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Summary

The amount of air traffic is increasing and cities become more and more populated. Since airports tend
to be located close to or inside cities, an increasing amount of people suffer from aircraft noise pollution.
More silent aircraft are needed to be able to reduce this noise pollution. One way to reduce the aircraft
noise is through engine noise shielding. To be able to shield the aircraft engine noise efficiently, a noise
shielding assessment tool is required. In this thesis project, such a tool is developed for conventional
tube with wing aircraft. This tool needs to have low computational cost while the accuracy should be
sufficient for the preliminary design.
Firstly it is necessary to look at the available noise shielding calculation methods. The most accurate
methods are the the boundary element method and the ray tracing method. The computational cost
of these methods are however too high to use them in the design loop. The computational time of the
equivalent source method is slightly lower than that of the boundary element method. This comes with
the penalty of reduced accuracy. The optimal positions and number of equivalent sources is difficult to
find which makes this method difficult to use for various aircraft configurations. The computational cost
of the barrier shielding method is the least expensive but it can only solve for plane screen problems.
The Kirchhoff diffraction method can solve more complex shape outlines than the barrier shielding
method but, as well as the barrier shielding method, it only captures sharp edge diffracted rays.
To create a fast and accurate noise prediction tool, the aircraft’s fuselage is modeled as a cylinder and
the wings as two planar surfaces. The engine is represented by a monopole sound source. The most
suitable noise shielding calculation methods are found to be the barrier shielding method for the wings
and the analytic solution of a cylinder for the fuselage. The analytic solution is used to increase the
accuracy of the barrier shielding method. This is done by including the creeping rays at the fuselage.
Because the barrier shielding method is developed for a half-finite barrier, it has to be modified for
finite barriers. This is done in the same way as used in the NASA Aircraft Noise Prediction Program. For
the analytic solution of the cylinder, the scattered and incident acoustic pressure need to be defined.
Here, a derivation for a line source is used. This is a valid assumption since to determine the noise
shielding, the relative pressure is needed. It is however important that the sound waves are cylindrical
in the two dimensional plane.
The two methods are then added together and compared with the results of an aircraft with a plane
fuselage. When adding the two methods together, the rays that are diffracted by the fuselage and
then by the wing also need to be taken into account. This is done by including the part of the fuselage
located in the center of the wings in the wing shielding calculation. Because the attenuation of the
fuselage is not provided by the wings, next, the attenuation of that part of the fuselage is subtracted
from the total result. Finally, the attenuation of the cylinder, obtained with the analytic solution, is
added. This results in a smooth noise shielding transition between the wings and the fuselage which
indicates that the double shielded rays are indeed taken into account.
The wing shielding assessment tool is validated against results obtained with the Kirchhoff theory of
diffraction. First, the Kirchhoff diffraction theory is compared with the aircraft noise shielding calculated
with the barrier shielding method. It is concluded that the modification to the barrier shielding for finite
shapes overestimates the region of highest shielding of the wing. In addition, the horizontal plane is
not a good representation of the fuselage if the source is not centered right above the fuselage plane.
It tends to underestimate the noise attenuation.
When the fuselage is substituted by the cylinder. The fuselage has higher shielding compared to the
Kirchhoff theory of diffraction. This is caused by the creeping rays. The analytic solution includes
creeping rays. The creeping rays continuously sheds rays as it travels around the surface reducing
the strength of the ray. The reduction in sound ray strength results in higher shielding. This effect is
amplified by increasing the frequency.
The noise shielding prediction tool developed in this thesis project has shown to be able to determine
the noise attenuation by a point source of different aircraft configurations with low computational cost.
The addition of the analytic results of the cylinder to the barrier shielding method has increased the
accuracy by including the creeping rays.
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1
Introduction

The amount of air traffic is increasing. As, cities become even more populated. Since airports tend to
be located close to or inside cities, an increasing amount of people suffer from aircraft noise pollution.
This has already resulted in air traffic restrictions. To be able to accommodate the need for air traffic
and the noise pollution restrictions, more silent aircraft are needed.

There are different methods to reduce aircraft noise. For example designing engines that produce
less noise. Also a redesign of the high lift devices to reduce the noise which they create, especially
at take-off and approach conditions. Another method to reduce the noise created by an aircraft is
blocking the noise propagation with elements of the aircraft itself. For example, block the engine noise
with the aid of a wing. This method is called noise shielding. Aircraft noise shielding is the reduction
of noise by blocking it by the aircraft geometry. A noise shielding example is given in Figure 1.1.

Figure 1.1: ᎕ (polar) - Ꭻ (azimuth) noise hemispheres of shielding effect off different engine positions with f = 5000 Hz. D
is the fan nozzle exit diameter and x the axial distance from the fan nozzle exit plane to the trailing edge of the hybrid wing
body. Positive x means that the fan nozzle exit plane is located upstream of the HWB trailing edge. CJES stands for Compact Jet
Engine Simulators. Figure A is the un-shieldied noise contour (x/D = -0.5), B the shielded noise contour (x/D = 2.5) C shows
the microphone locations and D an example of the 3D noise contour [1].
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2 1. Introduction

In Figure 1.1, the shielding effect of placing the engines more to the center of the fuselage is exam-
ined. The shielding is obtained experimentally over an azimuth angle of 180 [deg]. In the experiment,
the jet noise is simulated by so called Compact Jet Engine Simulators (CJES). Each dot in Figure 1.1
C represents a microphone. With interpolation, the result between the microphones is obtained. The
results are than converted to a noise hemisphere as shown in Figure D. Figure C and D are example
noise contours which are given to make clear what the observer locations are. For clarity, the shielding
contour plots are projected on a two-dimensional plane in plot A and B. In case A, where the engines
are un-shielded, the sound pressure levels are higher. When the engines are shielded by the fuselage,
as is the case for Figure 1.1 B, the sound pressure level is lower. This is the case because the fuselage
blocks the noise coming from the engine.

To be able to (re)design an aircraft configuration for optimum noise shielding, a noise shielding
assessment tool is needed. This tool must have the capabilities to predict the noise created by existing
and new concept aircraft configurations. With assessing the amount of sound attenuation due to
shielding, one can assess which aircraft configuration will result in the least amount of noise pollution.
The main goal of this thesis project is to develop a fast prediction tool to asses where noise shielding
is effective such that it can be used in the design loop.

1.1. Prior Work
One of the most basic methods to assess noise shielding is the barrier shielding method. The barrier
shielding method predicts the noise shielding of screens as is explained in section 2.1. This method
basically provides the shielding amount of a screen for each location after the screen. This method is
based on empirical results and is designed to obtain the noise shielding of rigid barrier screens [2–4].
The wing shielding of the NASA Aircraft Noise Prediction program is based on the barrier shielding
method [5].

NASA has also started the Environmentally Responsible Aviation Project. The aim of this project is
to develop technology to reduce the produced aircraft noise with 42 [dB], the NOx emission with 75 [%]
and the fuel burn with 50 [%] compared to conventional aircraft, before 2020. These requirements are
called the N+2 requirements [6]. A key element to reach the N+2 requirements is the hybrid wing body
aircraft noise shielding. Therefore, aircraft noise shielding needs to be assessed. In [6], this is done
with the Kirchhoff theory of diffraction. The Kirchhoff diffraction theory is a high frequency diffraction
approximation of a spherical sound source diffracting through an aperture as is explained in section 2.2.

Noise shielding calculation methods tend to be computationally expensive. To reduce the compu-
tational cost, NASA has developed the fast scattering code [7–9]. The fast scattering code basically
speeds up the calculations done for the equivalent source method. The equivalent source method
makes use of fictive sources to represent the shielding object. This is explained in section 2.6.

The Cambridge-MIT institute funded a project called ”The Silent Aircraft Airframe” [10]. In this
project, the boundary element method is used for low frequency noise shielding in [10] and the ray
tracing method is used in [11]. The boundary element method and the ray tracing method are ex-
plained in section 2.3 and section 2.4 respectively. These two methods are complex and have a high
computational cost. The ray tracing method is also used by DLR to create a tool for the noise assess-
ment of different aircraft configurations [12]. In [10], ray tracing is used to asses the acoustic shielding
of a hybrid wing body aircraft. It was shown that the ray tracing shielding results compared well with
experimental results.

Currently, there are different noise shielding prediction tools available. The available prediction
tools lack in aspects of computational time and or accuracy. Therefore, a noise shielding prediction
program that can give a good indication of the noise attenuation at low computational costs has been
developed in this thesis project. It is important for the assessment tool that the computational time is
low while keeping a sufficient amount of accuracy such that it can be used in the design loop. Since
noise shielding becomes more significant for high frequencies, the method should perform well in the
high frequency region.
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1.2. Project Build up
Firstly it is important to look at the different available noise shielding calculation methods. In chapter 2,
the barrier shielding method, the Kirchhoff theory of diffraction, the boundary element method, the
fast multipole method and the ray tracing method are briefly discussed which leads to a trade-off. In
conclusion of this trade-off it has been decided to use a combination of two separate methods. The
barrier shielding method for the wings and the analytic solution of a cylinder for the fuselage.

The barrier shielding method is computationally fast, but less accurate for round shapes. This in-
accuracy is overcome by using the analytic solution of a cylinder for the fuselage. The latter is done
in order to take the so-called creeping rays into account. These are sound rays that partially follow
the contour of the shielding object. The separate noise shielding calculation methods are discussed in
detail in chapter 3 and chapter 4.

Next, these methods are combined in chapter 5. To the best of the authors knowledge, this has not
been done before. Since the method to determine the noise shielding is determined, a noise shielding
prediction tool needs to be created. In chapter 6, the implementation of the method into the noise
shielding assessment tool is discussed. The noise shielding prediction tool is then validated against the
Kirchhoff theory of diffraction in chapter 7.

Finally, it is concluded that the noise shielding prediction program gives a good indication of the
noise shielding at low computational cost in chapter 9. Recommendations towards future work are also
stated in chapter 9.





2
Noise Shielding Calculation Methods

In this chapter, the different methods to model aircraft noise shielding will be discussed. After the
analysis of the different methods, a trade-off is made. The noise shielding modeling method that is
chosen in the trade-off will be used in the noise shielding model. The noise shielding modeling methods
to be discussed are:

• The barrier shielding method

• The Kirchhoff theory of diffraction

• The boundary element method

• The fast multipole method

• The ray tracing method

• The equivalent source method

• The combination of the barrier shielding method with analytic solution of a cylinder

To be able to make this trade-off in section 2.7, each method will be discussed in its own respective
section. The advantages and disadvantages are listed and a short explanation on how they work is
given.

2.1. Barrier Shielding Method
The diffraction of the sound by a half finite barrier can be assessed with the barrier shielding method.
Maekawa [2, 3] has measured the sound pressure levels at many points in the shadow zone for different
geometries, frequencies and locations. The shadow zone is the region where the direct sound ray
cannot penetrate.
An important parameter for determining the shielding is the Fresnel Number. This parameter is denoted
by 𝑁 in Equation 2.1 [3, 4].

𝑁 = 2
𝜆𝛿

{𝑁 < 0 Observer in bright zone
𝑁 > 0 Observer in geometrical shadow zone

(2.1)

With 𝜆 the wavelength of sound. 𝛿 is the path difference from the source to the observer with and
without the screen as shown in Figure 2.1.

5



6 2. Noise Shielding Calculation Methods

Figure 2.1: Schematic view of the path difference ᎑ ዆ ±(|ፀ| ዄ |ፁ|ዅ |፝|). Where d is the direct sound ray, A and B the diffracted
sound ray, I the intersection point of the direct sound ray with the barrier. ፡ᑖᑗᑗ is the effective height of the barrier.

The Fresnel number shown in Equation 2.1 changes sign because of the way the path length dif-
ference is defined. The path length difference is defined positive if the effective height of the barrier
is positive and negative if the effective height is negative. This is shown in Figure 2.1. The effective
height is defined negative if the barrier is lower than the line of sight.

The path difference is applicable to different geometries other than screens as can be seen in
Figure 2.2.

Figure 2.2: Examples of different barriers for which ᎑ holds. S is the source, P the observer [3]

In the barrier shielding method, it is assumed that the diffracting edge is a knife edge, i.e. very
thin barrier. When the thickness of the screen is smaller than the wavelength, this assumption is valid
[2]. For the analysis of the wing, this is assumed to be the case.
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Maekawa has plotted the experimentally obtained sound attenuation against the Fresnel number
denoted in Equation 2.1. The results are fitted by the straight line in Figure 2.3.

Figure 2.3: Attenuation of sound by a semi-infinite screen versus Fresnel zone number N [3].

Equation 2.2 provides the expression corresponding to the fit [4, 5].

𝐴፭፭(𝑓።) =
⎧⎪
⎨⎪⎩

20 log √ኼ᎝ፍ
ዸዥዲዬ√ኼ᎝ፍ

+ 5.0 for 𝑁 ≥ 0
20 log √ኼ᎝|ፍ|

ዸዥዲ√ኼ᎝|ፍ|
+ 5.0 for − 0.2 ≤ 𝑁 < 0

0 for 𝑁 < −0.2
(2.2)

This means that once the Fresnel number is known, the sound attenuation of a barrier can be
calculated. The advantage of the barrier shielding method is that it is computationally inexpensive
[13]. However, it can only be used for sharp edge diffraction from planar shielding objects. It has to
be noted that ground reflection is not taken into account. This is done to focus on the shielding ef-
fects and it is assumed that the distance to the ground is sufficient enough to neglect ground reflection.

2.2. Kirchhoff Theory off Diffraction
The Kirchhoff diffraction method is used to solve a contour integral. The contour is taken around the
line separating the illuminated side from the shadow side of the shielding object. Once this separating
line is known, the shielding object can be treated as a screen with an aperture. Babinet’s principle
states that the sum of the diffracted pressures of the screen with an aperture and a screen with the
form of the aperture result in the incident field, i.e. the scattering of two complementary shapes create
the incident field as shown in Figure 2.4.
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Figure 2.4: Sketch of Babinet’s Principle [13]

This means that if one subtracts the acoustic pressure from the noise screen with the aperture from
the incident sound pressure, the resulting pressure will be that of the shielding object. [6, 14]. This is
shown in Equation 2.3.

𝑝፬፜,ፎ = 𝑝።፧፜ − 𝑝፬፜,ፒᑒᑡ (2.3)

Here, 𝑝፬፜,ፎ is the acoustic pressure scattered by the obstacle. 𝑝፬፜,ፒᑒᑡ is the acoustic pressure
scattered by aperture. 𝑝።፧፜ is the un-scattered acoustic pressure of the free-field obtained by ፞ᑚᑜᑕ

፝ ,
where 𝑘 is the wave number and 𝑑 the distance between the source and receiver. It is clear that the
edge of the aperture has to be chosen to lie on the border of the shielding object.
The noise attenuation can then be determined by:

𝐴፭፭ = −20 log |
𝑝።፧፜ + 𝑝፬፜,ፎ

𝑝።፧፜
| (2.4)

Where (𝑝።፧፜ +𝑝፬፜,ፎ) is the total acoustic pressure with the scattering object present and 𝑝።፧፜ is the
incident acoustic pressure without scattering. The Kirchhoff diffraction theory is in fact a high frequency
diffraction approximation of a spherical sound wave diffracting through an aperture as sketched in
Figure 2.5.

Figure 2.5: Sketch of the geometry used to derive the Kirchhoff diffraction integral [6]

The Kirchhoff diffraction integral is given in Equation 2.5 [14].

𝑝፬፜,ፒᑒᑡ (𝑑) =
1
4𝜋 ∫∫ፒᑒᑡ

[𝑒
።፤ፁ

𝐵
𝜕
𝜕𝑛 (

𝑒።፤ፀ
𝐴 ) − 𝑒

።፤ፀ

𝐴
𝜕
𝜕𝑛 (

𝑒።፤ፁ
𝐵 )] 𝑑𝑆 (2.5)

Where the scattered field through the aperture at 𝑑 is represented by 𝑝፬፜,ፒᑒᑡ (𝑑). 𝑑 is the vector
from the source to the observer location. 𝑆ፚ፩ is the control surface as shown in Figure 2.5, 𝑛 is the
direction normal to the control surface. 𝐴 is the distance from the noise source to the aperture and
𝐵 is the distance from the observer as shown in Figure 2.5. 𝑘 is the wave number and 𝑑𝑆 indicates a
surface integral.
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Equation 2.5 is obtained by applying the following assumptions to the Green’s theorem solution of
the Helmholtz equation. The surface acoustic pressure on the back side of the shielding screen is as-
sumed to be zero. The acoustic pressure in the aperture region can assumed to be the free field [6, 14].

The surface integral of Equation 2.5 is transformed into a contour integral to reduce computational
costs. This reduces computational costs since the contour integral can be solved by one-dimensional
numerical integration. The transformation obtained with the Maggi-Rubinowicz transformation is shown
in Equation 2.6. [6, 14, 15]

𝑝፬፜,ፒᑒᑡ (𝑑) =
1
4𝜋 ∮Ꭷፒᑒᑡ

𝑒።፤ፀ
𝐴
𝑒።፤ፁ
𝐵
(𝐴 × 𝐵⃗) ⋅ 𝑑𝑠
𝐴𝐵 + 𝐴 ⋅ 𝐵⃗

+ 𝜒𝑒
።፤፝

𝑑 (2.6)

The integration contour 𝜕𝑆ፚ፩ is defined by the edge of the aperture. The variable 𝜒 is 1 if the
integration contour 𝜕𝑆ፚ፩ is enclosed by 𝑑 and 0 otherwise. 𝐴 is the distance from the noise source to
the aperture and 𝐵 is the distance from the observer as shown in Figure 2.5. 𝐴 is the vector from the
noise source to the aperture and 𝐵⃗ the vector from the observer to the aperture.

The assumptions made to derive the Kirchhoff diffraction integral imply that this method does cap-
ture the edge diffracted rays, but not the creeping rays (see Figure 2.9) [6]. This implies that this
method is not accurate for smooth objects. In addition, this method is only developed for monopole
sources [6].

This method can be used as long as the border of the shielding geometry is defined. It is faster than
the boundary element method and still accurate at high frequencies. It can also solve more complex
geometries than the barrier shielding method, which is only useful for rectangular shields [6].

2.3. Boundary Element Method
The boundary element method is used in the shielding prediction tool BEMPAR, developed by DLR
[16]. It is more accurate than the barrier shielding method, Kirchhoff theory of diffraction and ray
tracing method at any source frequency [13], however it gets more computationally demanding as the
frequency increases [10].

In the boundary element method, a finite element method discretization is applied to a boundary
integral equation of a certain problem [17]. This boundary integral equation consists of two integrals.
The first integral equation is defined on the boundary of the domain of interest. The second integral
relates this boundary solution to the solution at points in the domain [18]. This build up is called a
boundary integral equation. The boundary of the problem is discretized instead of the whole field of
interest as is the case for the finite element method [19]. For scattering models, this means that the
equation governing the infinite domain is reduced to an equation over the finite boundary [18]. This
makes it possible to calculate complex shielding geometries.

The aim of the boundary element method is to substitute the partial differential equation of the
domain by an equation that only embodies the boundary [18]. For example, an integral of the form
shown in Equation 2.7 can be used instead of the Laplace equation ∇ኼ𝜑(𝑝) = 0 for the domain 𝐷
bounded by surface 𝑆 as shown in Figure 2.6 [18].

∫
ፒ

𝜕𝐺 (𝑃, 𝑄)
𝜕𝑛ፐ

𝜑 (𝑄) 𝑑𝑆ፐ +
1
2𝜑 (𝑄) = ∫ፒ

𝐺(𝑃, 𝑄) 𝜕𝜑𝜕𝑛ፐ
𝑑𝑆ፐ (2.7)
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Figure 2.6: Schematic view of the domain ፃ and boundary ፒ [18].

The acoustic potential is represented by 𝜑. The 𝑒።Ꭶ፭ time dependence convention has been used,
with 𝜔 the angular frequency. 𝑑𝑆ፐ indicates that the surface integral is executed with respect to the
variable 𝑄. The integrand is dependent on both variables 𝑃 and 𝑄. However the integration completed
is fixed in relation to 𝑃.

It has to be noted that Equation 2.7 relates the potential and its derivatives only with respect to
the boundary. Equation 2.7 is used to determine the unknown boundary functions from the given
boundary data [17, 18].

The Green’s function 𝐺(𝑃, 𝑄) represents the effect of point location 𝑃 of a unit source at the point
𝑄 and Ꭷ

Ꭷ፧ᑈ is the partial derivative with respect to the unit outward normal at the point 𝑄 on the
boundary. The Green’s function, denoted as 𝐺, for two and three dimensions are given in Equation 2.8
and Equation 2.9 respectively [17, 20].

𝐺(𝑃, 𝑄) = − 14𝑖 (𝐻
ኻ
ኺ(𝑘𝑑)) 𝑃, 𝑄 ∈ ℝኼ (2.8)

𝐺(𝑃, 𝑄) = −𝑒
።፤፝

4𝜋𝑑 𝑃, 𝑄 ∈ ℝኽ (2.9)

Here, 𝑑 =∥ 𝑃 − 𝑄 ∥, 𝑘 is the wave number and 𝑖 = √−1. 𝐻ኻኺ is the Hankel function of the first kind
and order zero.

To be able to solve the integral Equation 2.7 numerically, the boundary of the problem is divided in a
set of panels or straight lines for the two dimensional case as shown in Figure 2.7. Now, the boundary
functions can be represented by a characteristic form in each panel. This makes it possible to make a
linear system of equations from the boundary integral equations [18].

Figure 2.7: Schematic view of the descritization of the boundary S of the domain D [18].
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Numerical solvers are available based on the boundary element method for the Helmholtz and the
Laplace equation. The acoustic potential can be calculated with the Helmholtz equation and the acous-
tic pressure field with the Laplace equation independently [10].

The boundary element method is capable of dealing with complex sources [21]. This technique
permits the precise evaluation of the diffracted pressure field by barriers [20]. Since the matrix size
depends on the size of the shielding object, the computation can become expensive [13].
The representation of the Helmholtz equation by an integral over the outer boundary can also be solved
with equivalent sources [13]. The boundary edges are then represented by a set of equivalent sources.
This reduces the boundary integral to a numerical solvable set of linear equations. This will be dis-
cussed in section 2.6.

From the boundary element method, the fast multipole method is created. It is developed to lower
the computational time of the standard boundary element method [22]. This is done by accelerating
the matrix vector products arising from the Helmholtz and Laplace BEM equations [23]. However, this
is out of the scope of this project.

2.4. Ray Tracing Method
In the ray tracing method each sound ray of interest is traced. Only the ray that reaches the receiver
has to be further processed. The field of acoustic rays only needs to be calculated once for multiple
frequencies, so there is no penalty for higher frequencies. The ray tracing method is not memory
intensive and is amenable to a parallel implementation. It also provides visualization for sound rays at
any location [11, 24] and it is accurate for scattering problems [13].

Complex sound sources are difficult to handle [21]. Therefore, ray tracing is generally used for
monopole noise sources. On top of that, since the path of each ray has to be evaluated, ray tracing is
computationally expensive [13]. However, only the rays of interest have to be evaluated.
This method is used by DLR to create a tool for the noise assessment of aircraft configurations [12].
In [10], ray tracing is used to asses the acoustic shielding of a hybrid wing body aircraft. It was found
that the ray tracing results compared well with experiments. The sound rays are divided into a direct
field, a sharp edge diffracted field and a creeping field as discussed in the following paragraphs.

2.4.1. Direct Field
When the velocity is zero and the medium is homogeneous, the individual sound rays are straight
lines. Consider an arbitrary ray field as depicted in Figure 2.8, where the sound rays propagate in two
perpendicular planes with different caustic locations. The caustic is the location to which all the sound
rays are tangent.

Figure 2.8: Sketch of the incident ray field and the principle radii ᎞Ꮃ and ᎞Ꮄ. ፏ is the reference point and ፐ the point of interest.
፬ is the distance between ፏ and ፐ [25].
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The area ratio of the wavefront sections is then denoted by Equation 2.10 [26].

𝜌ኻ𝜌ኼ
(𝜌ኻ + 𝑠)(𝜌ኼ + 𝑠)

(2.10)

Where 𝜌ኻ and 𝜌ኼ are the principle radii of curvature of the wave front of a tube of rays through the
point 𝑃. If the sound pressure field at 𝑃 is known, the sound pressure field at the observer location 𝑄
can be determined. This field is denoted by 𝑝(𝑄) in Equation 2.11 [11].

𝑝 (𝑄) = 𝑝 (𝑃) [ 𝜌ኻ𝜌ኼ
(𝜌ኻ + 𝑠) (𝜌ኼ + 𝑠)

]
ኻ/ኼ
𝑒ዅ።፤፬ (2.11)

The time dependence is 𝑒።Ꭶ፭ and the wave number 𝑘 = Ꭶ
፜ . The distance the ray travels between 𝑃

and 𝑄 is denoted by 𝑠. 𝑝(𝑃) is the total sound pressure field at point 𝑃. 𝑃 is a point along the sound ray
where the pressure field needs to be known. In most cases, this will be the location of the sound source.

If 𝑠 is large and the principle radii of curvature are finite, the sound pressure field decreases with
ኻ
፬ . This represents a spherical wave. If one of the radii of curvature is infinite one gets a cylindrical
wave. If both radii are infinite the plane wave is obtained.

2.4.2. Sharp Edge-Diffracted Field
On the edges of the barrier, multiple diffractions can occur. Such as creeping rays for round edges
and edge diffracted rays for sharp edges. This can be seen in Figure 2.9. According to [10], if the
wavelength is large compared to the radius of curvature of the edge then the edge will behave as a
sharp edge.

Figure 2.9: Sketch of edge diffraction versus creeping ray [27]

Fermat’s principle of edge diffraction states that the edge diffracted ray path from a source at 𝑃
towards the point of interest 𝑄 has a stationary length of the path from 𝑃 to 𝑄. i.e. the ray will follow
the path that takes the least amount of time. As a consequence for a homogeneous medium, the
incident and diffracted rays make equal angles with the edge at the diffraction point 𝑄፞, denoted by 𝜃ኺ
in Figure 2.10, and lie on opposite sides of the plane normal to the edge [11]. This results in a cone
of possible diffracted rays shown in Figure 2.10 [11].
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Figure 2.10: Sketch of sharp edge diffraction into a cone of rays with ፐᑖ the diffraction point, ᎕Ꮂ angle between sound ray and
edge, ፏ is the source location and ፐ the point of interest [11].

One defines the radius of cuvrature 𝜌 as the distance between the point on the edge 𝑄፞ and the
caustic as shown in Figure 2.11.

Figure 2.11: Sketch of two incident rays hitting a thin curved edge and the diffracted rays. The two diffracted ray cones intersect
at the caustic. ᎞ is the distance between this caustic and the edge at the diffraction point ፐᑖ. [26].

According to [11], the analytic solution of an edge diffracted field of a point source can then be
given by Equation 2.12.

𝑝 (𝑃) = 𝑝።፧፜ (𝑄፞) 𝐷√
𝜌

𝑠 (𝑠 + 𝜌)𝑒
ዅ።፤፬ (2.12)

Where 𝑄፞ is the diffraction point as shown in Figure 2.10, 𝑝።፧፜ (𝑄፞) is the incident field at 𝑄፞, 𝜌 is
the principal radius as shown in Figure 2.11 and 𝑄 is the location where the ray attaches or leaves the
object. The length 𝑠 is the distance between the diffraction point 𝑄፞ and the observation point. 𝐷 is
the diffraction coefficient obtained from Equation 2.13 [11, 26, 28].

𝐷 = − 𝑒።᎝/ኾ

2 sin 𝛽√2𝜋𝑘
⋅ [sec 𝜃 − 𝛼2 ± csc 𝜃 + 𝛼2 ] (2.13)
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The diffraction coefficient is dependent on the geometry of the edge and the wave number. The
angle 𝛼 is the angle between the incident sound ray and the normal to the shielding object. 𝜃 is defined
as the angle between the diffracted sound ray and the normal to the shielding object. These angles
are shown in Figure 3.5. 𝛽 is the angle between the diffracting edge and the incident ray [26].

2.4.3. Creeping Field
The determination of creeping rays is more difficult than that of the sharp edge diffrated rays. The
creeping ray strikes and leaves the surface at tangent points. Illustrated by points 𝑄ኻ and 𝑄ኼ respec-
tively in Figure 2.12. Therefore, first of all, the shadow line of a set of sampling points has to be found
i.e. |𝑃𝑄ኻ|. The shadow line is a locus of tangent points from the source to the curved surface. For
each sample point on the shadow line, the geodesic curve is traced and crossed over the ray between
different surfaces when needed. This is represented by 𝑡 in Figure 2.12. Finally, the surface is exited
at the receiver shadow line |𝑄ኼ𝑄| [11].

Figure 2.12: Sketch of a creeping ray with source point ፏ receiver ፐ, geodesic curve ፭. Sound ray strikes the object at ፐኻ and
leaves the object at ፐኼ [11]

The creeping ray field is given by Equation 2.14 obtained from [11].

𝑝 (𝑄) = 𝑝።፧፜ (𝑄ኻ) 𝑇 (𝑄ኻ, 𝑄ኼ)√
𝜌

𝑠 (𝑠 + 𝜌)𝑒
ዅ።፤፬ (2.14)

The radius of curvature 𝜌 of the diffracted wave front is defined is shown in Figure 2.13.

Figure 2.13: Sketch of the creeping ray paths with receiver ፐ Sound ray strikes the object at ፐኻ and leaves the object at ፐኼ, ᎞
is the radius of curvature of the diffracted wave front, ፬ is the distance between ፐᎴ and ፐ [25].

In Equation 2.14, 𝑇(𝑄ኻ, 𝑄ኼ) is a transfer function that relates the diffracted field at 𝑄ኼ to the incident
field at 𝑄ኻ. The transfer function is shown in Equation 2.15 [11].

𝑇 (𝑄ኻ, 𝑄ኼ) =∑
፦
𝐷፦ (𝑄ኻ) [𝑒(።፤፭ዅ∫

ᑥ
Ꮂ ᎎᑞ(Ꭱ)፝Ꭱ)√𝑑𝜎 (𝑄ኻ)𝑑𝜎 (𝑄ኼ)

] 𝐷፦ (𝑄ኼ) (2.15)

Here, 𝐷፦ (𝑄ኻ) and 𝐷፦ (𝑄ኼ) are the diffraction coefficients at 𝑄ኻ and 𝑄ኼ respectively . The diffraction
coefficient depends on the wave number 𝑘 and the local geometry. The geodesic length is given by 𝑡
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as can be seen in Figure 2.12. The decay coefficient is given by 𝛼፦. This coefficient depends on the
frequency and on the local surface properties. It can be seen from Equation 2.15 that the creeping ray
reduces exponentially with creeping length. This is the case because a creeping ray continuously sheds
rays as it travels along the surface. The attenuation of the creeping ray field caused by the divergence
of two proximate creeping rays from the attachment point 𝑄ኻ to the exit point 𝑄ኼ is represented by
√፝᎟(ፐᎳ)
፝᎟(ፐᎴ) where 𝑑𝜎 indicates the cross sectional area of the wave front. In the special case of a cylindrical

field, the nearby rays would not diverge and the ratio would be unity [11].

2.5. Barrier Shielding Method and Analytic Solution Combined
In this section, the barrier shielding method and analytic solutions are combined. This is to make
the shielding computations less complex and faster. However, when the barrier shielding method as
described in section 2.1 is used solely, it is considered not to be accurate enough for doing the analysis
of the fuselage. This is the case because it only uses edge diffracted rays and performs less accuratly
for complex shapes. The ray tracing method, as discussed in section 2.4, becomes complex and com-
putationally demanding once round shapes such as the fuselage are involved. Therefore, in this thesis,
the barrier shielding method is combined with the analytic solution of the sound pressure field around
a cylinder. This is explained in this section. To the best of the authors knowledge, this has not been
done before.

2.5.1. Barrier Shielding Method for the Aircraft Wing
First, the noise shielding by the aircraft wing is discussed. The wing of an aircraft can be modeled by a
barrier. The diffraction of the sound by this type of barrier can be assessed with the barrier shielding
method, as discussed in section 2.1. Some modifications need to be applied to the barrier shielding
method so it can be used on a wing. Reflection of the sound on the ground is neglected. As the wing
is finite, three edge refraction barriers need to be considered. This method is based on the shielding
method developed for the NASA ANOPP program [5, 29, 30] and is also used by [31].

Figure 2.14: Sketch of the wing conventions used for the wing. On the left the intersection point of the direct sound ray, on the
right the diffraction distances are shown [29].

First the intersection point with the wing needs to be determined. Then the points on the wing edges
that are the closest to this intersection point need to be defined, as shown on the left in Figure 2.14.
To be able to determine the Fresnel number, the difference in path length between the direct and
diffracted sound rays must be known. This means that for each wing edge, the distance from the
source to the closest point on the wing edge 𝑊ፓፄ,ፋፄ,ፓፈፏ to the intersection point needs to be known.
The distances from 𝑊ፓፄ,ፋፄ,ፓፈፏ to the observer also needs to be determined. The diffracted sound rays
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to the close points 𝑊ፓፄ,ፋፄ,ፓፈፏ are shown on the right in Figure 2.14. When the diffracted sound rays
are known, the path differences can be calculated. This is done for the wing tip edge as following:

𝛿 = ±(|𝐴| + |𝐵| − |𝑑|) (2.16)

Where,

{
𝛿 > 0 ∶ Intersection point on wing surface
𝛿 = 0 ∶ Intersection point on boundary edge
𝛿 < 0 ∶ Intersection point not on wing surface i.e, no attenuation of the noise source.

The sign of the path length difference is defined as the sign of the effective height of the barrier as
shown in Figure 2.1. The lengths 𝐴, 𝐵 and 𝑑 are defined in Figure 2.14.
The equation of the Fresnel Number is repeated here for clarity [32]:

𝑁 = 2𝛿
𝜆 = 2𝛿𝑓።

𝑐ጼ
(2.17)

where 𝑓። is the frequency of interest, 𝑐ጼ is the speed of sound and 𝜆 the wave length. From the
Fresnel number, the sound attenuation can be calculated for all edges with the frequency of interest
as shown in Equation 2.18 [4, 29, 31].

𝐴፭፭ᑛ(𝑓።) =
⎧⎪
⎨⎪⎩

20 log √ኼ᎝ፍ
ዸዥዲዬ√ኼ᎝ፍ

+ 5.0 for 𝑁 ≥ 0
20 log √ኼ᎝|ፍ|

ዸዥዲ√ኼ᎝|ፍ|
+ 5.0 for − 0.2 ≤ 𝑁 < 0

0 for 𝑁 < −0.2
(2.18)

The attenuation of all the edges at a certain frequency can be combined with the aid of Equa-
tion 2.19.

𝐴፭፭ᑥᑠᑥ = −10 log∑10(ዅፀᑥᑥᑛ/ኻኺ) (2.19)

Where 𝐴፭፭ᑥᑠᑥ is the total attenuation of sound. 𝑗 is the leading edge, trailing edge and tip of the wing.
Summing the edge attenuation in this manner, makes the barrier shielding method valid for finite
barriers.

2.5.2. Analytic Solution Fuselage
Next, the shielding by the aircraft fuselage is discussed. To be able to solve the noise shielding of
the fuselage analytically, the fuselage will be approximated by a long acoustic hard walled cylinder
[33, 34]. Modeling exact shapes with simple geometrical objects is common practice in noise calcula-
tions [35, 36].

The total sound around the cylinder is the sum of the incident and scattered sound. The incident
sound is the sound that would be generated if the cylinder was not present. The scattered sound is the
noise radiated from the body caused by the incident field, i.e. due to reflecting and diffracting waves
from the surface of interest [13, 37–39].

The incident sound pressure field caused by the plane waves traveling normal to the surface of
the cylinder with the assumption that the source is at a infinite distance is given by Equation 2.20
[37, 39–41].

𝑝።፧፜(𝑟ፏ , 𝑘, 𝜙) = 𝑝(𝑑)
ጼ

∑
፦዆ኺ

𝜖፦𝑖፦𝑐𝑜𝑠(𝑚𝜙)𝐽፦(𝑘 ⋅ 𝑟ፏ) (2.20)

where 𝑝(𝑑) is the incident sound pressure amplitude. 𝑘 is the wavenumber and 𝐽፦ is the Bessel
function of the first kind and order 𝑚. The conventions used for the fuselage are shown in Figure 2.15
where 𝑑 is the distance between the sound source and the observer, 𝑟 is the distance between the
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source and cylinder center and 𝑟ፏ the distance between the cylinder center and observer. Note that
Equation 2.20 is the expression of plane waves undisturbed by the cylinder written in terms of cylindrical
waves [41, 42]. This will be explained in chapter 4.

Figure 2.15: Sketch of the conventions used for the fuselage

Now, the distortion of the sound waves due to the cylinder need to be taken into account. Since
the boundary is assumed to be hard, the scattered field can be simulated as a source where all the
waves travel away from the cylinder’s surface [37]. Here, each element of the cylinder is assumed to
scatter like a circular cylinder. For the sound scattering, the circular cylinder cross section is assumed
to be perpendicular to the radiation direction and behaves as it is in two dimensions [13].
According to [37, 40, 41], the pressure of the scatter field caused by a cylinder can be described by
Equation 2.21.

𝑝፬፜(𝑟ፏ , 𝑘, 𝜙) = −𝑝(𝑑)
ጼ

∑
፦዆ኺ

𝜖፦𝑖፦ዄኻ𝑒ዅ።᎐ᑞ sin 𝛾፦ cos(𝑚𝜙)𝐻፦(𝑘 ⋅ 𝑟ፏ) (2.21)

The geometric conventions used are shown in Figure 2.15. Where 𝐻፦ is the Hankel function of the
first kind and order 𝑚. The Hankel function is a combination of the Bessel function of the first kind
denoted by 𝐽፦ and second kind denoted by 𝑌፦, see Equation 2.22.

𝐻፦ = 𝐽፦ + 𝑖𝑌፦ (2.22)

Using Hankel’s transform, an exact solution can be found for the scattered field of the cylinder. The
boundary conditions applied to the cylinder are that there is continuous pressure and continuous radial
velocity on the cylinder boundary [36, 43].

The incident pressure field obtained with Equation 2.20 is only valid for a source located at infinity
producing plane waves. Because the engines are located close to the fuselage and are represented by
point sources, the equations need to be modified such that they hold for a point source located close
to the cylinder.

As stated before, a point source is used in the aircraft model. The free space Green’s function
shown in Equation 2.23 describes the radiation of a point source in an unbounded medium [37, 44].

𝐺(𝑑) = −𝑒
።፤፝

4𝜋𝑑 (2.23)

An expression based on Equation 2.23 that describes the sound pressure produced by a point source
in the far field (𝑘𝑑 >> 1) dependent on the distance between the point source and the observation
point location is given in Equation 2.24 [45].

𝑝(𝑑) = −𝑖𝜔𝜌ኺ𝑄፬
𝑒።፤፝
𝑑 (2.24)

Where 𝑘 is the wave number, 𝜔 the radial frequency, 𝜌ኺ the air density 𝑄፬ is the complex source
strength amplitude [45]. One can substitute Equation 2.24 into Equation 2.20 and Equation 2.21 to
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obtain the incident and scattered sound pressure field of a finite distance point source.

Now, the acoustic pressure outside the cylinder can be represented by the summation of the incident
and scattered field [38], as shown in Equation 2.25.

𝑝፭፨፭ = 𝑝።፧፜ + 𝑝፬፜ (2.25)

The sum of the scattered and incident field can be rearranged into a scattering coefficient. This
is the coefficient of how much the cylinder scatters. This coefficient is given by 𝐶፬ in Equation 2.26
obtained from [36].

𝐶፬ = |
𝑝።፧፜ + 𝑝፬፜
𝑝።፧፜

| (2.26)

The scattering coefficient is the division of the pressure field with the cylinder present (𝑝።፧፜+𝑝፬፜) over
the sound pressure without the shielding cylinder present (𝑝።፧፜). This causes the scattering coefficient
to be smaller than one if acoustic noise shielding does occur.

The scattering coefficient can be determined for different cylinders and observer locations, from
which a look up table can be made. From here, the scattering coefficient can be easily looked up
from the table, without the need to calculate the scattering and induced field every time. This reduces
the computational cost of the simulation [36]. The total pressure field can then be obtained from
Equation 2.27.

𝑝፭፨፭ = 𝐶፬ ⋅ 𝑝።፧፜ (2.27)

From the scattering coefficient, the sound attenuation due to the cylinder can be obtained. This is
done with Equation 2.28.

𝐴፭፭ = −20 logኻኺ (𝐶፬) [𝑑𝐵] (2.28)

Finally, to be able to calculate the noise shielding capabilities of the entire aircraft, the fuselage and
the wings need to be combined. This means that both theories, discussed above, for the wings and
fuselage need to be combined. For the wing, the amount of shielding is calculated with the barrier
shielding method and for the fuselage the analytic solution of a cylinder is used. Further research
needs to be done in this thesis project to be able to combine these two methods. Combining these
two methods has not been done before.

2.6. Equivalent Source Method
For the equivalent source method, the boundary value problem from the boundary element method
is replaced with different sources that are put inside the scattering object of interest. This allows the
source to be monopole or multipole [13]. The strength of the sources is adjusted to satisfy the bound-
ary conditions.

The main advantage of the equivalent source method compared to the boundary element method
is that the linear system of equations is smaller, which results in a lower computation time [46]. How-
ever, at high frequencies, the equivalent source method’s system of equations can become impractical
[13]. Also, when the number of sources is higher than the number of prescribed boundary data, the
equivalent source method is slower than the boundary element method [47].

The optimal position and number of the equivalent sources is difficult to find and requires experi-
ence [47]. The determination of the sources is computationally challenging and there is little theory
available to evaluate the type, location and number of equivalent sources [7]. Taking this into account,
the boundary element method tends to be more accurate than the equivalent source method [47].
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To decrease the computational time of the equivalent source method, NASA developed the Fast
Scattering Code (FSC). This code is developed to be able to predict the three-dimensional scattered
acoustic field produced by the interaction of known incident sound with aerostructures [7].
The fast scattering code is created as a tool for analyzing the effects of changes in configurations and
operating conditions on noise radiation and scattering [8]. However, when bodies are located close to
each other, the code gets less accurate [9].

To be able to find a solution for a three-dimensional boundary problem, the fast scattering code
makes use of the equivalent source method. This is done by expanding the scattered acoustic pres-
sure into a series of point source monopoles or dipoles. Those point sources are located inside the
scattering object on an imaginary source surface [48]. These source surfaces are discretized, as well
as the scattering surfaces.

On each equivalent source point and collocation point on the scattering surface, the acoustic bound-
ary is evaluated, creating complex matrix equations. The matrix equations are solved using the lower
upper decomposition. Finally, the acoustic field is obtained by evaluating the equivalent source distri-
bution at the desired locations[7].

2.7. Trade-off
In this section a trade-off is made. The different noise shielding methods as formerly discussed and
their findings are summarized in Table 2.1. The capability of the methods is illustrated with three ’+’
symbols if the result is very good and three ’-’ symbols if it performs bad on that particular category.

The first category of interest is the computational cost. Then, the accuracy of the results, as well
as the dimensions and type of sources the method can cope with are discussed. It has to be kept in
mind that the directionallity of the sources can be approximated by applying a weighting factor to a
monopole source. The category ”Shielding Object” is the capability of the method to cope with complex
noise shielding object shapes. The last category is complexity. With this, it is implied the build up of
the method. The easier it is to apply the method, the more points it gets. From this trade-off table
shown in Table 2.1, a final choice is made on which method will be used during the thesis project.

Comp. Cost Accuracy Dimensions Source Shielding Object Complexity

Barrier Shielding method +++ - - - 2D Monopole - - - +++
Kirchhoff ++ - - - 3D Monopole - - ++
BEM - - + 3D Monopole/Dipole +++ - - -

Ray Tracing + +++ 3D Monopole +++ -
ESM - + 3D Multipoles ++ - - -

Barrier shielding and analytic +++ - - 3D Monopole - +

Table 2.1: Trade-off between the assessed noise shielding calculation methods

The barrier shielding method is the simplest method that is discussed here. However, it can solve
for plane screen problems only. Therefore, it will not be used for the noise shielding model. The Kirch-
hoff diffraction method can solve more complex shapes. However, because of the assumptions made
for the derivation of the Kirchhoff diffraction integral, only sharp edge diffracted rays can be computed.
As an aircraft consist mostly of round shapes, it is expected that there will be a lot of creeping rays. As
a consequence, the Kirchhoff diffraction method is considered not accurate enough and received three
”-” symbols for accuracy in Table 2.1.

The boundary element method is considered more accurate than the ray tracing method and around
the same accuracy as the equivalent source method as can be seen in Table 2.1. The BEM is able to
solve for complex shielding geometries. Only the boundary of the object of interest has to be dis-
cretized. Because the BEM is computationally expensive (compared to the ray tracing method [13]),
the fast multipole method is developed. This method accelerates the matrix vector products arising
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from the Helmholtz and Laplace BEM equations.

Since the ray tracing method is accurate for shielding problems at low Mach numbers, it is a good
method for the noise shielding of more advanced designs. It is less computationally expensive than the
BEM and ESM [13]. However, complex sound sources are more difficult to handle. The visualization of
the sound rays at every location is also beneficial in assessing the shielding capabilities of an aircraft.
Here, only the rays of interest need to be evaluated which is an advantage for the computational cost.

The computational time of the equivalent source method is slightly lower than that of the BEM but
higher than the ray tracing method. However, the optimal positions and number of equivalent sources
is difficult to find and requires experience. It also falls short on accuracy compared to the BEM as
shown in Table 2.1. A fast scattering code is developed by NASA based on the ESM to speed up the
calculations. The code tends to be less accurate when bodies are located close to each other. The fast
scattering code is considered not accurate enough for close bodies and too complex to implement.

What can be observed from Table 2.1 is that there is a conflict between the accuracy and the solvable
degree of complexity of the shielding object on the one side, and the complexity of the method used and
its computational time on the other side. This is exactly what is tried to be solved with the combination
of the barrier shielding method with the analytic method. The accuracy of this method is thought to
be sufficient while its computational cost and complexity to implement is low. If a correct way can
be found to combine the barrier shielding method with analytic solutions, a good starting method can
be created to asses the influence of different shielding geometries rapidly. Due to its simplicity and
reasonable accuracy, the combination of the barrier shielding method with analytic solutions has been
chosen as the shielding assessment method for this thesis project.

2.8. Note on Flight Effects
In this thesis project, the flight effects influencing the aircraft noise shielding are not taken into ac-
count. This is the reason why the incorporation of flight effects is not a variable in the trade-off. In this
section, the expected influence of the flight effects on the noise shielding prediction are discussed.

To determine the influence of the flight effects on the aircraft noise shielding, the shielding of a
monopole sound source with a sphere as shown in Figure 2.16 is investigated.

Figure 2.16: Sketch of the geometry used of the monopole source shielded by the cylinder [49].

In [49], polar plots of the total acoustic pressure field around the sphere defined in Figure 2.16 are
created. This is done with the use of the boundary element method. Because the source and shielding
object are moving, the Mach number is varied from 0 to 0.6. The 𝑘𝑎 value is varied from 5, 20 and
50. Where 𝑘 is the wavenumber and 𝑎 the radius of the sphere. The observer locations are placed on
a circle a distance 3𝑎 around the center of the sphere. The results are shown in Figure 2.17.
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Figure 2.17: Polar plots of the influence of the Mach number on the total pressure field of a monopole shielded by a sphere for
ka = 5, 20 and 50 [49].

In Figure 2.17, one can see that the sound emitted aft of the cylinder becomes more compact. There
is a small region of upstream amplification which becomes more prominent as the frequency increases.
The main effect of the Mach number according to [49, 50] is the compaction of the downstream extent
of the noise source. This phenomena will benefit the amount of noise shielding at each frequency. In
this thesis project, all calculations are done for static conditions. This results in an underestimation of
the shielding effects.

In [51], no significant difference in the shielding results between uniform and non-uniform flow
fields are found. However, a small increase in noise shielding in the non-uniform flow can occur due
to refraction at the wake of the aircraft. It is concluded in [51] that the wake has a weak effect on the
shielding. As a result, the non-uniform flow effects can be neglected in the noise shielding prediction
tool created here.

From the results shown in [49–51] it can be concluded that for low-Mach number flows, the differ-
ences in acoustic shielding due to the flight effects is negligible. Low-mach numbers occur at approach
and take-off conditions. Therefore, only static shielding conditions are looked at in the noise shielding
prediction tool created in this thesis project.





3
Application of the Barrier Shielding

Method for the Aircraft Wing

To be able to make the trade-off, in subsection 2.5.1, the barrier shielding method applied to the air-
craft’s wing is described shortly. Since this method is chosen, it is discussed in more detail here. In the
barrier shielding method, sound rays are traced to determine the noise shielding. This is also the case
for the ray tracing method. Therefore, the barrier shielding method can be considered a simplified ray
tracing approach.

The aim of this thesis project is to determine the amount of noise shielding. Therefore, the diffracted
sound rays are the ones of interest. A diffracted ray is caused when an incident wave hits edges and
corners of an obstacle or grazes a shielding obstacle [28]. Since the medium in which the sound travels
is homogeneous and only sharp edge diffraction is considered, the sound rays are assumed to travel
along straight lines. Sharp edge diffraction occurs when the wavelength is large compared to the radius
of curvature of the edge [10].

The sound source is represented by a point source in a uniform medium. This causes the sound
waves to be spherical waves. Note that the transmission of noise through the wing is neglected. This
causes the shadow zone of the wing to depend solely on the diffracted sound rays. The barrier shielding
method is a semi-empirical method which is based on the Fresnel number as will be explained in the
following sections.

3.1. Fresnel Number
Instead of using the Fresnel integral equations to determine the diffracted sound field in the shadow
zone of a semi-infinite thin rigid plate, a more practical approach is introduced [52]. The variable used
instead is the Fresnel Number as shown in Equation 2.1. This approach is also used by the NASA
ANOPP program [29, 53]. The Fresnel number depends on the path length difference which is shown
in Equation 3.1.

𝛿 = ±(|𝐴| + |𝐵| − |𝑑|) (3.1)

For the Path Difference denoted by 𝛿, 𝑑 is the direct sound ray and (𝐴 + 𝐵) is the shortest path
over the edge as shown in Figure 3.1. 𝛿 is positive in the shadow zone and negative in the bright zone
[4]. The sign of the path length difference is defined as shown in Figure 2.1.

The Fermat’s principle states that the sound ray path, is the one that takes the shortest amount of
time. This is also the case here. This means that the closest point on the wing edge to the wing inter-
section point needs to be taken as the diffraction point. This is shown for the trailing edge in Figure 3.1.

23
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Figure 3.1: Sketch of diffracted sound rays A and B, and the direct sound ray d for the wing’s trailing edge

Here, the equivalent diffraction method is used. This means that the points on the wing boundary
which are closest to the intersection point are used to calculate the diffraction of that boundary. This
means that the diffraction at the intersection point determines the diffraction of the complete boundary.

To be able to define the path difference, first of all the intersection point (𝑥ፈ , 𝑦ፈ , 𝑧ፈ) with the wing
needs to be determined. This is done by solving two so-called two-point form equations of the source
(𝑥ኻ, 𝑦ኻ, 𝑧ኻ) observer (𝑥ኺ, 𝑦ኺ, 𝑧ኺ) line shown in Equation 3.2 and Equation 3.3 [29].

𝑥ፈ − 𝑥ኺ
𝑥ኻ − 𝑥ኺ

− 𝑦ፈ − 𝑦ኺ
𝑦ኻ − 𝑦ኺ

= 0 (3.2)

𝑥ፈ − 𝑥ኺ
𝑥ኻ − 𝑥ኺ

− 𝑧ፈ − 𝑧ኺ
𝑧ኻ − 𝑧ኺ

= 0 (3.3)

Because there are three unknown variables a third equation is needed. This is the so-called three-
point form equation for the wing plane denoted by Equation 3.4 [29].

|
𝑥ፈ − 𝑥ፑፋፄ 𝑦ፈ − 𝑦ፑፋፄ 𝑧ፈ − 𝑧ፑፋፄ
𝑥ፑፓፄ − 𝑥ፑፋፄ 𝑦ፑፓፄ − 𝑦ፑፋፄ 𝑧ፑፓፄ − 𝑧ፑፋፄ
𝑥ፓፋፄ − 𝑥ፑፋፄ 𝑦ፓፋፄ − 𝑦ፑፋፄ 𝑧ፓፋፄ − 𝑧ፑፋፄ

| = 0 (3.4)

To determine the intersection point in Equation 3.4, only three points are used to describe the wing
surface. While the wing itself is defined by four points. This means that for the calculations there is
assumed that the wing is in one plane. With location conditions in the prediction tool, it is ensured that
the intersection point lies withing the wing edges.
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Figure 3.2: Sketch of the points closest to the wing surface intersection point at the trailing edge ፖᑋᐼ, leading edge ፖᑃᐼ and
tip ፖᑥᑚᑡ [29].

The points on the wing edges closest to the intersection point are shown in Figure 3.2. These
points are obtained by imposing the line from the intersection point (𝐼) to the point on the boundary
(𝑊ፓፄ ,𝑊ፋፄ ,𝑊ፓፈፏ) to be perpendicular to the wing boundary. This is obtained by setting the dot product
of the vector of the line |𝐼𝑊ፓፄ,ፋፄ,ፓፈፏ| and the wing boundary equal to zero. This is shown for all the
border points in Equation 3.5, 3.6 and 3.7 [29].

(𝑥ፈ − 𝑥ፖፋፄ) (𝑥ፑፋፄ − 𝑥ፓፋፄ) + (𝑦ፈ − 𝑦ፖፋፄ) (𝑦ፑፋፄ − 𝑦ፓፋፄ) + (𝑧ፈ − 𝑧ፖፋፄ) (𝑧ፑፋፄ − 𝑧ፓፋፄ) = 0 (3.5)

(𝑥ፈ − 𝑥ፖፓፈፏ) (𝑥ፓፓፄ − 𝑥ፓፋፄ) + (𝑦ፈ − 𝑦ፖፓፈፏ) (𝑦ፓፓፄ − 𝑦ፓፋፄ) + (𝑧ፈ − 𝑧ፖፓፈፏ) (𝑧ፓፓፄ − 𝑧ፓፋፄ) = 0 (3.6)
(𝑥ፈ − 𝑥ፖፓፄ) (𝑥ፑፓፄ − 𝑥ፓፓፄ) + (𝑦ፈ − 𝑦ፖፓፄ) (𝑦ፑፓፄ − 𝑦ፓፓፄ) + (𝑧ፈ − 𝑧ፖፓፄ) (𝑧ፑፓፄ − 𝑧ፓፓፄ) = 0 (3.7)

There is also imposed that the points (𝑊ፓፄ ,𝑊ፋፄ ,𝑊ፓፈፏ) have to lie on the boundary of the wing.
This means that the points (𝑊ፓፄ ,𝑊ፋፄ ,𝑊ፓፈፏ) have to satisfy the two-point form equation of the wing
edge line they are located on. For the leading edge, this gives Equation 3.8 and Equation 3.9 for
example.

𝑥ፖፋፄ − 𝑥ፑፋፄ
𝑥ፓፋፄ − 𝑥ፑፋፄ

− 𝑦ፖፋፄ − 𝑦ፑፋፄ𝑦ፓፋፄ − 𝑦ፑፋፄ
= 0 (3.8)

𝑥ፖፋፄ − 𝑥ፑፋፄ
𝑥ፓፋፄ − 𝑥ፑፋፄ

− 𝑧ፖፋፄ − 𝑧ፑፋፄ𝑧ፓፋፄ − 𝑧ፑፋፄ
= 0 (3.9)

Figure 3.3: Sketch of the direct and diffracted sound rays of the aircraft wing [29]
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Now that all the necessary points and corresponding sound rays are known, the Fresnel number
can be obtained. The Fresnel number needs to be determined for every diffracting wing edge. The
diffraction of a semi-infinite plane can be used for a wing if the wavelength is much smaller than the
wing edge length. This is the case because for this condition, the diffraction is governed by local
conditions of the edge only [54]. This means that the solution of the wing will become more accurate
as the frequency increases. The limiting edge will be the wing tip because this is the shortest edge.
However, in the NASA ANOPP approach, the barrier shielding method is modified to hold for finite
planes. The finite length limitations will be elaborated more in subsection 3.1.2.

3.1.1. Noise Attenuation in Relation to the Fresnel Number
Now that the method to determine the Fresnel number is known, the relation between the Fresnel
number and the amount of noise shielding needs to be derived. To be able to determine the sound
attenuation due to a barrier, the sound field with and without the screen needs to be known. To do this,
Maekawa has measured the sound pressure level of a thin rigid barrier at multiple points in the shadow
zone. This is done for a wide range of frequencies and geometries. A trend line of the attenuation
results versus the Fresnel number is shown in Figure 3.4. This line can be used to determine the sound
attenuation of a barrier given that the Fresnel number is known. The Fresnel number only depends on
the geometry of the barrier [3].

Figure 3.4: Trend line of the experimental results of the sound attenuation (ᎎ) by a semi-infinite screen in free space versus the
Fresnel number (ፍ) as obtained by Maekawa [52].

Rathe [52] has developed a more practical approach than Maekawa for the case 𝑁 ⩾ 0. A char-
acteristic frequency is derived from the case 𝑁 = 0.5 to describe the geometric situation as shown in
Equation 3.10.

𝑁 = 0.5 = 2𝛿
𝜆 = 2𝛿𝑓፜

𝑐 ⇒ 𝑓፜ =
𝑐
4𝛿 (3.10)

The attenuation of each octave step of the center frequency is given in Table 3.1 based on Figure 3.4.
Here, only one characteristic center frequency needs to be calculated to obtain the complete frequency
range.

Attenuation by an acoustic barrier

Frequency [Hz] ጺ ᑗᑔ
ᎸᎶ

ᑗᑔ
ᎸᎶ

ᑗᑔ
ᎵᎴ

ᑗᑔ
ᎳᎸ

ᑗᑔ
Ꮊ

ᑗᑔ
Ꮆ

ᑗᑔ
Ꮄ

Attenuation [dB] 5 5 6 6 7 8 9
Frequency [Hz] ፟ᑔ ኼ፟ᑔ ኾ፟ᑔ ዂ፟ᑔ ኻዀ፟ᑔ ኽኼ፟ᑔ ጻ ኽኼ፟ᑔ
Attenuation [dB] 11 13 16 19 22 24 24

Table 3.1: Attenuation by an acoustic barrier for different characteristic frequencies as determined by Rathe [52].

Since a point source is used, the sound waves will be spherical waves. The spherical waves cause
the incident waves to be oblique. However, the method used by Rathe is developed for the two-
dimensional plane. It is thus assumed that the incident waves are perpendicular to the shielding
screen. As a consequence, also the diffracted ray will be perpendicular to the shielding screen. To
show that the results of Rathe are applicable to the oblique incident waves, the geometrical theory of
diffraction developed by Keller is used [28].
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With the geometrical theory of diffraction, an approximate solution of the sound attenuation due
to a barrier between source and observer can be derived [4, 28]. This approximation is given in
Equation 3.11.

Δ𝐿፤ = −20 log
𝑑

2 sin 𝛽 (2𝜋/√𝜆)√𝐴𝐵(𝐴 + 𝐵)
[sec 𝜃 − 𝛼2 ± csc 𝜃 + 𝛼2 ] (3.11)

Δ𝐿፤ indicates the sound attenuation due to a barrier as derived by Keller [26]. The angles in Equa-
tion 3.11 are defined as shown in Figure 3.5. The angle 𝛼 is the angle between the incident sound ray
and the normal to the shielding object. 𝜃 is defined as the angle between the diffracted sound ray and
the normal to the shielding object. 𝛽 is the angle between the incident sound ray and the edge of the
diffracting object. The angle 𝛽 can be obtained with (sin(𝛽) = 𝐴ᖣ/𝐴). Here 𝐴 is the incident sound ray
in three-dimensions and 𝐴ᖣ is the projection of the incident sound ray onto the two-dimensional plane
[26].

Figure 3.5: Conventions used for the barrier shielding method. The prime symbols means that it is projected from 3D to 2D with
ፀ the incident sound ray, ፁ the diffracted sound ray. ፝ the direct sound ray and ፈ the intersection point of the direct sound ray
with the barrier.

The negative sign between the brackets in Equation 3.11 applies to the acoustic hard condition
(᎑፩ᑥᑠᑥ᎑፧ = 0 at the boundary) and the positive sign to the acoustic soft condition (𝑝፭፨፭ = 0 at the bound-
ary) [28, 54]. For the acoustic hard condition, there is no displacement of the sound wave at the
boundary. The polarity of the reflected wave is inverted. When the boundary is assumed soft, there is
displacement at the boundary but the net vertical force must be zero. Here, the polarity of the sound
wave remains the same. In this thesis project, the acoustic hard condition is used.

The attenuation is dependent on the geometrical spreading of the sound rays and on the diffraction
coefficient. The diffraction coefficient shown in Equation 2.13 and used in Equation 3.11 is determined
such that Equation 2.12 agrees with the asymptotic expansion of Sommerfeld’s exact solution of the
diffracted pressure field for large values of 𝑘𝑑 [26, 28, 55]. The derivation of the diffraction coefficient
can be obtained in appendix II of [26].

Seen from Figure 3.5, Equation 3.12 follows.

cos 𝜃 − 𝛼2 = ±12
√(𝐴

ᖣ + 𝐵ᖣ)ኼ − 𝑑ᖣኼ
𝐴ᖣ𝐵ᖣ = ±12

√(𝐴 + 𝐵)
ኼ − 𝑑ኼ

𝐴𝐵 ⋅ 1
sin 𝛽 (3.12)

Where the minus sign is for the shadow zone and the positive sign for the bright zone [4].
Using Equation 3.12 and introducing the path length difference defined in Equation 3.1, Equation 3.11
can be rewritten to obtain Equation 3.13 [4].
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Δ𝐿፤ = −20 log
1

2𝜋√𝛿/𝜆
−20 log 𝑑

𝐴 + 𝐵 −20 log
√2

√1 + 𝑑/(𝐴 + 𝐵)
−20 log 1

√2
(1 −

cos ኻኼ(𝜃 − 𝛼)
sin ኻኼ(𝜃 + 𝛼)

) (3.13)

The first term of Equation 3.13 can be rewritten as shown in Equation 3.14. This equation, is
identical to Rathe’s data for 𝑁 ⩾ 1 and 𝑁 < 8 [4]. In Rathe’s results, the path of the diffracted ray
is perpendicular to the barrier’s edge [52]. Rathe’s results are thus only valid in the two-dimensional
projected plane shown in Figure 3.5.

Δ𝐿፫ = −20 log
1

2𝜋√𝛿/𝜆
= −10 log 𝜆

4𝜋ኼ𝛿 = 10 log
4𝜋ኼ𝛿
𝜆 (3.14)

For each frequency in Table 3.1, the attenuation with Equation 3.14 can be obtained. Here, 𝜆 = 𝑐/𝑓
and 𝛿 = 0.5 [𝑚]. Both results are compared in Figure 3.6. For 𝑁 ⩾ 1 and 𝑁 < 8 the results are
identical as stated in [4]. As 𝑁 > 8, small differences start to occur again. This is the case because the
shielding is limited with 24 [dB] in Rathe’s data. The results of Rathe are also not valid for path-length
differences smaller than half the wavelength [4].

Figure 3.6: Comparison of the attenuation result for different Fresnel numbers ፍ from Rathe’s data [52] with the first term of
Keller’s Formula ጂፋᑣ [4]

Term two, three and four of Equation 3.13 are correction factors. Since Equation 3.13 is obtained
by rearranging Equation 3.11, the correction factors are also included implicitly in Equation 3.11.
The second term of Equation 3.13 is a correction factor which accounts for increased spherical diver-
gence of the diffracted rays relative to the direct sound ray [4]. The corrected term is large when both
the source and observer are close to the barrier and small if they are far away. This is the case since
the larger the distance 𝑑, the smaller the effect of the oblique incidence on the length of the sound ray
will be.

The third term is the path-length correction term and the fourth term is the angular correction
term. Both their magnitudes are shown in Figure 3.8. Their variation is within ±3[𝑑𝐵]. Despite the
correction factors, there is stated in [4] that there is no substantial difference between the results of
Rathe and the formula by Keller. This can also be concluded by the scattering in the experimental
results of Meakawa. This scattering shown in Figure 3.7 occurs in a range of ±3[𝑑𝐵] and can be linked
to the third and fourth correction term of Equation 3.13 [4].
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Figure 3.7: Sound attenuation of semi-infinite screen in free space against Fresnel Number ፍ [3].

(a) Path-length correction term

(b) Angular correction term

Figure 3.8: Correction terms of Equation 3.13
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However, since the second correction term is large when both the source and receiver are close to
the noise barrier, a correction needs to be done to Rathe’s results. This means that close to the barrier,
Equation 3.14 is no longer valid. From Rathe’s data, it can be seen that for 𝑁 = 0, the attenuation
must be 5 [dB] [52]. When 𝑁 = 0, the source, wing edge limit and observer are on a straight line.
This means, that a correction needs to be applied to Equation 3.14 beceause it is not valid for Fresnel
numbers smaller than unity.

When the Observer is located close to the barrier 𝜃 goes to ኽ᎝
ኼ [𝑟𝑎𝑑] as shown in Figure 3.9. The

correction should then be Equation 3.15 [4].

Δ𝐿፫ = 5 + 10 log
2𝜋𝛿
𝜆 (3.15)

Figure 3.9: Conventions used for the barrier shielding method with ᎕ → Ꮅᒕ
Ꮄ . With the direct sound ray ፝ and diffracted sound

rays ፀ and ፁ.

If the barrier height is small as shown in Figure 3.10, the Fresnel number also becomes small. Here,
𝜃 − 𝛼 → 𝜋 [𝑟𝑎𝑑] holds. The equation then becomes [4]:

Δ𝐿፫ = 5 + 10 log
8𝜋𝛿
𝜆 (3.16)

Figure 3.10: Conventions used for the barrier shielding method with ᎕ዅᎎ → ᎝ [፫ፚ፝]. With the direct sound ray ፝ and diffracted
sound rays ፀ and ፁ.

As a result, the correction that needs to be implemented needs to be 0 if 𝑁 ≥ 1 and cancels the
second term of Equation 3.15 and Equation 3.16 if 𝑁 → 0. To implement the corrections such that
the attenuation holds for both cases, Equation 3.17 is used [4]. As can be seen in Figure 3.11, this
equation is consistent with the results of Rathe for 𝑁 < 12.5.

Δ𝐿ፚ = 5 + 20 log
√2𝜋𝑁

tanh√2𝜋𝑁
(3.17)
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Figure 3.11: Comparison of the attenuation of an acoustic barrier for different Fresnel numbers (ፍ) of Equation 3.14 (ጂፋᑣ),
Rathe’s data and Equation 3.17 (ጂፋᑒ) [4].

One can conclude that the attenuation is 0 for 𝑁 < −0.2 to incorporate the excess attenuation
of sound rays passing slightly above the wing. Finally, the equation used for determining the noise
attenuation of the wing is [4, 5, 29]:

Δ𝐿ፚ =
⎧⎪
⎨⎪⎩

20 log √ኼ᎝ፍ
ዸዥዲዬ√ኼ᎝ፍ

+ 5.0 for 𝑁 ≥ 0
20 log √ኼ᎝|ፍ|

ዸዥዲ√ኼ᎝|ፍ|
+ 5.0 for − 0.2 ≤ 𝑁 < 0

0 for 𝑁 < −0.2
(3.18)

The attenuation of all the wing edges at the frequency of interest needs to be combined with the
aid of Equation 3.19. Where 𝑗 = leading edge, trailing edge and tip of the wing. With this summation,
the diffraction around multiple edges is included. This means that the solution holds for finite planes
instead of semi-infinite planes. This method is also used for wing shielding by the NASA ANOPP program
[29].

𝐴፭፭ᑥᑠᑥ = −10 log∑10(ዅፀᑛ/ኻኺ) (3.19)

3.1.2. Comparison Theories
In this section, the method explained in subsection 3.1.1 will be compared with a theory that makes
use of a correction factor for the side edges to determine the Fresnel number based sound attenuation
of a finite barrier. The method explained in subsection 3.1.1 will be called the NASA ANOPP method
[29]. This is because it has been developed for the NASA Aircraft Noise prediction program.

The method which makes use of correction factor is obtained from [56]. The semi-infinite noise
barrier is made finite by implementing a correction based on the Fresnel number from both side edges.
The formula for the noise attenuation with the correction factor becomes Equation 3.20 [56].

𝐴፭፭ = 20 log
√2𝜋𝑁

tanh√2𝜋𝑁
+ 5.0 − 10 log (1 + 𝑁

𝑁፬።፝፞ኻ
+ 𝑁
𝑁፬።፝፞ኼ

) (3.20)

Where, 𝑁 is the Fresnel number of the longest edge. 𝑁፬።፝፞ኻ and 𝑁፬።፝፞ኼ are the Fresnel number
of the side edges. This equation is only valid for 𝑁, 𝑁፬።፝፞ኻ and 𝑁፬።፝፞ኼ > 1. The correction term of
the equation needs to be applied to the attenuation of a semi-infinite barrier if the side edges are
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closer than five times the effective height. The effective height of the barrier is the distance from the
intersection point of the direct sound ray with the barrier to the top of the shielding barrier [56].

Since this method is developed for a screen with one edge on the ground, it needs to be adjusted
for a barrier which is not attached to the ground. This is a better resemblance of the wing. For the
comparison of the two theories, a rectangular barrier in free-space is used. Such a shape has two long
edges. As a result, Equation 3.20 needs to be calculated for both these edges. When both the long
edge attenuation with correction for the side edges are obtained, they need to be summed up. This
addition is done with the aid of Equation 3.21 [29].

𝐴፭፭,፭፨፭ = −10 logኻኺ (10ዅፀᑥᑥ,Ꮃ/ኻኺ + 10ዅፀᑥᑥ,Ꮄ/ኻኺ) (3.21)

To see if the two methods are consistent with each other, the result of the NASA ANOPP method is
compared with the correction factor method explained above. The sound attenuation of the different
methods is shown in Figure 3.12. As can be seen, the results are in the same order of magnitude. The
center region with the highest shielding is longer for the NASA ANOPP approach but the magnitude of
shielding is the same. Because this approach is already used for wing shielding by NASA in previous
work [29] and the method described in Figure 3.12 is only valid for Fresnel numbers higher than one,
the NASA ANOPP approach will be used during this thesis project. Because the two methods give
similar results, the adjustment of the barrier shielding method to hold for finite barriers is assumed
correct for both methods.

(a) Correction factor (b) NASA ANOPP method

Figure 3.12: Comparison of the shielding results of a plane screen. On the left, the shielding is calculated with the use of the
correction factor for the side edges. On the right, the NASA ANOPP method is used. The parameters used are f=5 kHz, Source
located 10 [m] above plane. Height between plane and ground is 30 [m], barrier length 20 [m], barrier width 8 [m].
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3.2. Validation
The results of the wing shielding are compared with the results of the NASA Aircraft Noise Prediction
Program [5, 29, 30]. This is because the same method for determining the noise shielding by the
aircraft wing is used in ANOPPP. Comparing the results is difficult since the exact geometry used in
the ANOPP test case is not known. It is known however that a business jet is used for the test case.
Therefore, the location of the source and the wing geometry is based on a FALCON 2000 Business
jet. It is also known that the observer angle is 48 [deg], this angle is also used in the wing shielding
program developed in the thesis research here. For comparison, the attenuation due to the wing is
plotted against the frequency. In Figure 3.13, the results of the prediction tool developed in this thesis
project and NASA ANOPP program are plotted respectively. The calculation is done for all 1/3 Octave
band center frequency levels from 50 to 10 000 [Hz].

It can be seen that there are differences in the results. The higher the frequency, the greater the
difference. This difference is probably due to the different geometries. The noise attenuation increases
with frequency. This results in a greater difference in attenuation results due to different geometries
at high frequencies. The order of magnitude is the same. The largest difference is 3 [dB]. From this
and the comparison with the correction factor method, it is concluded that the wing shielding program
based on the barrier shielding method gives a good estimation of the wing shielding.

Figure 3.13: Camparision of the frequency versus attenuation of the own results and the NASA ANOPP results





4
Application of the Analytic Solution

of a Cylinder

In subsection 2.5.2, the analytic solution of the noise attenuation due to a cylindrical shielding object
is briefly discussed. In this chapter, it will be discussed again but further elaborated and applied to
the aircraft’s fuselage. The analytic solution of the cylinder is used for the fuselage to increase the
accuracy of the barrier shielding method. At the same time, the computational cost is kept as low as
possible.

Several assumptions have been made to be able to use the analytic solution. The cylinder is as-
sumed to be of infinite length. i.e. diffraction of sound waves at the end of the cylinder are not taken
into account. Also, the fuselage is assumed acoustic hard such that all the scattered sound waves
travel outward from the cylinder. The fact that the fuselage can be modeled as a cylinder is also an
assumption.

Two analytic methods are described here. It is concluded that the first method is insufficient to
calculate the noise shielding of a fuselage with an engine modeled as a point source. This is due to the
assumption that the source is in the far field. Therefore a second method is looked at in section 4.6.
This solution is valid when the source is in the near field. Since the engines are located close to the
fuselage, the second method is used in the noise shielding prediction tool developed in this thesis
project.

4.1. Incident Field
The total sound pressure field is created by two fields. The incident field and the scattered field. The
incident field is the sound pressure caused by the source as if the scattering object is not present.
The scattered sound pressure is, in the case of an acoustic hard boundary, the pressure field radiating
outward of the shielding object.

Since for the incident field, the cylinder is looked at cross section per cross section, the pressure
field is defined in a two-dimensional plane. The acoustic waves of a point source in a two-dimensional
plane are represented by plane waves if the source is assumed in the far field. The incident sound
pressure equation can thus be expressed by the plane wave equation defined in Equation 4.1 [41].

𝑝።፧፜ = 𝑝(𝑑)𝑒ዅ።(Ꭶ፭ዅ፤፱) (4.1)

Where 𝑘 is the wave number, 𝜔 the angular frequency. The geometric dependent variables used are
defined in Figure 4.2. In Equation 4.1, the plane waves are defined to travel normal to the fuselage’s
z-axis and in the direction of the positive x-axis. The time dependent part in Equation 4.1 can be
omitted for simplicity. Rewritten in polar coordinates one gets Equation 4.2 [41].

𝑝።፧፜ = 𝑝(𝑑)𝑒።፤(፫ᑇ ዧዳዷᎫ) (4.2)

35
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Where 𝑟፩ is the distance to the point of interest in the fuselage two-dimensional section of interest.
The azimuth angle is represented by 𝜙. The incident waves are sketched in Figure 4.1.

Figure 4.1: Sketch of two-dimensional plane waves normal to the cylinder. Where ፚ is the radius and Ꭻ the azimuth angle. ፩ᑚᑟᑔ
is the incident pressure field.

Note that the sound pressure due to the plane wave is only dependent on the x-coordinate. How-
ever, the results are obtained on a circle located outside the cylinder. The observer location in this
circle is described by 𝜙 and 𝑟ፏ. By geometry 𝑟፩ cos𝜙 is equal to 𝑥 which is the only variable the plane
wave is dependent on. In other words, the plane wave is only dependent on 𝑥 but the observer location
can be varied in the 𝑦 direction.

Assuming that the incident sound waves are not disturbed due to the presence of the cylinder, the
incident plane waves can be expressed in terms of cylindrical waves with Equation 4.3 [41, 42].

𝑝።፧፜(𝑟ፏ , 𝑘, 𝜙) = 𝑝(𝑑)
ጼ

∑
፦዆ኺ

𝜖፦𝑖፦𝑐𝑜𝑠(𝑚𝜙)𝐽፦(𝑘 ⋅ 𝑟ፏ) (4.3)

Where the factor 𝜖፦ = 1 if 𝑚 = 0 and 2 otherwise. 𝐽፦ is the Bessel function of the first kind and of
order 𝑚. 𝑝(𝑑) is the sound pressure amplitude.

Equation 4.3 can be approximated by Equation 4.4.

𝑝።፧፜(𝑟ፏ , 𝑘, 𝜙) = 𝑝(𝑑)
ፌዅኻ

∑
፦዆ኺ

𝜖፦𝑖፦𝑐𝑜𝑠(𝑚𝜙)𝐽፦(𝑘 ⋅ 𝑟ፏ) (4.4)

Where 𝑀 is the total number of terms needed for the series expansion. It was found that the
summation part goes to zero if 𝑚 increases. 𝑀 needs to be set in the noise shielding prediction tool
such that the division of ∑ፌዅኻ over 𝑝።፧፜,ፌ approaches zero.

Although Equation 4.4 does not account for disturbances by the cylinder, the sound pressure varies
with the distance from the cylinder origin to the point of interest (𝑟ፏ) [41]. The distortion due to the
cylinder is taken into account in the scattered field which will be discussed in the next section.

4.2. Scattered Field
The scattered sound pressure field is caused by the reflection of sound waves from the surface of the
cylinder. For the scattered sound pressure field, the influence of the cylinder on the sound waves is
taken into account. This is done by simulating the fuselage as a cylindrical sound source. Since the
surface of the fuselage is assumed acoustic hard, all the sound waves will travel outwards of the cylinder.
The scattered sound pressure on the cylinder’s boundary surface can be calculated with Equation 4.5
[41].

𝑝፬፜(𝑎, 𝑘, 𝜙) = −𝑝(𝑑)
ፌዅኻ

∑
፦዆ኺ

𝐴፦𝑐𝑜𝑠(𝑚𝜙)𝐻፦(𝑘𝑎) (4.5)
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Where 𝑝(𝑑) is the sound pressure amplitude, 𝑎 is the radius of the cylinder as shown in Figure 4.1.
The wavenumber is depicted by 𝑘. 𝐻፦ is the Hankel function of order 𝑚. The Hankel function is a
combination of the Bessel function of the first and second kind as shown in Equation 4.6

𝐻፦(𝑘𝑎) = 𝐽፦(𝑘𝑎) + 𝑖𝑁፦(𝑘𝑎) (4.6)

The coefficient 𝐴፦ has to satisfy the hard wall boundary condition which states that the sum of the
scattered and incident velocities needs to be zero (𝑢።፧፜ +𝑢፬፜ = 0) at the boundary. The expression for
𝐴፦ is given in Equation 4.7 [41].

{𝐴ኺ = 𝜖ኺ𝑖𝑒
ዅ።᎐Ꮂ sin(𝛾ኺ) for 𝑚 = 0

𝐴፦ = 𝜖፦𝑖(፦ዄኻ)𝑒ዅ።᎐ᑞ sin 𝛾፦ for 𝑚 > 0 (4.7)

The sine term and 𝑒ዅ።᎐ᑞ make sure that the combination of incident and scattered waves is correct.
The phase angles 𝛾፦ are defined as shown in Equation 4.8 and represent the angle between the
incident and scattered wave [41].

{
tan(𝛾ኺ) = − ፉᎳ(፤ፚ)

ፍᎳ(፤ፚ) for 𝑚 = 0
tan(𝛾፦) = − ፉᖤᑞ(፤ፚ)

ፍᖤᑞ(፤ፚ)
for 𝑚 > 0 (4.8)

Now, Equation 4.5 needs to be modified such that it holds for the scattered sound pressure field for
any distance of interest (𝑟ፏ). For the noise shielding prediction tool, the sound pressure needs to be
known at different observer locations further away than the cylinder’s surface. The velocity potential
at an arbitrary distance from the cylinder is defined in Equation 4.9 [41].

Ψ፬፜,፦(𝑘, 𝜙) = 𝜖፦𝑖፦ዄኻ𝑒ዅ።᎐ᑞ sin 𝛾፦ cos(𝑚𝜙) (4.9)

To obtain this velocity potential, one has to take the phase angles and direction of the scattered
waves from the cylinder into account. Here, the same phase angles as defined in Equation 4.8 are used
dependent on the cylinder radius 𝑎. Ψ፬፜,፦ is also dependent on the wave number 𝑘 and azimuth angle
𝜙 [41]. The scattered sound field is then represented by Equation 4.10 derived from Equation 4.7 and
Equation 4.9 [41].

𝑝፬፜(𝑟ፏ , 𝑘, 𝜙) = −𝑝(𝑑)
ፌዅኻ

∑
፦዆ኺ

Ψ፬፜,፦𝐻፦(𝑘 ⋅ 𝑟ፏ)

= −𝑝(𝑑)
ፌዅኻ

∑
፦዆ኺ

𝜖፦𝑖፦ዄኻ𝑒ዅ።᎐ᑞ sin 𝛾፦ cos(𝑚𝜙)𝐻፦(𝑘 ⋅ 𝑟ፏ)

(4.10)

4.3. Sound Source
In section 4.1 and section 4.2, the sound source was assumed to lie at infinity. In the aircraft model,
the sound sources will be located close to the fuselage. Therefore, the previous described incident and
scattered field need to be modified to hold for source at finite distances.

To do this, first of all, the sound pressure radiated due to a point source itself needs to be deter-
mined. A harmonic point source, with time dependence 𝑒።Ꭶ፭, radiates an acoustic pressure 𝑝(𝑥) that
satisfies the Helmholtz equation shown in Equation 4.11 [44].

(Δ + 𝑘ኼ) 𝑝(𝑥) = 𝑓(𝑥) , 𝑘 = 𝜔
𝑐 (4.11)

where 𝑓(𝑥) is a function which describes the physical system the sound waves come from. The
variable 𝑥 is a spatial location of the domain considered.
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The Helmholtz equation is based on the principle of energy conservation. The solution of the
Helmholtz equation may not be unique. This is caused because it also includes incoming waves which
come from infinity and move towards the shielding object. These waves do not exist physically. To
exclude these rays, the Sommerfeld’s radiation condition is used. The Sommerfeld’s radiation conditions
is shown in Equation 4.12 [44, 57].

lim
፫ᑇ→ጼ

(𝑟ፏ (
𝜕𝑝
𝜕፫ᑇ

− 𝑖𝑘𝑝)) = 0 (4.12)

Sommerfeld’s condition makes sure that the energy is radiated away from the scattering object.
Here, 𝑟ፏ is the distance between the observation point and the origin of the scattering object. This
distance is defined in Figure 4.2.

Figure 4.2: Sketch of the conventions used for the fuselage. Where ፚ is the radius, Ꭻ the azimuth angle.

The free space Green’s function is an elementary kernel of the Helmholtz equation and satisfies the
Sommerfeld’s condition. This means that Equation 4.11 can be rewritten to Equation 4.13 [44, 57].

(Δ + 𝑘ኼ)𝐺 = 𝑓 (4.13)

Where 𝐺 is the Green’s function.
The free space Green’s function shown in Equation 4.14 describes the radiation of a point source in
free-space [37, 44].

𝐺(𝑑) = −𝑒
።፤፝

4𝜋𝑑 (4.14)

Where the distance 𝑑 is defined in Figure 4.2.

The far field (𝑘𝑑 >> 1) of an acoustic point source dependent on the distance between the point
source and the observation point can be represented by Equation 2.24 based on the Green’s function
[41, 45]. The formula is repeated in Equation 4.15 for clarity.

𝑝(𝑑) = −𝑖𝜔𝜌ኺ𝑄፬
𝑒።፤፝
4𝜋𝑑 (4.15)

Where 𝑘 is the wave number, 𝜌ኺ the density of air and the distance 𝑑 is defined in Figure 4.2. 𝑄፬
is the complex source strength amplitude which represents the volume of fluid displaced at the source
by the rate [45]:

𝑄𝑒።Ꭶ፭ = ∫∫ ⃗⃗⃗𝑢 ⋅ 𝑛̂𝑑𝑆 (4.16)

Where ⃗⃗⃗𝑢 represents the velocity on some point on the source’s surface. For the analysis of the
fuselage noise shielding, the complex source strength amplitude is taken as 1+i [፦Ꮅ፬ ]. The magnitude
of the source strength is not important because it will be divided out in the end when the attenuation
is determined.
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4.4. Validation
The theory described above is implemented in a Matlab program. To test if the program works correctly,
the results are compared with that of Morshed [37] in Figure 4.3. Morshed [37] has presented the
results of an experiment, using a numerical and analytic approach. The analytic approach is described
above. As can be seen in Figure 4.3, the results for the analytic solutions are exactly the same. This
means that the method is implemented correctly. The results are normalized to the maximum sound
pressure level at an azimuth angle of +/-180 [deg]. The variables used are a cylinder radius of 0.057
[m]. The source is placed at an azimuth angle of 180 [deg]. The distance from the source to the face
of the cylinder is 4.1 [m]. The difference with the analytic approach and the experiment at f = 700 and
1500 [Hz] originate from the reflection of sound at low frequencies of the test chamber walls [37].

(a) Own Results, f = 700 [Hz], ka = 0.73. (b) Results of Morshed [37], f = 700 [Hz], ka = 0.73.

(c) Own Results, f = 1500 [Hz], ka = 1.57. (d) Results of Morshed [37], f = 1500 [Hz], ka = 1.57.

(e) Own Results, f = 3000 [Hz], ka = 3.13. (f) Results of Morshed [37], f = 3000 [Hz], ka = 3.13.
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(g) Own Results, f = 5000 [Hz], ka = 5.22. (h) Results of Morshed [37], f = 5000 [Hz], ka = 5.22.

Figure 4.3: Comparison of the own results with the results of Morshed [37]

4.5. Fuselage Noise Shielding
To predict the noise shielding of the fuselage represented by a cylinder with a circular cross section,
first of all, the total pressure field needs to be determined. The total pressure field consists of the
incident and scattered field. Adding the incident and scattered field together is done with a simple
addition. This is shown in Equation 4.17 [13, 38, 39].

𝑝፭፨፭ = 𝑝።፧፜ + 𝑝፬፜ (4.17)

Now that the total sound pressure can be determined, the amount of attenuation in [dB] can be
obtained with Equation 4.18.

𝑆𝑃𝐿ፚ፭፭ = −20 logኻኺ |
𝑝፭፨፭
𝑝።፧፜

| = −20 logኻኺ |
𝑝።፧፜ + 𝑝፬፜
𝑝።፧፜

| (4.18)

To obtain the reduction in sound due to the cylinder, the total acoustic pressure needs to be divided
by the pressure without the cylinder present. This is equal to the incident sound pressure.

Since this calculation method is for a finite cylinder, a correction has been implemented for the
front and aft of the fuselage. This decreases the shielding region if the source is further away from
the fuselage. This correction is based on the line of sight. When the line of sight is not blocked by the
fuselage, the attenuation is set to zero. This results in an equivalent cylinder length on the observer
plane as is shown in Figure 4.4.

Figure 4.4: Sketch of the line of sight correction to the length of the infinite cylinder
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With this method, the diffraction at the front and aft of the fuselage is not taken into account. But,
since the engine noise shielding is in scope, it is assumed that the end points of the fuselage will not
contribute significantly to the shielding capabilities of the aircraft. As a result, the regions before and
behind the fuselage are not of great interest.

As a final note on the cylinder shielding method, the inclined source, i.e. the source is not located
at an azimuth angle of 180 [deg] but at any other angle, is looked at. When the source is inclined,
the attenuation magnitudes and directivity patterns are exactly the same but rotated the inclined angle
around the center of the fuselage [41].

If one substitutes the scattered field and incident field into Equation 4.18 the term 𝑝(𝑑) is divided
out as can be seen in Equation 4.19.

𝐴፭፭ = −20 logኻኺ |
−∑ፌዅኻ፦዆ኺ 𝜖፦𝑖፦ዄኻ𝑒ዅ።᎐ᑞ sin 𝛾፦ cos(𝑚𝜙)𝐻፦(𝑘 ⋅ 𝑟ፏ) + ∑

ፌዅኻ
፦዆ኺ 𝜖፦𝑖፦𝑐𝑜𝑠(𝑚𝜙)𝐽፦(𝑘 ⋅ 𝑟ፏ)

∑ፌዅኻ፦዆ኺ 𝜖፦𝑖፦𝑐𝑜𝑠(𝑚𝜙)𝐽፦(𝑘 ⋅ 𝑟ፏ)
|

(4.19)

This means that the attenuation does not depend on the correction of the source at finite distance
incorporated in 𝑝(𝑑). As a result, the shielding contour does not increase or decrease as the radial
distance of the source is varied. This can be seen in Figure 4.5. Clearly, this result can not be valid.

In Figure 4.5, the distance of the source to the fuselage is varied. Here the fuselage diameter is 3.76
[m], the height of the cylinder with respect to the ground plane is 30 [m]. The distance of the cylinder
center to the sound source is varied from 5 to 20 [m]. As can be seen on the plots, the distance of the
source has no influence on the shielding range and magnitude. It is concluded that the assumption of
plane waves is not valid here. Therefore, another method will be used which is discussed in section 4.6.

(a) r = 5 [m] (b) r = 20 [m]

Figure 4.5: Comparison of the change in source distance relative to the cylinder, f = 20 [kHz], a = 1.88 [m], length = 28.65 [m]
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4.6. Cylindrical Waves
In this section, the attenuation due to the cylinder with the use of spherical incident waves is discussed.
To derive the incident and scattered field, a line source is used. This causes the incident sound waves
to be cylindrical in the two-dimensional field. Note that the individual source of a three dimensional
line source acts as a point source in two dimensions [36]. Since the length of the cylinder is assumed
infinite and the fact that the relative sound pressure difference is sought, the cylinder incident and pres-
sure field are only depended on two dimensional variables and are independent of the source strength.
In the previous section, the cylinder’s sound attenuation was also only valid on the two dimensional
variables.

The cylindrical wave incident field is given by Equation 4.20 [39] and a sketch of the incident field
is shown in Figure 4.6. This is the expression for the Greens function for the two-dimensional wave
equation and represents the sound pressure of a point source in the two-dimensional plane.

𝑝።፧፜ =
1
4𝑖𝐻ኺ(𝑘ኺ𝑑) (4.20)

Where 𝐻ኺ is the Hankel function of the first kind and order zero. 𝑘ኺ is the wave number outside
the cylinder.

Figure 4.6: Sketch of two-dimensional cylindrical incident waves normal to the cylinder

The scattered field is represented by Equation 4.21 obtained from [36].

𝑝፬፜ = 𝐴ኺ𝐻ኺ(𝑘ኺ𝑟ፏ) +
ጼ

∑
፦዆ኻ

𝐴፦𝐻፦(𝑘ኺ𝑟ፏ) cos(𝑚𝜃) (4.21)

This equation is similar to Equation 4.5. The difference is due to the coefficients 𝐴፦ and 𝐴ኺ. Here,
the coefficients have to satisfy the cylindrical wave conditions. Also note that the term 𝑝(𝑑) is no longer
needed since no correction has to be made to make it valid for cylindrical waves. The conventions used
are defined in Figure 4.2. The used coefficients are given by:

𝐴ኺ =
𝑖𝐻ኺ(𝑘ኺ𝑟)
4Δኺ

⋅ −𝐽ኺ(𝑘ኻ𝑎)𝐽ኻ(𝑘ኺ𝑎) (4.22)

Δኺ = −𝐽ኺ(𝑘ኻ𝑎)𝐻ኻ(𝑘ኺ𝑎) (4.23)

𝐴፦ =
𝑖𝐻፦(𝑘ኺ𝑟)
2Δ፦

(−𝐽፦(𝑘ኻ𝑎) (𝐽፦ዅኻ(𝑘ኺ𝑎) − 𝐽፦ዄኻ(𝑘ኺ𝑎))) (4.24)

Δ፦ = −𝐽፦(𝑘ኻ𝑎) (𝐻፧ዅኻ(𝑘ኺ𝑎) − 𝐻፧ዄኻ(𝑘ኺ𝑎)) (4.25)

Where the subscript 0 means inside and 1 means outside the cylinder. It has to be noted that the
coefficients are the same as in [39], but here the ratio of impedance ᎞Ꮂ፜Ꮂ

᎞Ꮃ፜Ꮃ is set equal to zero since the
fuselage is assumed acoustic hard. By doing this, the scattered field coefficients are simplified to the
ones shown above.
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4.7. Validation
To be able to see if the theory discussed in section 4.6 is implemented correctly, it is compared with
the results of [36]. In Figure 4.7 the shielding coefficient is shown. This coefficient is calculated with
the use of Equation 4.26 [36].

𝐶𝑠 = |𝑝።፧፜ + 𝑝፬፜𝑝።፧፜
| (4.26)

If the shielding coefficient 𝐶𝑠 is one, there is no shielding. If it is lower than one, there is acoustic
shielding. If it is higher than one, the sound field is amplified due to positive interference of the incident
and scattering wave.

In Figure 4.7 the source is located on the right and the cylinder in the center of the figure. The
shadow region after the cylinder is created by the fact that the incident and scattered field are out of
phase and reduce each other. From the comparison of the results in Figure 4.7, it is concluded that
the method is implemented correctly. Any distinct difference are due to the use of different calculation
meshes. By using different calculation meshes a difference in accuracy exists. Also, the color scheme
of the plot is not exactly identical.

Figure 4.7: Comparison of the Shielding coefficient of the own results on the bottom with the solution of [36] on the top. ፤ፚ =
10, distance between source and cylinder is 3 times the radius of the cylinder to the right of the cylinder.

In contrast to what one might expect, the highest shielding region is not at the center of the fuse-
lage but occurs just beside the fuselage’s center in the shadow region. The higher sound pressure at
the center of the shielding region occurs because the sound pressure is reinforced there. A diffracted
wave travels around both sides of the cylinder. At the center of the cylinder the two waves can collide
and increase the pressure field. This results in a reduction in the shielding coefficient [40].

In Figure 4.8, the influence of moving the source further away from the cylinder is examined. The
shielding contour becomes smaller as the source moves further away and the amount of shielding
reduces. Because the shielding method behaves as expected, this method is considered valid for the
fuselage shielding and will be used in the noise shielding prediction program.
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(a) r = 5 [m]

(b) r = 20 [m]

Figure 4.8: Comparison of the change in source distance relative to cylinder denoted by r for, f = 20 [kHz], a = 1.88 [m], length
= 28.65 [m]



5
Combination of the Fuselage and

Wings

In the previous chapters it is shown that separate methods are available for both the fuselage and the
wings. Now, a way to combine these two methods has to be developed. To the best of the authors
knowledge, this has not been done before. The combination of the methods is approached step by
step. Firstly by looking at the wing and plane fuselage noise shielding separately. Then, the wings
and the plane fuselage are combined. The result of the cylindrical fuselage is compared with the plane
fuselage calculated with the barrier shielding method. Finally, the wings are added to the cylindrical
fuselage and the result is compared with the plane fuselage and wing combination.

5.1. Wings

For both wings, the barrier shielding method described in chapter 3 is used. First, the shielding of the
two wings without a fuselage is calculated. The inputs used in this chapter are given in Appendix A.
The wing is located 30 [m] above the observer plane. The location of the source is in the center and
10 [m] above the aircraft. The coordinates used for the source are (0,-10,13.5).
Since the fuselage will block the diffraction at the root edge, this edge is assumed to be non diffracting.
Therefore, a sudden stop in noise shielding will take place at the root. The wing noise attenuation
results are shown in Figure 5.1. The noise shielding contour itself is as expected. The highest wing
shielding takes place at the wing root because the path difference is largest there. At the root, the
wing is widest and the distance to the tip edge is maximum.
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Figure 5.1: Noise Shielding of two wings. The source is represented by the red dot and placed 10 [m] above the wings. f =
5000 [Hz]. The observer plane is placed 30 [m] below the wings.

5.2. Plane Fuselage
The method described for the wings is also performed for the plane fuselage. When the fuselage
is considered separately, all its edges are considered diffraction edges. For the plane fuselage, the
shielding reduces towards the edges. The shielding is dominated by the closest edge. The highest
shielding occurs at the center of the fuselage. This is due to the fact that the path difference is largest
there. The noise shielding result is shown in Figure 5.2.

Figure 5.2: Noise Shielding contour of a plane fuselage. The source is represented by the red dot and placed 10 [m] above the
fuselage. f = 5000 [Hz]. The observer plane is placed 30 [m] below the barrier.
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5.3. Plane Fuselage and Wings
Now that the wings and the plane fuselage can be calculated with the barrier shielding method, both
of them are combined. When the direct sound ray intersects the fuselage, it has a diffracted sound
ray at each of the fuselage edges. These sound rays go through the fuselage close points denoted by
𝐶𝑓ኻ,ኼ,ኽ,ኾ shown in Figure 5.3.

Figure 5.3: Sketch of the diffracted sound rays at each edge of the fuselage. ፈᑗᑦᑤ is the intersection point of the direct sound
ray with the fuselage, ፂ፟Ꮃ,Ꮄ,Ꮅ,Ꮆ are the closest points to this intersection point on the fuselage boundary.

These sound rays can intersect one of the wings. This is the case for both points 𝐶𝑓ኼ and 𝐶𝑓ኾ
shown in Figure 5.4. Here, a closer look is taken and the sound ray coming from the source to the
point 𝐶𝑓ኼ, indicated with the bold red line in Figure 5.4.

Figure 5.4: Sketch of the diffracted sound rays at each edge of the fuselage with the wings present. ፈᑗᑦᑤ is the intersection point
of the direct sound ray with the fuselage, ፂ፟Ꮃ,Ꮄ,Ꮅ,Ꮆ are the closest points to this intersection point on the fuselage boundary.

As this sound ray intersects the wing, it is shielded by the wing as well. The procedure for the wing
is the same as if the sound ray would come directly from the source. The closest points on each wing
edge 𝐶𝑤ኻ,ኼ,ኽ from the wing intersecting point 𝐼፰።፧፠ are sought. Then, the sound rays will go from the
source, through 𝐶𝑤ኻ, 𝐶𝑤ኼ and 𝐶𝑤ኽ to the observer. This is shown in Figure 5.5.
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Figure 5.5: Sketch of the diffracted sound rays at each wing edge. ፈᑨᑚᑟᑘ is the intersection point of the direct sound ray with
the fuselage. ፂ፰Ꮃ,Ꮄ,Ꮅ are the closest points to the wing intersection point on the wing edges.

The sound rays which are only blocked by the fuselage and the ones coming from the other wing
need to be added with the others as shown in Figure 5.5. All the sound rays used to determine the
attenuation with the use of the barrier shielding method are shown in Figure 5.6.

Figure 5.6: Sketch of the used diffracted sound rays when both wing and fuselage noise shielding is considered.

The attenuation of all the diffracted sound rays are added together with Equation 3.19 to obtain
the noise shielding result with the barrier shielding method for a finite barrier in the shape of a plane
fuselage with two planar wings. The result of this addition technique is shown in Figure 5.7. The outline
of the aircraft is clearly visible in the shielding contour. The amount of shielding also runs smoothly
from the wing to the fuselage. Except for the regions of maximum shielding at the wing root. This
is due to the assumption that no diffraction occurs at the wing root. This is why the regions with the
highest amount of shielding at the wing root and at the fuselage located between the wings do not
coincide.
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Figure 5.7: Noise Shielding of a plane fuselage with wings. The source is represented by the red dot and is placed 10 [m] above
the aircraft. f = 5000 [Hz]. The observer plane is located 30 [m] below the aircraft.

5.4. Cylindrical Fuselage
Since the barrier shielding method only incorporates sharp edge diffracted rays, the analytic solution of
a cylinder is used for the fuselage. This is because the fuselage is a cylindrical shape which is expected
to have a lot of creeping rays. The analytic solutions takes these creeping rays into account. As a
consequence, the analytic solution will be more accurate for the fuselage shielding than the barrier
shielding method.

The barrier shielding method does not distinguish between different shapes which have the same
outline. This also holds for the diffraction integral method. This method is based on the Kirchhoff the-
ory of diffraction. In [58], the shielding results of the diffraction integral method, the analytic solution
and the Fast Scattering Code are compared. This comparison is done for a sphere with a geometry as
denoted in Figure 5.8.

Figure 5.8: Sketch of the geometry used for the sphere shielding with the point source placed above the sphere [58].
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This comparison is presented because it is expected that, for the fuselage shielding, the same trend
in comparing the barrier shielding method with the analytic solution will exist as with the Kirchhoff the-
ory of diffraction and the analytic solution for the sphere. This is the case because the barrier shielding
method has similar limitations as the diffraction integral method.

Figure 5.9: Comparison of the shielding results of a sphere with a point source placed above it as defined in Figure 5.8, obtained
with the diffraction integral method, analytic solution and NASA’s Fast Scattering Code [58]

In Figure 5.9 the so-called spherical harmonics analytic solution is used for 𝑘𝑎 values lower than
370. This solution is obtained by expanding the Helmholtz equation in spherical harmonics [58]. For
higher 𝑘𝑎 values, the asymptotic analytic solution described in [58] is used. The results of the Fast
scattering code are only present until 𝑘𝑎 = 100 [58].

As can be seen in Figure 5.9, The Fast Scattering Code and the analytic solution have similar results.
At 𝑘𝑎 = 100, the fast scattering code oscillates less. This is caused by insufficient observer density [58].
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It can be seen that the diffraction integral method deviates more from the analytic solution as the
frequency increases. As stated earlier, the creeping rays continuously sheds rays as it travels around
the surface reducing the strength of the ray. As the frequency increases, the creeping ray will reduce
in strength. The reduction in ray strength results in higher shielding. The diffraction integral method is
incapable of capturing those creeping rays and represents the diffracted rays with sharp edge diffracted
rays resulting in lower shielding at high frequencies [58].

In conclusion, it is expected that the analytic solution of the cylinder will have higher shielding re-
sults than predicted with the barrier shielding method. It can also be seen that results of the analytic
solution oscillates heavily at high frequencies. This means that the step size of the observer location
will need to be sufficiently small.

The results of the cylinder obtained with the noise shielding assessment tool is shown in Figure 5.10.
The outer contour of the shielding is the same as in Figure 5.2 but, as expected from the reasoning
above, the amount of shielding is higher, especially at the center of the cylinder. This is caused by the
creeping rays. The more to the center, the longer the creeping distance. Because the creeping ray is
longer, more rays will be shed tangentially to the creeping ray reducing the strength of the sound ray.
It has to be noted that the results presented here is that of an infinite cylinder but the length of the
cylinder is limited with the line of sight condition. Diffraction at the front and aft of the cylinder are not
taken into account. This causes the shielding to stop abruptly at the front and aft of the fuselage.

Figure 5.10: Noise Shielding of a Cylindrical Fuselage, f = 5000 [Hz]. radius = 1.88 [m]. The source is placed 10 [m] above the
center of the fuselage and indicated with the red dot, observer plane is positioned 30 [m] below the fuselage center.



52 5. Combination of the Fuselage and Wings

5.5. Cylindrical Fuselage and Wings

Now, the shielding of the wings need to be combined with the shielding of the cylindrical fuselage.
When both the results are added together, the region where the wings and the fuselage connect give
too low results as shown in Figure 5.11. This is the case because the sound that is shielded due to
the cylinder is not shielded due to the wings as well, but goes in fact through the wings. This result is
clearly not valid.

Figure 5.11: Noise Shielding of a cylindrical fuselage added with the wing shielding results, f = 5000 [Hz]. Source is positioned
10 [m] above the aircraft and the observer plane 30 [m] below the aircraft.

To overcome this error, the shielding calculation scheme shown in Figure 5.12 is used. First the
shielding result of the wings with the plane fuselage is determined with the barrier shielding method.
This is done to incorporate the rays that are diffracted from the fuselage and the wing. These rays
are the ones diffracted by the wings shown in Figure 5.6. As stated before, those rays are taken into
account when calculating the shielding of the complete aircraft with the barrier shielding method.

The rays that are diffracted from the plane fuselage itself, are not of interest. Therefore, the plane
fuselage is subtracted from the total barrier shielding aircraft result. The result is the shielding due
to the wings alone as if the fuselage would be present. Note that for this part, sharp edge diffraction
is assumed. Next, to incorporate the fuselage shielding with the inclusion of the creeping rays, the
analytic solution of the fuselage is added to the result of the wings.
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Figure 5.12: Graphical representation of the method of adding the wing and cylinder noise shielding together.

This addition technique indeed results in a smooth fuselage to wing transition as can be seen in
Figure 5.13. This is the case because the rays that are diffracted by the fuselage and the wing as shown
in Figure 5.5, are also taken into account. Note that the region of highest shielding of the fuselage is
also increased at the wing height. This should be the case, since the wings accommodate for extra
shielding at this location.

Figure 5.13: Noise shielding of a cylindrical fuselage with wings, f = 5000 [Hz]. Source is positioned 10 [m] above the aircraft
and the observer plane is placed 30 [m] below the aircraft.

It has to be noted that this method adds unnecessary computational cost. The plane fuselage
shielding needs to be calculated with and without the wings present. The computational cost is re-
duced by only using the part of the fuselage between the wings. If the fuselage part between the
wings is intersected, the sound rays going from the source to the wing edges are taken into account.
This gives the shielding result for the wing part as shown in Figure 5.14.
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The result obtained from the modified wing shielding can then be added with the cylinder shielding.
This results in the same complete aircraft shielding as shown in Figure 5.13. With this method, the
complete plane fuselage noise shielding no longer needs to be calculated separately. Only part of the
plane fuselage needs to be determined.

Figure 5.14: Noise Shielding of the wings as if part of the fuselage would be present, f = 5000 [Hz]. Source is positioned 5 [m]
above the wings, the observer plane is located 30 [m] below the wings.
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Noise Shielding Prediction Tool

In section 2.7, it was chosen to use a combination of two noise shielding methods. The barrier shielding
method is used for the wings and the analytic solution of a cylinder for the fuselage. Since those are two
separate methods, the two methods will first be implemented in an individual noise shielding prediction
tool as shown in section 6.1 and 6.3. Creating the individual tools is done to asses the correct working
of the methods separately. In section 6.2, a complete aircraft noise shielding program based on the
barrier shielding method is created. To do this, the fuselage needs to be represented by a plane.
Calculating the aircraft noise shielding with the barrier shielding method is done to give an indication
of what the results of the barrier shielding method and analytic solution combined needs to be. Finally,
the two methods are combined in section 6.4.

6.1. Wing Shielding

For the barrier shielding method, the theory as described in chapter 3 is used. In this section, the
implementation of the wing shielding method in the noise shielding prediction tool is discussed.

6.1.1. Program Outline

First of all, the input of the prediction tool needs to be defined. The geometry of the wing is described
by a three-dimensional point for each corner. The source and observer location are also defined by
three-dimensional points. Since the noise shielding is frequency dependent, the frequency needs to
be known. The source is modeled as a point source and a source directivity factor is not taken into
account. The source strength is not an input, because the relative amount of shielding caused by
the aircraft geometry is determined not the sound pressure level. This is independent of the source
strength. Ground reflection is not taken into account which makes it unnecessary to specify the height
of the wing with respect to the ground. Only the height until the observer needs to be known. An
example input file is given in Appendix A.
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Figure 6.1: Wing shielding prediction tool flow chart

All the input data is entered into the main file as schematically indicated in the flow chart in Fig-
ure 6.1. The main file processes the data and runs all the other necessary files. First, the intersection
point of the source observer line with the wing needs to be determined. This is determined by the
intersection of a line with a plane described by three points. Then, it is determined if the intersection
point is really on the wing, i.e. the point lies between the wing edges. This is all done in the program
block intersection.

In the next program block, Close Points, the closest points to the intersection point on the wing
edges are determined. Once these points are known, all the used sound rays can be plotted. This
gives the user a clear indication of what is going on. An example is given in Figure 6.2.

Figure 6.2: Plot of the used geometry, Intersection Point, close points, diffracted sound ray and direct sound ray.

From these obtained sound rays, the difference in path length with the direct and diffracted sound
rays can be determined. This is done in Path Difference. In the program block Fresnel, the Fresnel
number is determined with the use of the path length difference, the frequency and the speed of sound
in free space. This is described in Equation 2.17. The attenuation of each wing edge with the use of
Equation 2.18 and the total attenuation at the observer point with Equation 2.19 is determined in the
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program block Attenuation. This is the final value which needs to be known. The procedure is repeated
for different observer locations to create a noise shielding contour of the wing.

6.2. Aircraft with Plane Fuselage
Since the barrier shielding method for the wing alone works as expected, the same method will be
used for the aircraft with a plane fuselage. This stage is done to get a good indication of what the
final result of the cylindrical fuselage with plane wings will have to be. In other words, this makes it
possible to do a verification of the shielding effects of the complete aircraft with cylindrical fuselage.
The increase in accuracy and computational time of the analytic solution versus the barrier shielding
method for the fuselage is assessed. This is done to see if it is worthwhile to implement the cylindrical
fuselage. In this section, the fuselage will be represented by just one rectangular plane. This plane
represents the cylinder that will be used later on.

6.2.1. Method
The method used for the wing and the plane has been already briefly discussed in section 5.3. In that
section, a horizontal fuselage is used. Here, the method is explained again for a vertical fuselage. This
because the noise shielding program can cope with both vertical and horizontal plane fuselages.
As for the shielding by the wing alone, the intersection point (𝐼፟፮፬) between the line from the origin
(𝑝𝑜𝑖𝑛𝑡 1) to the observer (𝑝𝑜𝑖𝑛𝑡 0) and the shielding object is sought as shown in Figure 6.3. If
this intersection point is on the fuselage plane, the closest points on the fuselage plane boundaries
(𝑊፮፩,𝑊፥፨፰ ,𝑊፟፫፨፧፭ ,𝑊፛ፚ፜፤) are taken for the equivalent diffraction calculation [29]. However, it can
happen that the ray from the source to one of the edge diffraction points intersects the wing (𝐼፰።፧፠).
When this happens, the same procedure for the sound rays as explained in section 5.3 is executed.

Figure 6.3: Sketch of diffraction rays of fuselage and wing

As can be seen in Figure 6.3, the ray of the source point 0 to 𝑊፥፨፰ is intersected by the wing. In
Figure 6.3, the closest points on the wing boundaries from this intersection point (𝐼፰።፧፠) are shown.
For the sake of clarity, only the sound ray from the tip is shown here. As can be seen, the sound ray that
would go from the source to the lower fuselage (𝑊፥፨፰), now needs to go from the source, to the tip
of the wing (𝑊፰።፧፠) and then to the observer point. Note that this needs to be done for each wing edge.

The attenuation is dependent on the Fresnel number, which is dependent on the distance the sound
ray has to travel, as is explained in chapter 3. However, it is possible that the sound ray of the wing
to the observer intersects the fuselage again. In this case, the same procedure of finding the closest
points on the boundaries needs to be followed. This will increase the length of the sound ray even
further. As a result, the amount of sound attenuation will increase.
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6.2.2. Program Outline
The core of the program outline of the plane fuselage with wing is the same as that of the wing barrier
shielding program. This can be seen from Figure 6.4 and Figure 6.1. The input is extended with the
corner locations of the plane fuselage. The wing is mirrored so that the aircraft has two identical wings.

The inputs are loaded in the main file from which the program block Intersection Fuselage is started.
When the fuselage is intersected by a sound ray, the closest points to the intersection point on the
fuselage borders are determined. Once these points are known, it is checked if one of the sound rays
of the source to one of the close points on the fuselage intersects the wing. If the intersection point
exists, the close points on the wing are calculated and again it is checked if there is intersection with
the fuselage.

If there is no intersection with the fuselage, it is checked if there is intersection with the wing and
then again if there is intersection with the fuselage. This is repeated until no new intersection points
are found as shown in Figure 6.4. When all the sound rays are known, the path difference with the
source observer line can be determined. Once this is known, the Fresnel zone number is determined.
With the Fresnel number, the attenuation is obtained. Once this is known, an attenuation plot can be
plotted under the aircraft at any observer location of interest.

Figure 6.4: Noise shielding prediction tool of the wing with plane fuselage obtained with the barrier shielding method flow chart
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6.3. Analytic Solution Fuselage
In this section, the program outline of the analytic solution of the cylindrical fuselage is discussed. For
this analytic solution, the theory as described in section 4.6 is used. Since it is not necessary to trace
the rays, the program build up is completely different. For the fuselage, the incident and scattered
sound pressure field need to be combined and converted to noise attenuation.

6.3.1. Program Outline
For the fuselage, the analytic solution of a cylinder is used. As input one needs the cylinder length and
radius. Also the distance from the source to the cylinder center and the distance to the observer loca-
tion needs to be known. The magnitude of the source is irrelevant since here the relative attenuation
due to the geometry is obtained. The noise attenuation is obtained by determining relative pressure
difference with and without the presence of the cylinder.

To calculate the attenuation, the total pressure field with and without the cylinder needs to be
known. Since the total pressure field with the cylinder present is built from an incident and a scattered
pressure field, each of these fields is computed independently. Each pressure field has a separate
program block. Once the incident and scattered pressures are known, the total pressure field can be
calculated as shown in Figure 6.5. From the total and the incident pressure field, the attenuation is
obtained. Finally, the attenuation results will be represented in a plot.

Figure 6.5: Flow chart of the analytic solution of the fuselage.

6.4. Barrier Shielding Method and Analytic Solution Combined
Finally, the cylindrical fuselage and the wings need to be combined. This means that the two methods
need to be combined with each other. In chapter 5, the method used to do this is explained.

Firstly the attenuation of the aircraft wings combined with the part of the fuselage between the
wings is calculated with the use of the barrier shielding method. At the same time, the noise attenua-
tion of the plane fuselage part between the wings itself is calculated as well as the attenuation of the
complete cylindrical fuselage.
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In the program block Plane Fuselage and Wings, part of the plane fuselage shielding is included.
As one wants to use the shielding result of the cylindrical fuselage, the plane fuselage attenuation
needs to be subtracted. Then, the cylindrical fuselage shielding is added as shown in Figure 6.6. This
procedure is done in order to take the sound rays that are diffracted from the fuselage followed by the
wing into account. An example of such a sound ray is shown in Figure 5.6.

Each individual calculated part has a vector with their separate attenuation results in it. These data
vectors are then summed with each other to obtain the total shielding result. From this result, a noise
shielding plot can be made of the aircraft with a cylindrical fuselage.

Figure 6.6: Flow chart of the fuselage and wing shielding combination noise shielding prediction tool.
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Validation

To validate the noise shielding assessment tool developed in this thesis project, the results will be
compared with the results of Leo W. T. Ng and Zoltán S. Spakovszky [6]. Ng and Spakovszky have
used the Kirchhoff theory of diffraction to determine the aircraft engine noise shielding. This method
is briefly discussed in section 2.2. With this method, the noise shielding of a Boeing 737 aircraft with
the sound source placed above the left wing, is calculated. The validation is done step by step. Firstly
the wings are looked at on their own. Then, the plane fuselage is added to the wing. Finally, the result
of the aircraft with a cylindrical fuselage will be validated with one and two sources.

The overall amount of shielding is calculated over the 1/3 frequency octave band from 50 to 10
000 [Hz]. The amount of shielding for each frequency is then added with Equation 7.1 [58] for the 24
center frequencies.

Δ𝑂𝐴𝑆𝑃𝐿ፚ፭፭፞፧፮ፚ፭።፨፧ = 10 log (
1
24 ∑10ᏺᑊᑇᑃᎳᎲ ) (7.1)

The shielding outline used by the Kirchhoff theory of diffraction is indicated with the green line in
Figure 7.1. The shielding results are shown in Figure 7.2.

It has to be kept in mind during this validation that the Kirchhoff theory of diffraction has several
limitations. Since a contour integral is used to determine the shielding, this method only depends on
the aircraft outline. In the Kirchhoff diffraction integral it is also assumed that there is no acoustic
pressure on the shielding surface in the shadow zone. In the bright zone incident sound pressure is
assumed. As a consequence, only sharp edge diffracted rays are taken into account. The method is
also less accurate for low frequencies because it is based on high frequency geometric acoustics [58].

Figure 7.1: Kirchhoff Shielding contour used of a Boeing 737 with source above left wing [6]
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Figure 7.2: Noise Shielding of a Boeing 737 with source located above left wing, 1/3 octave band frequency range from 50 to
10 000 [Hz], the observer plane is located 30 [m] below the aircraft. [6]

Firstly the wing shielding over the 1/3 octave band frequency range is calculated. This is done to
exclude the wing and fuselage combination method from the validation results. The geometric inputs
used are given in Appendix A and are based on a Boeing 737 aircraft. The observer plane is positioned
30 [m] below the aircraft. This is the same height as used in the Kirchhoff diffraction integral results
shown in Figure 7.2. In Figure 7.3, it can be seen that the wing shielding contour outline itself is very
similar compared to Figure 7.2 but the attenuation levels are very different.

Figure 7.3: Wing Noise Shielding of a Boeing 737. 1/3 octave band frequency range from 50 [Hz] to 10 000 [Hz], the observer
plane is located 30 [m] below the aircraft. The noise source is indicated with the red dot.
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Both results have a shielding region of 10 [dB] and a highest shielding region of 20 [dB]. This region
is a lot larger with the barrier shielding method than with the Kirchhoff theory of diffraction.

Both the Barrier shielding method and Kirchhoff diffraction method have similar limitations. Both
methods only make use of sharp edge diffracted rays and only depend on the contour of the shield-
ing object. The low frequency limitation of the Kirchhoff method is not suspected to cause this high
difference in shielding over the frequency band used. This is because the amount of shielding at low
frequencies is minor.

The main difference in the amount of shielding is caused by the finite plane modification. The
barrier shielding method is modified to hold for a finite plane. Apparently, an overestimation is created
by this. In subsection 3.1.2, the NASA ANOPP approach used, has already shown to indicate a higher
region of maximum shielding than the method with the correction factor. Also, the assumption that
there is no diffraction at the wing root increases the amount of shielding of the wing.

At the edge of the contour, both the results in Figure 7.2 and Figure 7.3 have a shielding of 5 [dB].
The 5 [dB] shielding occurs when the path difference is zero. When this occurs, the Fresnel number is
zero and the attenuation will be 5 [dB] independent of the frequency. This phenomena is also described
by Maekawa [3]. The 5 [dB] region is more prominent for the Kirchhoff theory. To show it more clearly,
a zoomed image of the trailing edge of Figure 7.3 is shown in Figure 7.4.

Figure 7.4: Trailing edge of the wing Noise Shielding of a Boeing 737, 1/3 octave band frequency range from 50 to 10 000 [Hz],
the observer plane is located 30 [m] below the aircraft.

Since the Kirchhoff theory of diffraction does not take creeping rays into account, the results will
be compared with that of a plane fuselage before comparing it with the cylindrical fuselage. The plane
fuselage noise shielding is also calculated with the barrier shielding method. The results are shown in
Figure 7.5. In this figure, the source is represented by the white dot. As can be seen, the fuselage
shielding is around 10 [dB] over the complete fuselage.

The lower shielding in Figure 7.5 at the height of the wings compared with Figure 7.2 is caused due
to the absence of the wing. As the wing is not present, the shielding object is smaller and thus the
sound rays travel a shorter distance which results in a lower amount of shielding.
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At the aft and front part of the fuselage, a region of higher shielding starts to occur again. This
region is not present in Figure 7.2. This is an error in the amount of noise shielding caused by the
fact that the horizontal plate is not a good representation of the fuselage if the source is not centered
above the fuselage. At the outer end points of the fuselage, a kink in the diffracted sound rays start
to occur. This kink results in higher shielding amounts and becomes greater closer to the end regions
of the fuselage. This kink is not present if the source is located right above the horizontal plate.

Figure 7.5: Noise Shielding of a Boeing 737 Fuselage represented by a plane. 1/3 octave band frequency range from 50 to 10
000 [Hz], the observer plane is located 30 [m] below the aircraft.

Now, the wings are added to the plane fuselage. The results of the aircraft with the fuselage rep-
resented by a flat horizontal plane is given in Figure 7.6. It has to be noted that in Figure 7.2 only one
wing is represented. Only the shielding contour used by the Kirchhoff integral is represented in this
plot. As for the barrier shielding method, the result is influenced by the complete aircraft geometry,
the complete aircraft geometry used is plotted in the attenuation plot.

The shielding contour of the barrier shielding method is the same as that of the Kirchhoff theory
of diffraction. The amount of shielding of the wing stays the same as in Figure 7.3. This means that
the wing shielding remains an over estimation. In contrast with the wing, the fuselage shielding seems
to be underestimated. This is the case because the horizontal plane is not a good representation of
the fuselage when the source is not positioned right above the Fuselage. This means that when using
the barrier shielding method to model other shapes, great care has to be taken in the geometry of the
representative shielding plane.
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Figure 7.6: Aircraft Noise Shielding of a Boeing 737 as obtained with the barrier shielding method. 1/3 octave band frequency
range from 50 to 10 000 [Hz]. The observer plane is located 30 [m] below the aircraft.

The maximum shielding of the fuselage is positioned at the location of the wing indicated by (𝑎)
as is the case for the Kirchhoff diffraction theory. The sudden change in the amount of shielding in
the wing to the fuselage transition region at (𝑏) originates from the fact that the wing root edge does
not act as a diffraction edge. When the direct sound ray intersects the wing, it is assumed that no
diffraction occurs at the fuselage. This assumption also contributes to the overestimation of the wing
shielding. Note that when the fuselage is intersected with the direct sound ray and the diffracted sound
ray intersects the wing, the wing will act as a diffraction barrier.

At the aft part of the fuselage (𝑐), a region of higher shielding starts to occur again. This region
is not present in Figure 7.2. This error is again caused by the fact that the flat plate is not a good
representation of the fuselage if the source is not exactly above the fuselage. This is already discussed
in the shielding validation of the fuselage alone.

At the fuselage side, where the wing stops indicated by (𝑑), a sudden reduction in the amount of
shielding occurs. This sudden change is caused due to the wing diffraction. At this region, the wing
acts no longer as a second diffraction barrier of sound rays diffracted from the fuselage.

At (𝑒) a region of lower shielding exists. This region is caused by the diffraction line at the leading
edge of the right wing. The diffracted sound ray line approaches the direct sound ray. This means that
the shielding at this edge approaches zero. The noise attenuation reduces close to this region because
the diffraction edge of lowest shielding dominates the attenuation result.
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Now, the flat plate fuselage needs to be substituted with the cylinder. Firstly the cylindrical fuselage
is looked at on its own. The result is shown in Figure 7.7.

Figure 7.7: Cylindrical Fuselage Noise Shielding of a Boeing 737. 1/3 octave band frequency range from 50 to 10 000 [Hz]. The
observer plane is located 30 [m] below the aircraft.

The more towards the center of the fuselage, the higher the amount of shielding becomes. After 50
[m] in x-direction, the fuselage shields more than the one represented in Figure 7.2, even without the
wings present. At the center shielding region of the cylinder, a reduction of noise shielding takes place,
The higher sound pressure at the center of the shielding region occurs because the sound pressure
is reinforced there. A diffracted wave travels around both sides of the cylinder. At the center of the
cylinder those two waves can collide and increase the pressure field. This results in a reduction in the
shielding coefficient. This reduction in shielding at the back of the shielding object is also visible in
Figure 4.7 and Figure 5.9.

The cylinder was expected to have higher shielding. This because creeping rays tend to give higher
shielding results. This is shown in Figure 5.9. This is the case because the creeping rays continuously
shed rays as it travels around the surface reducing the strength of the ray. The reduction in ray strength
results in higher shielding. The highest difference in shielding between the flat plate and the cylinder
is 10 [dB]. The results shown in Figure 7.2 are obtained with the Kirchhoff theory of diffraction. This
theory is developed for flat shapes with sharp edge diffraction. The cylinder result is more realistic for
round shapes. The method was already validated for a two dimensional plane in Figure 4.7 and has
shown to provide good results.

At the edge of the contour there is a small region of 5 [dB] noise shielding. Although less promi-
nent than in Figure 7.2. In Figure 7.8 it is zoomed in at the border region of the shielding contour of
Figure 7.7. In the zoomed image, the 5 [dB] border is clearly visible.
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Figure 7.8: Cylindrical Fuselage Noise Shielding of a Boeing 737. 1/3 octave band frequency range from 50 to 10 000 [Hz]. The
observer plane is located 30 [m] below the aircraft.

Next, wings are added to the cylindrical fuselage. The result is shown in Figure 7.9. The region
of highest shielding at the location of the wing height is wider compared to the rest of the fuselage.
This is to be expected and coincides with the highest shielding region of the wing. The error created
by not taking the wing root diffraction into account becomes smaller here because the fuselage itself
has higher shielding. However, an abrupt change in the highest shielding region from the wing to the
fuselage still exists.

Figure 7.9: Aircraft Noise Shielding of a Boeing 737 With cylindrical Fuselage. 1/3 octave band frequency range from 50 to 10
000 [Hz]. The observer plane is located 30 [m] below the aircraft.
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The lower shielding at the center of the fuselage is not present at the height of the wings, because
the wings provide extra shielding at this location. The result is comparable to the results obtained
with the barrier shielding method shown in Figure 7.6. Except the shielding towards the center of the
fuselage is in the order of 10 [dB] higher with the cylindrical fuselage.

Finally, the shielding of two sources is looked at. The noise shielding with the two sources is also
validated with the Kirchhoff theory of diffraction. The shielding result of this method is shown in Fig-
ure 7.10. It can be seen that the shielding is mainly caused due to the wings.

The result obtained with the noise shielding prediction tool developed in this thesis project is shown
in Figure 7.11. The location of the highest shielding occurs at the same place as in Figure 7.10. The
amount of highest shielding is 3 [dB] higher compared to the result shown in Figure 7.10. The shielding
contour of the trailing edges is not straight as with the Kirchhoff theory of diffraction. This is because
the straight trailing edge part is not implemented in the prediction tool. To be able to implemented
more complex wing designs, a modular build-up of the wings is needed. The two longer parts in the
shielding contour at the end of both wings occurs because the fuselage and wing shielding of both
sources collide at these locations.

Overall, it can be concluded that the the noise shielding obtained with the prediction tool in this
thesis project is comparable to the results with the Kirchhoff theory of diffraction shown in Figure 7.2
and Figure 7.10. The shielding of the fuselage is higher as expected when including the creeping rays
and the wing shielding tends to be overestimated. However, to see how accurate the result is, it needs
to be validated against a higher fidelity method such as the fast scattering code. From the results
shown here, it is concluded that the noise shielding prediction tool gives a good first impression of the
noise attenuation which is useful for the preliminary design phase.

Figure 7.10: Noise Shielding of a Boeing 737 with two engines place on top of the wings. 1/3 octave band frequency range from
50 to 10 000 [Hz]. The observer plane is located 30 [m] below the aircraft. [6].
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Figure 7.11: Noise Shielding of a Boeing 737 with two engines place on top of the wings. 1/3 octave band frequency range from
50 to 10 000 [Hz]. The observer plane is located 30 [m] below the aircraft.
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Results

In this chapter, the results of a different aircraft configuration as used in chapter 7 will be discussed.
The configuration makes use of the tail and the fuselage to perform the aircraft noise shielding.

8.1. Configuration
The aircraft configuration considered here is a rear fuselage nacelle configuration as shown in Fig-
ure 8.1. The purpose of this configuration is to shield the engine exhaust noise with the fuselage and
the vertical and horizontal tail planes.

Figure 8.1: Representation of the used aircraft geometry [59].

In the noise shielding prediction tool developed in this thesis project, the fuselage is again modeled
as a cylinder and the wings as barriers. For the tail planes, the same procedure as with the wing is
followed. Both the vertical and horizontal tail are modeled as barriers from which the noise attenuation
can be obtained with the barrier shielding method. In Figure 8.2, the aircraft as it is modeled in the
aircraft prediction tool is shown.
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Figure 8.2: Representation of the aircraft as how it is modeled in the prediction tool. The red dots represent the two point
sources. The tail-planes and wings are represented by barriers. The fuselage is represented by a cylinder.

The shielding result is shown in Figure 8.3. As can be seen from this figure, the shielding of the
fuselage is limited to a small width region. The shielding of the tail plane is present over the complete
width. This is the case because the vertical tail is higher than the sound source and thus blocks all the
sound rays going downwards.

Figure 8.3: Noise shielding result of the rear fuselage nacelle configuration. OASPL over 1/3 octave band frequency range of 50
to 10000 [Hz]. The observer plane is located 30 [m] below the aircraft.

If the vertical tails are removed, the shielding width is decreased significantly as can be observed in
Figure 8.4. Different aircraft configurations have a large effect on the aircraft noise shielding results.
As shown with the results obtained, the noise shielding prediction tool is capable of determining the
noise attenuation of various aircraft configurations.
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Figure 8.4: Noise shielding result of the rear fuselage nacelle configuration without vertical tail. OASPL over 1/3 octave frequency
band of 50-10000 [Hz]. Observer plane located 30 [m] below aircraft.
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Summary and Conclusions

In this thesis project, an aircraft engine noise shielding prediction tool has been developed. The re-
quirements for this prediction tool are that the computational cost must be low while the accuracy must
remain sufficiently high for the preliminary design phase. To achieve this, the barrier shielding method
is used for the wings of the aircraft and the analytic solution of a cylinder for the fuselage.

The barrier shielding method is adjusted such that it holds for finite shielding screens. This is
computationally the fastest method to determine noise shielding. However, it only considers sharp edge
diffracted rays. This means that it is not as accurate for round shapes which will experience creeping
rays. To increase the accuracy, the fuselage of a conventional aircraft is modeled as a cylinder. The
noise shielding of an infinite cylinder can be obtained analytically. The analytic method incorporates
creeping rays and is therefore more accurate. Since it is the result of an infinite cylinder, the diffraction
at the front and aft of the fuselage are not taken into account. When the engines are not mounted
close to the fuselage end points, the engine noise shielding at those points is of least interest. Finally,
the barrier shielding method for the wings and the analytic solution for the fuselage are combined
to obtain the complete aircraft noise attenuation. The noise attenuation is only based on the aircraft
geometry. Sound absorption and ground reflection are not taken into account. The aircraft geometry
is assumed acoustic hard and the engine sound source is modeled as a point source.

9.1. Summary of Results
To be able to use the barrier shielding method for the wings, it is modified to hold for a finite plane.
There are two methods available to do this. The first one is used by the NASA Aircraft Noise Shielding
Prediction Program. Where the attenuation of each edge is summed up in such a way that it holds for
the finite plane. For the second method, the attenuation of the two longest edges of the plane are
summed up. Both edges have a correction for the diffraction at the side edges based on their Fresnel
numbers. The results are compared at a frequency of 5 [kHz]. When the same plane and same source
distance is used, the results are very similar. However, the region of maximum shielding is stretched
more in the length direction of the plane for the NASA ANOPP approach. The results are similar, but
the NASA ANOPP aproach is more suitable for implementation on different screen shapes. Therefore,
this method is used to obtain the wing shielding.

Next, the fuselage represented as a cylinder is looked at. The two-dimensional analytic case of the
cylinder is validated. In the test case a shielding coefficient of a two dimensional cylinder of radius 𝑎
with the point source positioned a distance 3𝑎 from the cylinder center is looked at. The 𝑘𝑎 value is
set equal to 10 to compare the result with previous work. The prediction tool is found to give the same
results as in previous studies.

The results of the fuselage with the barrier shielding method and the analytic solution are com-
pared. To use the barrier shielding method for the fuselage, the fuselage is represented by a plane.
Before comparing these two methods, the the shielding of a sphere from literature is looked at. This
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is done with both the analytic solution and with the Kirchhoff theory of diffraction. The Kirchhoff the-
ory only uses sharp edge diffracted rays. Therefore, the shielding only depends on the outline of the
shielding object. The analytic solution also includes creeping rays. It was found that, when creeping
rays are included, the amount of shielding will be higher. Especially at high frequencies. The creeping
rays continuously shed rays as they travel around the surface, reducing the strength of the ray. As
the frequency increases, more rays are shed reducing the strength even more. The reduction in ray
strength results in higher shielding. This means that the analytic solution will result in higher shielding
than the barrier shielding method and Kirchhoff theory of diffraction.

The shielding geometry used during this project is based on a Boeing 737 type aircraft. The fre-
quency is 5 [kHz]. The source is located 10 [m] above the cylinder center. The height from the aircraft
to the observer plane is 30 [m]. The diameter of the cylinder is set to be 3.76 [m]. As expected, the
barrier shielding method gives lower shielding results than the analytic solution for the fuselage. The
largest difference is 5 [dB] at the center of the cylinder. The sound rays that determine the shielding
at the center, have the largest creeping distance over the cylinder. As a result, the strength of the rays
is reduced the most in that region. The rest of the fuselage shielding contour is very similar. Except
for the front and aft of the fuselage, because for the fuselage, the diffraction at the front and aft is not
taken into account.

To obtain the complete aircraft noise shielding, the solution of the fuselage and wing need to be
added together. When the separate results are added together a region of low shielding between the
fuselage and wing exist. This is the case as the noise coming from the fuselage is not shielded by the
wing. To incorporate the wing shielding of sound rays coming from the fuselage, part of the fuselage
located between the wings is included.

When the direct sound ray from the source to the observer intersects this fuselage part, the sound
rays diffracted by the fuselage, can also be diffracted by the wings. This part is obtained with the
barrier shielding method. Next, the attenuation of that part of the fuselage is subtracted from the total
result. Because this attenuation is not provided by the wings. Finally, the attenuation of the cylinder,
obtained with the analytic solution, is added. In this way, the sound coming from the fuselage is also
shielded by the wings.

The results of the noise shielding prediction tool are validated against the Kirchhoff theory of diffrac-
tion. Again, a Boeing 737 type aircraft is used as reference plane. A monopole sound source is placed
2 [m] above the left wing and 4.83 [m] away from the fuselage center. The attenuation is calculated
over a 1/3 octave band frequency range from 50 to 10 000 [Hz].

It is concluded that the modification to the barrier shielding method for finite shapes overestimates
the region of highest shielding for the wing. In addition, the horizontal plane is not a good represen-
tation of the fuselage. It underestimates the region of highest fuselage noise shielding. As expected,
the cylindrical fuselage results in higher shielding. The maximum difference with the Kirchhoff theory
of diffraction over the used frequency range is 10 [dB].

When a second source is placed on the reference aircraft, the result become very similar. The
amount of maximum shielding is overestimated within 3 [dB]. The shielding contour deviates because
the leading edge of the wing is assumed to be one straight line.

In conclusion the noise shielding obtained with the prediction tool in this thesis project is comparable
to the results with the Kirchhoff theory of diffraction. The shielding of the fuselage is higher than
expected when including the creeping rays. However, to see how accurate the result is, it needs to
be tested against a higher fidelity method such as the fast scattering code. From the results shown
here, it is concluded that the noise shielding prediction tool gives a good first impression of the noise
attenuation which is useful for the preliminary design.
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9.2. Contribution
The noise shielding prediction tool developed in this thesis project has shown to be able to determine
the noise attenuation by a point source of a conventional aircraft with low computational cost. This for
a 1/3 octave frequency band from 50 to 10 000 [Hz]. The computational cost needs to be low such
that the aircraft noise shielding can be implemented in the design loop. Even with the use of paramet-
ric design methods. Once the design of the aircraft is known, a more accurate and computationally
expensive noise shielding program can be used if the exact noise shielding results need to be known.

The addition of the analytic results of the cylinder to the barrier shielding method has increased
the accuracy by including creeping rays. With this method, there is no need to determine the outline
of the shielding object as is the case for the Kirchhoff theory of diffraction. It is also more accurate for
the fuselage. Due to this, it is more applicable to conventional aircraft geometries.

9.3. Recommendations
The noise shielding prediction tool is validated against the Kirchhoff theory of diffraction. However, this
method itself does have limitations. For instance, it does not incorporate creeping rays. As a result, the
sound attenuation obtained with the Kirchhoff theory of diffraction is not completely accurate. To asses
the accuracy of the prediction tool developed in this thesis project, it needs to be validated against a
higher fidelity method such as the fast scattering code.

To increase the accuracy of the assessment tool, several adjustments can be considered. A modular
build up of the wings can be implemented. This will make it possible to approach the shape of the
real wing more closely. The diffraction at the front and aft of the fuselage should also be taken into
account such that the results of the fuselage are for finite cylinders. To avoid over estimation of the
wing shielding, also diffraction at the root edge over the fuselage needs to be considered. The cross
section of the cylinder is assumed to be circular everywhere. However, when the sound waves are
inclined on the cylinder this is no longer the case. To increase accuracy, oval cross sections may also
be included in future work. All objects are assumed acoustic hard and ground reflection is not taken
into account in this project. When these assumptions are no longer valid, adjustments to the prediction
tool need to be made or another method needs to be used.

Furthermore, it needs to be stated that this method is only applicable to conventional aircraft
geometries. When a hybrid wing body needs to be assessed, the substitution of the cylinder is no
longer of use. In that case, the Kirchhoff theory of diffraction is assumed to give better results.





A
Input

X [m] Y [m] Z [m]

Outboard Wing LE 14.175 0 11.68
Outboard Wing TE 14.175 0 10.26
Inboard Wing LE 1.88 0 19.23
Inboard Wing TE 1.88 0 13.23

Horizontal Fuselage top front -1.88 0 28.65
Horizontal Fuselage low front 1.88 0 28.65
Horizontal Fuselage top aft -1.88 0 0
Horizontal Fuselage low aft 1.88 0 0
Vertical Fuselage top front 0 -1.88 28.65
Vertical Fuselage low front 0 1.88 28.65
Vertical Fuselage top aft 0 -1.88 0
Vertical Fuselage low aft 0 1.88 0

Sound Source -4.83 -2 13.5

Frequency [Hz]: 5000
Speed of sound in free stream [m/s]: 340.29

Fuselage diameter [፦]: 3.76
Fuselage length [፦]: 28.65
Density of air [፤፠/፦Ꮅ]: 1.225

Table A.1: Inputs of the noise shielding prediction tool
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