1 10 2 10 3

Frequency (Hz)

0

0.5

1

1.5

2

2.5

P
re

s
s
u

re
 (

P
a

)

×10 -6

X: 0.3335

Y: 6.065e-07

Figure 5.7: Far field noise, top

Also a secondary frequency of 0.466 Hz is observed in the far field noise for
microphones located above the rear end of the car which is not present in the front.
This can be seen in figure 5.8
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Figure 5.8: Far field noise, wake

A frequency of 0.3598 Hz and 0.4797 Hz is observed at the deck which can
be seen in figure 5.9
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Figure 5.9: Pressure in spectra on deck

A frequency of 0.4497 Hz in the wake from the near field data.
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Figure 5.10: Pressure in spectra

It is important to note that the near field measurements are single points in
the flow field but the far field noise data are measured from the overall contribution of
pressure fluctuations from the surface of the body. Therefore the peak frequencies
that correlate do not imply that that the near field measurement are the point
sources for the sound. They identify the region of the sources of sound. This
explains why there is a slight difference in the numeric value of the peak frequencies
from near field and far field data.
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6
Conclusion

To summarise the work, a hybrid computational aeroacoustic approach was used
to analyse sound generated from the wake of the car using three different Ahmed
bodies. The method involved using AVL Fire for the Large Eddy Simulations, which
was the first step. The aeroacoustics problem was solved using the Curle method
implemented in the in-house code [23]. The Curle equation was solved analytically
using the pressure measured at the surface of the car body. This along with the
surface normal and coordinates of the cell were imported from the CFD simulation.

Few assumptions were made and these were
• Ignoring the Lighthill Tensor: this term in the acoustic analogy equation ac-

counts for the sound sources found in the volume of the turbulence. The Curle
equation involves these sources and the the sources due to the interaction of
the fluid with a solid surface. Since the volume source terms are scaled with
u2M2, their effects are neglected in the present study, in which M is the Mach
number. The velocity is extremely low the Lighthill tensor can be ignored;
u2M2 is of the order 10−7.

• Incompressibility: For low Mach number flows the flow can be considered as
incompressible. However for sound propagation, the air must be compressible.
However since we use the Curle acoustic analogy and only require pressure
fluctuations the flow can be considered incompressible.

Some conclusions can be drawn from the results.
• From the CFD simulation the difference can be clearly seen in the wake region.

Since the Curle method uses only pressure fluctuations on the surface of the
geometry it would be expected that than the Notch back would generate more
sound from the separation.

• Although the velocity is low there are clear differences observed in the noise
generated. These are observed in the OASPL plots. The differences in the
noise levels depend on where they are measure with respect to the car. Per-
pendicular distance to the surface of measurement show theses differences.

• Depending on the location of the observer, the noise levels would vary. There-
fore it is can be said which geometry produces the most noise.

• There is more noise generated from the front of the car than the wake.
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6. Conclusion

• The OASPL of the square back is asymmetric. This is due to the length of
the data used for the calculation. The contribution of the low frequency need
to be accounted. Using the data measured for a longer time shows a more
symmetric OASPL.

• The sources of sound can be identified by comparing the spectra of pressure in
the near field from the CFD simulations to the far field from the aeroacoustic
solution. This gives an idea as to the general region where the source of sound
exists.

• As expected the noise generated is not audible to the human ear. But this
study is for developing a method for solving the problem and is a basis for
future studies.

Future work
• Validating the CFD simulation to experimental data. If the CFD simulations

can be validated the aeroacoustic data is also accurate. The aeroacoustic
analogy is solved analytically and hence is accurate if the CFD simulation is
accurate.

• Using a higher Reynolds number for a single geometry to see how the turbulent
structures change and quantifying the increase in noise level.

• Checking for mesh independence and using a different mesh size for aeroacous-
tics and CFD to reduce size of data required to be exported.

• Using different turbulence models and comparing them to LES simulation.

• Using a more realistic vehicle geometry.
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A
Appendix

Matlab code for SPL and OASPL calculation
%% Postprocessing of Aeroacoustic data for three geometries Front to back
clear all
close all
clc

%% SPL calculation
dt = 0.001; %time step
Fs = 1/dt; %sampling frequency
P_ref = 0.00002; %reference pressure

load OBS_s_fb.dat %load data for three geometries
load OBS_n_fb.dat
load OBS_b_fb.dat

Ps = OBS_s_fb(:,2);
n = 11; % number of points specified
ls = length(Ps)/n;

Pss = reshape(Ps,[ls,n]);
ts = OBS_s_fb(1:ls,1); %time
Ls = length(Pss);
fs = Fs*(0:(Ls/2))/Ls; %frequency domain
Lfs = length(fs);
dfs = fs(2);

Pn = OBS_n_fb(:,2);
ln = length(Pn)/n;
Pnn = reshape(Pn,[ln,n]);
tn = OBS_n_fb(1:ln,1);
Ln = length(Pnn);
fn = Fs*(0:(Ln/2))/Ln;
Lfn = length(fn);
dfn = fn(2);
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Pb = OBS_b_fb(:,2);
lb = length(Pb)/n;
Pbb = reshape(Pb,[lb,n]);
tb = OBS_b_fb(1:lb,1);
Lb = length(Pbb);
fb = Fs*(0:(Lb/2))/Lb;
Lfb = length(fb);
dfb = fb(2);

for i=1:n
Psmean(i) = mean(Pss(:,i));
Pnmean(i) = mean(Pnn(:,i));
Pbmean(i) = mean(Pbb(:,i));

Ps1 = Pss(:,i)-Psmean(i);
Pn1 = Pnn(:,i)-Pnmean(i);
Pb1 = Pbb(:,i)-Pbmean(i);

Ys = fft(Ps1);
Yn = fft(Pn1);
Yb = fft(Pb1);

Pyys = Ys.*conj(Ys);
Pyyn = Yn.*conj(Yn);
Pyyb = Yb.*conj(Yb);

spls= 10*log10(Pyys(1:(Lfs))/(P_ref*P_ref)); %SPL
spln= 10*log10(Pyyn(1:(Lfn))/(P_ref*P_ref));
splb= 10*log10(Pyyb(1:(Lfb))/(P_ref*P_ref));

figure(i) %plot SPL
semilogx(fs,spls,’LineWidth’,1)
hold on
semilogx(fn,spln,’g’,’LineWidth’,1)
semilogx(fb,splb,’r’,’LineWidth’,1)
grid on
xlim([0 1000 ])
%title(’Sound Pressure Level (SPL)’)
xlabel(’Frequency (Hz)’)
ylabel(’SPL’)
legend(’Slant’,’Notch’,’Square’)

Is(i) = 2*dfs*sum(Pyys);
In(i) = 2*dfn*sum(Pyyn);
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Ib(i) = 2*dfb*sum(Pyyb);
end

beta=0: pi/10 : pi;
OASPL_s = 10*log10(Is/(P_ref*P_ref)); %OASPL
OASPL_n = 10*log10(In/(P_ref*P_ref));
OASPL_b = 10*log10(Ib/(P_ref*P_ref));

figure(24)
polar(beta,OASPL_s,’*-’)
hold on
polar(beta,OASPL_n,’g*-’)
polar(beta,OASPL_b,’r*-’)
grid on
%title(’OASPL Front to Back’)
%xlabel(’Frequency (Hz)’)
%ylabel(’Pressure (Pa)’)
legend(’Slant’,’Notch’,’Square’)
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