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2

Sound waves: a review of some
fundamentals

2.1

128

Introduction

Sound is a pressure wave that propagates through an elastic medium at some charac-

teristic speed. It is the molecular transfer of motional energy and cannot therefore pass

through a vacuum. For this wave motion to exist, the medium has to possess inertia and

elasticity. Whilst vibration relates to such wave motion in structural elements, noise

relates to such wave motion in fluids (gases and liquids). Two fundamental mechanisms

are responsible for sound generation. They are:

(i) the vibration of solid bodies resulting in the generation and radiation of sound
energy — these sound waves are generally referred to as structure-borne sound;

(i1) flow-induced noise resulting from pressure fluctuations induced by turbulence and
unsteady flows — these sound waves are generally referred to as aerodynamic sound.

With structure-borne sound, the regions of interest are generally in a fluid (usually air)
at some distance from the vibrating structure. Here, the sound waves propagate through
the stationary fluid (the fluid has a finite particle velocity due to the sound wave, but
a zero mean velocity) from a readily identifiable source to the receiver. The region of
interest does not therefore contain any sources of sound energy — i.e. the sources which
generated the acoustic disturbance are external to it. A simple example is a vibrating
electric motor. Classical acoustical theory (analysis of the homogeneous wave equation)
can be used for the analysis of sound waves generated by these types of sources. The
solution for the acoustic pressure fluctuation, p, describes the wave field external to
the source. This wave field can be modelled in terms of combinations of simple sound
sources. If required, the source can be accounted for in the wave field by considering
the initial, time-dependent conditions.

With aerodynamic sound, the sources of sound are not so readily identifiable and
the regions of interest can be either within the fluid flow itself or external to it. When
the regions of interest are within the fluid flow, they contain sources of sound energy
because the sources are continuously being generated or convected with the flow (e.g.
turbulence, vortices, etc.). These aerodynamic sources therefore have to be included in
the wave equation for any subsequent analysis of the sound waves in order that they can
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Fig. 2.1. A schematic model of internal aerodynamic sound and external structure-borne sound in a
gas pipeline.

be correctly identified. The wave equation is now inhomogeneous (because it includes
these source terms) and its solution is somewhat different to that of the homogeneous
wave equation in that it now describes both the source and the wave fields.

It is very important to be aware of and to understand the difference between the
homogeneous and the inhomogeneous wave equations for the propagation of sound
waves in fluids. The vast majority of engineering noise and vibration control relates
to sources which can be readily identified, and regions of interest which are outside
the source region — in these cases the homogeneous wave equation is sufficient to
describe the wave field and the subsequent noise radiation. Most machinery noise, for
instance, is associated with the vibration of solid bodies. Engineers should, however, be
aware of the existence of the inhomogeneous wave equation and of the instances when
it has to be used in place of the more familiar (and easier to solve!) homogeneous wave
equation.

A good industrial example that combines both types of noise generation mechanisms
is high speed gas flow in a pipeline. Such pipelines are typically found in oil refineries
and liquid-natural-gas plants. A typical section of pipeline is illustrated in Figure 2.1.
Inside the pipe there are pressure fluctuations which are caused by turbulence, sound
waves generated at the flow discontinuities (e.g. bends, valves, etc.), and vortices which
are convected downstream of some buff body such as a butterfly valve splitter-plate.
These pressure fluctuations result in internal pipe flow noise which is aerodynamic in

Page 16 of 79



130 2 Sound waves: a review of some fundamentals
|

1.C. Engine
v v
Aerodynamic Enclosu?e ~40dB Mechanical
energy energy
Muffler ~ 30 dB+- Vibration .\ o
v isolation y
Airborme | ¢ Sound radiation Vibrational
energy < energy
< (structural)
Direct sound Reverberant
energy sound energy
A
Energy loss at Structural
boundaries damping
A
Absorption < ——
Barriers | P Vibration 1. _ 44 4B
~20dB isolation
<+ Modify room response er—
~10dB B toratior
< energy in
Personal protection ~ 15 dB structure
T

TAmbient sound

Fig. 2.2. Typical noise and vibrations paths for a machinery source. (Adapted from Pickles>!°.)

nature —the source of sound is distributed along the whole length of the inside of the pipe.
If an analysis of the sound sources within the pipe is required, the inhomogeneous wave
equation would have to be used. This internal aerodynamic noise excites the structure
internally and the vibrating structure subsequently radiates noise to the surrounding
external medium. The source of sound is not in the region of space under analysis
for the external noise radiation, and this problem can therefore be handled with the
homogeneous wave equation. A knowledge of the internal source field (the wall pressure
fluctuations) allows for a prediction of the external sound radiation; the converse is,
however, not true. A point which is sometimes overlooked is that a description of the
external wave field does not contain sufficient information for the source to be identified,
but, once the source has been identified and described, the sound field can be predicted.
Pipe flow noise is discussed in chapter 7 as a case study.
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Fig. 2.3. Schematic illustration of structure-borne sound in a building.

Typical machinery noise control problems in industry involve (i) a source, (ii) a path,
and (iii) areceiver. There is always interaction and feedback between the three, and there
are generally several possible noise and vibration energy transmission paths for a typical
machinery noise source. An internal combustion engine, for instance, generates both
aerodynamic and mechanical energy, each with several possible transmission paths.
Thisis illustrated schematically in Figure 2.2. The two sources of sound energy are (i) the
aerodynamic energy associated with the combustion process and the exhaust system,
and (i1) mechanical vibration energy associated with the various functional requirements
of the engine. Source modification to reduce the aerodynamic noise component would
require changes in the combustion process itself or in the design of the exhaust system.
Source modification to reduce the mechanical vibration energy would require a re-
design of the moving parts of the engine itself. Various options are open for the reduction
of path noise. These include muffling the exhaust noise, structural modification such
as adding mass, stiffness or damping to the various radiating panels, providing anti-
vibration mounts, enclosing the engine, and providing acoustic barriers. Finally, the
receiver could be provided with personal protection such as an enclosure or hearing
protectors.

A specific example of structure-borne sound is the vibration and stop—start shocks
that can emanate from a lift if it is not properly isolated. This is illustrated in Figure 2.3.
In cases such as these, the vibrations are transmitted throughout the building — the
waves are carried for large distances without being significantly attenuated. There are
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Fig. 2.4. Schematic illustration of aerodynamic sound emanating from a jet nozzle.

no sources of sound in the ambient air in the building, and any acoustic analysis would
only require usage of the homogeneous wave equation. The problem could be overcome
by isolating the winding machinery from the rest of the structure or by separating the
lift shaft and the winding machinery from the remainder of the building.

A specific example of aerodynamic noise is the formation of turbulence in the mixing
region at the exhaust of a jet nozzle such as the nozzle of a jet used for cleaning
machine components with compressed air. The jet noise increases with flow velocity
and the strength of the turbulence is related to the relative speed of the jet in relation to
the ambient air. By introducing a secondary, low velocity, air-stream, as illustrated in
Figure 2.4, and thus reducing the velocity profile across the jet, significant reductions
in radiated noise levels can be achieved. Hence, compound nozzles are sometimes used
in industry — here, the velocity of the core jet remains the same but its noise radiating
characteristics are reduced by the introduction of a slower outer stream.

2.2 The homogeneous acoustic wave equation — a classical analysis

Three methods are available for approaching problems in acoustics. They are (i) wave
acoustics, (i1) ray acoustics and (iii) energy acoustics.
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2.2 The homogeneous wave equation

Wave acoustics is a description of wave propagation using either molecular or par-
ticulate models. The general preference is for the particulate model, a particle being
a fluid volume large enough to contain millions of molecules and small enough such
that density, pressure and temperature are constant. Ray acoustics is a description of
wave propagation over large distances, e.g. the atmosphere. Families of rays are used to
describe the propagation of sound waves and inhomogeneities such as temperature gra-
dients or wind have to be accounted for. Over large distances, the ray tracing procedures
are preferred because they approximate and simplify the exact wave approach. Finally,
energy acoustics describes the propagation of sound waves in terms of the transfer
of energy of various statistical parameters where techniques referred to as statistical
energy analysis (or S.E.A.) are used.

The wave acoustics approach is probably the most fundamental and important ap-
proach to the study of all disciplines of acoustics. The ray acoustics approach generally
relates to outdoor or underwater sound propagation over large distances and is therefore
not directly relevant to industrial noise and vibration control. The S.E.A. approach is
fast becoming popular for quick and effective answers to complex industrial noise and
vibration problems. The wave acoustics approach will thus be adopted for the better
part of this book, and this chapter is devoted to some of the more important fundamental
principles of sound waves. The subject of ray acoustics is not discussed in this book,
but the concepts and applications of statistical energy analysis techniques are discussed
in chapter 6.

Sound waves in non-viscous (inviscid) fluids are simply longitudinal waves and
adjacent regions of compression and rarefaction are set up — i.e. the particles oscillate
to and fro in the wave propagation direction, hence the acoustic particle velocity is in
the same direction as the phase velocity. The pressure change that is produced as the
fluid compresses and expands is the source of the restoring force for the oscillatory
motion. There are four variables that are of direct relevance to the study of sound
waves. They are pressure, P, velocity, 17 , density, p, and temperature, 7. Pressure,
density and temperature are scalar quantities whilst velocity is a vector quantity (i.e. an
arrow over a symbol denotes a vector quantity). Each of the four variables has a mean
and a fluctuating component. Thus,

P(X.1) = Py(¥) + p(x, 1), (2.1a)
UX, 1) = Uy(X) + (X, 1), (2.1b)
p(X,1) = po(X) + p'(X, 1), (2.1¢)
T(X,t) = To(x)+ T'(X, 1). (2.1d)

The wave equation can thus be set up in terms of any one of these four variables.
In acoustics, it is the pressure fluctuations, p(X, t), that are of primary concern — i.e.
noise radiation is a fluctuating pressure. Thus it is common for acousticians to solve
the wave equation in terms of the pressure as a dependent variable. It is, however, quite
valid to solve the wave equation in terms of any of the other three variables. Also,
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2.2.1

2 Sound waves: a review of some fundamentals

generally, U o(X) is zero (i.e. the ambient fluid is stationary) and therefore U (x,1) =
u(x, ).

As for wave propagation in solids, several simplifying assumptions need to be made.

They are:

(1) the fluid is an ideal gas;

(2) the fluid is perfectly elastic — i.e. Hooke’s law holds;

(3) the fluid is homogeneous and isotropic;

(4) the fluid is inviscid —i.e. viscous-damping and heat conduction terms are neglected;
(5) the wave propagation through the fluid media is adiabatic and reversible;

(6) gravitational effects are neglected —i.e. Py and p( are assumed to be constant;

(7) the fluctuations are assumed to be small — i.e. the system behaves linearly.

In order to develop the acoustic wave equation, equations describing the relationships
between the various acoustic variables and the interactions between the restoring forces
and the deformations of the fluid are required. The first such relationship is referred to as
continuity or the conservation of mass; the second relationship is referred to as Euler’s
force equation or the conservation of momentum; and the third relationship is referred
to as the thermodynamic equation of state. In practice, sound waves are generally three-
dimensional. It is, however, convenient to commence with the derivation of the above
equations in one dimension and to subsequently extend the results to three dimensions.

Conservation of mass

The equation of conservation of mass (continuity) provides a relationship between the
density, p(xX, t), and the particle velocity, #(xX, t) — i.e. it relates the fluid motion to its
compression.

Consider the mass flow of particles in the x-direction through an elemental, fixed,
control volume, dV, as illustrated in Figure 2.5. For mass to be conserved, the time rate of
change of the elemental mass has to equal the nett mass flow into the elemental volume.
Because the flow is one-dimensional, the vector notation is temporarily dropped. It will
be re-introduced later on when the equations are extended to three-dimensional flow.
Note that

- 2 2 2
U=uyl+uyj+uk,

where u,, u, and u are the particle velocities in the x-, y- and z-directions, respectively.
For flow in the x-direction only:
(i) the elemental mass is pA dx (where A = dy dz);
(i1) the mass flow into the elemental volume is (puA),;
(iii) the mass flow out of the elemental volume is (puA), 1 4x-
For the conservation of mass,
d(pAdx)

o = (PuA) = (puA)riar. (2.2)
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2.2 The homogeneous wave equation

z
| 4 yx Volume, V = dx dy dz

dy

p—r —_— pu, + Q%BBx)dx
X

puy

dz

- dx

Cross-sectional area, A = dy dz

Fig. 2.5. Mass flow of particles in the x-direction through an elemental, fixed, control volume.

Using a Taylor series expansion,

e (U .3
t 0x

Hence,

o, pud) _ (2.4)
dat 0x

Equation (2.4) represents the one-dimensional conservation of mass in the x-direction.
It can be extended to three dimensions, and the three-dimensional equation of conser-
vation of mass is therefore

ap > R
E%—V-pu:O, (2.5

where V is the divergence operator, i.e.

> . : 0

V:{—z—l——]—l——k}. (2.6)
X Z

Equation (2.5) is thus a vector representation for

ap n d(puy) n 8(;‘0”)1) n 8(;‘01/12) _

- - 0. 2.7)
ot 0x ay 0z

The equation of conservation of mass (equations 2.5 or 2.7) is a scalar quantity. It is
also non-linear because the mass flow terms involve products of two small fluctuating
components (# and p’). These terms have second-order effects as far as the propagation
of sound waves is concerned — i.e. the equation can be linearised. Substituting for
o(X, 1) = po(X) + p/(X, t) into equation (2.7) and deleting second- and higher-order
terms yields

op’ oy ouy, ou,

- - — =0, 2.8
ar TPy TRy TR 5
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zZ

y
kx Volume, V = dx dy dz

dy o(P) .
P,
Px """"" (mlln- x * 0x *
2 e i —_— 2
Pux @ puf + —p—a(axux)dx
dx

Cross-sectional area, A = dy dz

Fig. 2.6. Momentum balance in the x-direction for an elemental, fixed, control volume.

o eV i =0. (2.9)

Equation (2.9) is the linearised equation of conservation of mass (continuity).

Conservation of momentum

The equation of conservation of momentum provides a relationship between the pres-
sure, P(X, t), the density, p(X, t), and the particle velocity, u#(x, t). It can be obtained
either by observing the stated law of conservation of momentum with respect to an
elemental, fixed, control volume, dV/, in space, or by a direct application of Newton’s
second law with respect to the fluid particles that move through the elemental, fixed,
control volume. To a purist both procedures are identical! It is, however, instructive to
consider them both.

Consider the first approach — consider the momentum flow through an elemental,
fixed, control volume, dV/, as illustrated in Figure 2.6. For momentum to be conserved
the time rate of change of momentum contained in the fixed volume plus the nett rate
of flow of momentum through the surfaces of the volume are equal to the sum of all
the forces acting on the volume. Once again, because the flow is one-dimensional,
the vector notation is temporarily dropped. Also, body forces are neglected — i.e. only
pressure forces act on the body. For flow in the x-direction only:

(i) the momentum of the control volume is pu, A dx;
(ii) the momentum flow into the control volume is (pu’A),;
(iii) the momentum flow out of the control volume is (pu?A)ydy;
(iv) the force at position x is (P A),;
(v) the force at position x + dx is — (P A)y4qyx-
For the conservation of momentum

d(pu,A)dx

= (pu?A), — (puA)yrax + (PA), — (PA)y 1. (2.10)
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2.2 The homogeneous wave equation

If a Taylor series expansion is used for (pu?A)yrar and (PA)yidr, equation (2.10)
simplifies to

dpuy) _ 0 (pu?) P

—. 2.11
ot ox ox ( )
Equation (2.11) can be re-arranged as
ouy ap ap RIT ou, OP
R s = — 4+ — =0, 2.12
p8t+u{8t+u8x+p3x}+pu ox | ox @12)
where the term in brackets is the continuity equation. Thus, equation (2.12) sim-
plifies to
oy 4 ou, n oP 0 (2.13)
u,— +— =0. .
Poor TP T T

Equation (2.13) represents the one-dimensional conservation of momentum in the
x-direction. Similar expressions can be obtained for the y- and z-directions. The three-
dimensional equation of conservation of momentum is therefore obtained by intro-
ducing the divergence operator, V. 1Itis

-

0 I =
p:a—b; —I—(u-V)u} +VP =0, (2.14)

This equation is the non-linear, inviscid momentum equation or Euler’s equation.

Equation (2.14) can also be obtained by a direct application of Newton’s second
law with respect to the fluid particles that move through the elemental, fixed, control
volume. The control volume in Figure 2.6 contains a mass, dm, of fluid at any instant
in time. The nett force on the volume element is

df = adm, (2.15)

from Newton’s second law. It is very important to recognise that the acceleration, a, is
the rate of change of velocity of a given fluid particle as it moves about in space and it
is not the rate of change of fluid velocity at a fixed point in space.

The particle velocity, i, is a function of space and time. Thus, at some time ¢, a particle
is at position (x, y, z) and it has a particle velocity u(x, y, z, t). At some further time,
t + dr the particle is at position (x + dx, y 4+ dy, z + dz) and it has a particle velocity
u(x +dx, y +dy, z+dz, t + dr). The particle acceleration is

. . u(x+dx,y+dy,z+dz, t +dr) —u(x, y, z,t)
a = lim .
dt—o0 dr

(2.16)

The particle velocity at time ¢ + d¢ can be re-expressed as u(x + u,dz, y + u,dz, z +
u.de, t +dr), where dx = u,dr, dy = u,dr, and dz = u.dr. Thus by re-expressing
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the particle velocity at time ¢ 4 dt and using a Taylor series expansion

- -

- - a 8
ux+dx,y+dy,z+dz,t +dt) =u(x,y,z,t)+ a—uux dr + 8—uuy dr
x y
ou ou
—u,dt + —dr. 2.17
+ 0z 4z O + at ( )
Hence the particle acceleration is
- 8ﬁ+ 8ﬁ+ aﬁ+ ou (2.18)
a=—+u,— +u,— +u,—. .
at ax Ty Caz

Equation (2.18) can be re-expressed in vector notation by using the vector operation
u - V. Hence,

N

u

LR N 2.19
a 8t+(u u (2.19)
where

- 2 d 0 0

u.V:uxa—l—uya—{—uZa—Z. (220)

Equation (2.19) is the total acceleration of a fluid particle in an Eulerian frame of
reference. It has both a convective part and a local time rate of change when the flow
is unsteady.

Neglecting viscosity, the nett force on the elemental fluid volume in the x-direction is

S oP oP >
df=:P—(P+—)dx}dydz=——dVl. 2.21)
ox ox

The complete, three-dimensional, vector force is thus

- oP- o0P- 0P~

—VPdV =—{ —i+ —j+ —kdV. (2.22)
ox ay 0z
Hence, from Newton’s second law,
81,_[ N =N —

pdV{a—t + (u - V)u} =-VPdV, (2.23)
where p dV = dm. Thus,

ou . o= >
p{g—i—(u-V)u}—i—VP:O. (2.24)

Equation (2.24) is identical to equation (2.14) — it is the non-linear, inviscid mo-
mentum or Euler’s equation. Like the equation of conservation of mass, it can
be simplified by linearisation — second- and higher-order terms can be neglected
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