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Abstract

This report presents an evaluation of several published theoretical models for the
calculation of sound propagation in a non-refracting atmosphere. The models are
described in detail and have been implemented and tested. The evaluation did not focus
on the theoretical foundations of the models, but rather on the calculation performance
and the accuracy as compared to measurements and reference cases solved by other
methods. No numerical methods like FEM or BEM have been included in the studies,
since they are too slow to be used in general noise prediction models because they
require too complex input data.

Chapter 2 deals with widely used solutions for ground effect, which have been shown to
agree well with measured results and experience. Chapter 3 and 4 deal with diffraction
models, and they have been evaluated with respect to their speed of calculation, accuracy
and adaptability to different situations. Finally, chapter 5 presents results of multiple
diffraction models, for cases such as multiple screens and wide barriers. In the annexes A
and B model measurements are presented for the wide and double screen cases.
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Conclusions

This report presents an evaluation of a number of theoretical models, taken from research
articles, concerning calculation of sound propagation in a non-refracting atmosphere. The
models have been presented in detail, and evaluated with respect to their accuracy,
calculation speed and adaptability to different situations.

For the plane ground effect, the spherical wave reflection coefficient introduced by
Ingard is a very good solution. It has been proven to be accurate, and it is very fast
compared to numerical solutions. For the calculation of diffraction the model by
Hadden/Pierce is the most versatile and accurate solution, since it can be modified to
deal with impedance surfaces. To combine diffraction and ground effect, the image
model introduced by Jonasson has proven to be fast and accurate. Finally, for multiple
diffraction, such as wide screens, the model proposed by Salomons gives acceptable
results for the tested geometries.






1 Introduction

1.1 List of symbols

ap,a Size of the Fresnel-zone [m]

c Speed of sound , in the examples c=340 m/s is assumed [m/s]
d Horijzontal distance between source and receiver [m]

ds Horizontal distance between source and screen [m]

dr Horizontal distance between screen and receiver [my]

f Frequency [Hz]

f(x),g(x)  Auxiliary Fresnel functions, see (3.5)

F(x) The Fresnel integral, see (3.1)
hg Receiver height above the ground [m]
hg Source height above the ground [m]
hse Screen height above the ground [m]
- H(x) The Heaviside step function
k Wavenumber, k=w/c [m'l]
n Normal vector into the ground surface [-]

Acoustic pressure [Pa]

Q Spherical reflection coefficient [-]

R Plane wave reflection coefficient [-]

R, Length of ray number n [m]

t Time [s]

\4 Acoustic velocity vector [m/s]

Xsrp Point of specular reflection, measured from the source [m)]
Z Specific normalized acoustic impedance [Pa s / m]

B Exterior wedge angle [rad]

v Normalized admittance [m/Pa s] or wedge index v=1/p -]
© Angular frequency (w=2nf) [rad/s]

o The effective flow resistivity [Nsm™]




2 Ground effect on sound propagation

The ground effect in sound propagation is determined by the impedance of the ground
and by the geometrical situation. The effect is strongly frequency dependent. If you
consider a point source over an infinitely rigid boundary, you will in principle get two
sound rays, one direct and one reflected. These two rays interfere, and cause dips in the
frequency response where the difference in traveled distance is nA+A/2, n=0,1,2.... When
we have a boundary with a specific acoustic impedance, the reflected ray is affected both
in amplitude and in phase, which changes the location of the frequency dips, and the
overall frequency response.

2.1 Acoustic impedance
2.1.1 Definition of specific acoustic impedance

The specific acoustic (surface) impedance (called impedance from now on) is defined as
the complex ratio of the effective sound pressure at a point of an acoustic medium to the
effective particle velocity normal to the surface (positive direction into the surface) at
that point. The SI unit is Ns/m’. The word "specific” implies "per unit area”, since
pressure is force per unit area.
Alr P Figure 2.1
Definition of specific
acoustic impedance.
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The admittance, in the following denoted v, is the inverse of the impedance. The real part
of the impedance is called resistance and the imaginary reactance. If the time dependence
is described as e instead of ™ the reactance would have the opposite sign of what the
definition here would give. In other words, the impedance will be conjugated if the time
dependence changes sign.

To characterize a surface it is usnal to state the surface impedance normalized to the
impedance of air, Zuom=Z/poc, Where Po i3 the density of air, and ¢ the speed of sound. In
the following text the normalized specific acoustic impedance is referred to as
impedance.

2.1.2 Local and extended reaction

A surface is called locally reacting if the particle velocity (ven) at a point depends only
on the pressure p at the same point. If this is not the case, the surface is called extendedly
reacting, The assumption that a surface is locally reacting is the same as to assume that
the impedance of the surface is independent of the angle of incidence. There is no
evidence that suggests that normal ground surfaces can not be classified as locally
reacting. Some very soft surfaces, like snow, are not locally reacting, but can usually be




analyzed as if the were anyway. This assumption greatly reduces the complexity of the

problem,

2.1.3  Impedance models

The ground effect in sound propagation is determined by the impedance of the ground
and by the geometrical situation. The ground behavior is strongly dependent on
frequency. If we make a few assumptions of the physical properties of the ground, we
can construct a theoretical model of the acoustical behavior in the form of an impedance
model. We can also construct an empirical model from measured data. The purpose of an
impedance model is to describe how the impedance varies with frequency, and possibly
how it depends on other physical parameters, such as flow resistivity or porosity. In this
text we present one model, which has been used for the calculations in the examples

further ahead.

In the examples of this text a model by Delany and Bazley is used. This model is
described in [13] and [16], and uses o, the effective flow resistivity, as a parameter.

1000 1000
Z=1+ 9,08(—611) 075 4 4] 1,9("77—10)‘“"’3

2.2)

& should be around 150 000 - 300 000 for grass, and >20 G00 000 for old asphalt, se table
2.1. In figure 2.2 the impedance for ¢ = 200 000 is plotted. Note that the model predicts
high impedance for low frequencies and low impedance for high frequencies. The
imaginary part of the impedance is positive, which means that the impedance has a

spring-like behavior.

Table 2.1 _Flow resistivities of various ground surfaces, from [12].
Description of surface Flow resistivity, in krayls
1. Dry snow, new fallen 10 cm deep 15-30

2. Sugar snow 25-30

3. Wood land floor 50

4. Grass: rough pasture, airport, public buildings 150-300

5. Roadside dirt, ill defined, small rocks up to 10 cm 300-800
diameter

6. Sandy silt, hard packed by vehicles 800-2 500
7. "Clean” limestone chips,thick layer(12,7 to 25,4 mm 1 500-4 000
mesh)

8. Old dirt roadway, fine stones(6,35 mm mesh), 2 000-4 000
interstices filled

9. Earth, exposed and rain-packed 4 000-8 000
10. Quarry dust, fine, very hard-packed by vehicles 5 000-20 000
11. Asphalt sealed by dust and use > 20 000
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Assume that we have a plane wave propagating towards an infinite plane with

_ normalized impedance Z and admittance v=1/Z. We also assume that the surface is
locally reacting. The angle of incidence is . Then we will get a reflected plane wave
_ propagating in a direction given by Snell's law, which in this case is the same angle
' against the surface normal in figure 2.3. The resulting reflection coefficient is then:

R(O) = cos(0) — v s
)_003(9)-1-\/ @3
2.i.5. | Spherical wave reflection coefficient

If we have spherical waves, which we always have if the source is not very far from the
surface, we have to calculate a spherical wave reflection coefficient. We use the same
assumptions about the surface as in 2.1.4.
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T T Figure 2.4
E\]L . R, L Geometry for the
o Lo spherical wave
R; reflection.
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This problem was first studied in electromagnetic field theory, and the first paper to
solve the problem from the acoustic point of view was by Ingard [15]. After some initial
errors from the original article were corrected and other authors have added a few things,
the theory can be summarized as follows:

The pressure at a receiver point above a boundary with impedance Z can be expressed as

two spherical waves, or rays. One is the direct one and the other one is reflected at the
boundary, see figure 2.4.

iR, kR,
p= (e—m +0° ]e“"”‘ (2.4)

Rl RZ

The reflected ray is multiplied by the (complex) reflection coefficient Q, which can be
calculated by formula (2.5), where R is the plane wave reflection coefficient from
formula (2.3).

Q= R(0)+[1- RO)]E(p) (2.5)

The function E(p) is calculated from (2.6), where erfc(z) is the complementary error
function extended for complex arguments. p is the so called numerical distance
calculated from (2.7).

E(p) =1+ iNmpe ™ erfe(-ip) (2.6)
1+i
p= TJkRZ (v +cos(0)) 2.7

One difficulty is to calculate the expression (2.6), but a good solution is to use a series
expansion given in [14]. Other functions behave well numerically for most normal source
and receiver positions.

In the plane wave case the solution can be seen as an image source multiplied by the
reflection coefficient, but in the spherical case it is not as simple. In [1] it is suggested
that the spherical reflection can be looked upon as an image source distribution centered
on the point given by Snell's law. This can be seen as an infinite number of image
sources of infinitesimal magnitude. '

The spherical reflection coefficient is almost equal to the plane wave one for high
frequencies, which can bee seen in figure 2.5. Note that in the region of 500 Hz there is a
minimum, and here the level difference is quite large between Q and R, but the frequency
location of the minimum is almost identical.
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Figure 2.5
Difference between
spherical and plane
wave reflection
coefficient
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xx plane (Q=R)
hs=hr=1'm
d=50m

=200 000,
corresponding to a
grass surface.

dB relative free field
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2.1.6 Pressure relative free field

It is often desirable to study the effect of the ground alone, separate from the effects of
geometrical spreading. The usual way to do this is to study the pressure at a point relative
to free field. Assume that in a free ficld case, i.e. without boundary, the pressure at the
receiver point is pg, and in the ground case p. Then the pressure relative to free field is
p/po (2.8). In the spherical wave case the formula for the pressure relative to free field

will be, omitting the factor ™

[ G 0 ™ )
P R1 Rz - 1+ Q&eik(RrRl)
Po € R,

(2.8)

Tn the examples of this text all pressures are plotted relative to free field unless otherwise
is stated.

2.2 Impedance discontinuities

Consider a road with a grass plain next to it. Then the sound source will be above a high
impedance surface, the asphalt, and the receiver will be above a lower impedance
surface, the grass. How will the change in impedance affect the sound propagation? In
the case where the car is very close to the asphalt edge or the receiver is just next to the
road, we will in principle have the normal situation with propagation over just one
surface. If we are somewhere in between, we have to have another solution though.
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2.2.1 The de Jong model for impedance discontinuities

A model to deal with impedance discontinuities is described in [8], by de Jong.

R _ Receiver Figure 2.6
Source ! ' Geometry for the
3

Image source

If we have the geometry of figure 2.6, the pressure relative to free field can be described
by the formulas (2.9) and (2.10), where the former should be used if the point of specular
reflection lies on surface 1, and the latter if the point of specular reflection lies on surface
2. If the specular reflection point is exactly the same as the point where the impedance
changes, then Ry=R;, and the expressions are equal.

—in/4

=l €0, 40, - 0) S [FJRR, TR + PR — Ra)e<s ]
2 3

Py
(2.9
—infd
P 1+£€Ek(R1—R)Q2 +(Q, - Q})Li[p(m_ F(M)e%(&—m]
P R, \/E R,
(2.10)

In figure 2.7 we can see the difference for a case where both source and receiver is1m
above the ground, the distance is 100 m, and the surface changes from asphalt to grass

20 m from the source. Note that even though the point of specular reflection is 30 m from
the impedance. discontinuity, we still see a strong effect around the point of maximum
attenuation.
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The de Jong model has some major drawbacks though. It does not obey the recipracity
condition, which tells us that if we interchange the location of the source and receiver,
we get the same result. Furthermore it seems to work only for a hard/soft surface
combination, not a soft/hard one. In figure 2.9 some different ways to calculate the
resulting pressure from the geometry in figure 2.8 is displayed. PROPAG is a program
which uses a numerical method developed by Karsten Bo Rasmussen [9].

Figure 2.8
0,5m o o Geometry for calculation in
15 1 """ figure 2.9
Hard surface, (source) Soft surfave, | 01=206,02=200 000
(receiver) ’ corresponding to an asphalt

and a grass surface.
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Note that the de Jong solution gives suspicious results in this case (figure 2.9).

2.2.2

The Fresnel-zone model

This model [10] is a rather straightforward method. It has been improved by Birger
Plovsing to work better in the high frequency region [11]. The model will not be
discussed in detail here, but in principle it uses (2.11), where ps is the solution with the
source impedance over the whole surface, pg the same with the receiver impedance and

pror is the solution above the plane with the impedance discontinuity. Note that only the

absolute value of the solution can be obtained with this method. The weighting factor r is
determined by how much of the source side impedance is inside the Fresnel zone, which

is an ellipse.

20%og(| Pror D =r201og(| Ps D +(1- F)ZOIOg(I )

(2.11)

Figure 2.10
Definition of symbols
for the Fresnel zone
model,

In the basic model, r is simply the ratio of x; (if it is >0 ) and the total length of the
Fresnel zone, see figure 2. 10. If x; is less than zero, r=0 and the propagation will depend
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only on the receiver side impedance, and if x, is greater than a;+a, then r=1 and only the

source side impedance will affect the propagation.

!
- 0<x <a ta,
a, +a,
r=4 1 x, >a,ta,
0 x, £0
L

2.12)

The Fresnel zone is determined by making an ellipse around the image source and the
receiver, and if we use a few approximations we arrive at the expressions (2.13) and
(2.14). d is the horizontal distance between source and receiver. C is a portion of the
wavelength used to determine the ellipse, and in [10] C=1/4 is recommended.

hs —h 2hh
S R+\{; 5''R
_d kg thy CAd

h=5 +(hs+hR)2
2CAd
he—hs [ 2hshy
d b+, VT eaa
a, =

(2.13)

(2.14)

Figure 2.11
Fresnel-zone
calculations
compared to
neglecting the soft
surface. Geometry as
in figure 2.8

oo Fresnel-zone
xx lIgnoring the
soft side.

_20 L i

315 63 125 250 500 1000 2000 4000 8000

Frequency, Hz

In figure 2.11, the Fresnel-zone model is compared to ignoring the soft surface in the

geometry from figure 2.8. As can be expected, there is n

o difference between the two.
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3 Diffraction from the semi infinite plane

Under many conditions, a sound barrier can be characterized as a thin screen. This means
that the diffracting edge is small in comparison with the wavelength. The simplest
solution, without being simple, is for a semi infinite plane. This is a special case of a
semi infinite wedge. The exact solution to the wave equation is known in this case for
some different boundary conditions, but the calculations are elaborate and it is not
possible to implement it using elementary functions.

Figure 3.1
The semi infinite plane

He.

Usually when one talks about diffraction one divides the solution into two parts, the
geometrical acoustics part, and the diffracted part. The total solution is the sum of these
two parts. In figure 3.2 the semi infinite plane situation is shown divided into three
sectors, A,B and C. If we assume that the source is sending out a short pulse, then we
will receive different things in the different sectors. In A the direct sound path is cut off
by the screen, and the only thing we will receive is a pulse diffracted at the screen top. In
B we will also receive a diffracted pulse (even if the receiver is on the same side of the
screen as the source), but we will also receive a direct pulse. In sector C we will, in
addition to the direct and diffracted pulses, receive a reflected pulse (from the image
source).

----
---------
“an,
.....

R B Figure 3.2
T, e The different sectors for
S . A the diffracted sound field
Sonrce Image source

This has the effect that if we only consider the diffracted wave, it will be discontinuous
at the boundaries between the sectors.
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31 The Fresnel integral

The so-called Fresnel integral (3.1) and other related functions are very important in the
theory of semi infinite plane diffraction.

F(x) = fef‘zd: G3.1)

2 - T T T T
Figure 3.3

Real (— ) and
imaginary (- - -)
parts of the Fresnel

integral for x between
-6 and 6.

F(x)

Note that:
F(—x)= \/;(14-:)—F(x) (3.2)
16 ' ' ' ' Figure 3.4
1.4} 1 Alternative plot for
1ok @ B | the Fresnel function
F(x). The arrow is in
1r : the positive x
0.8} direction. (-6<x<0)
fg-: (The Cornus spiral)
. 0.6F
E
0.4
0.2t
0 L
02r
04 - : : :
-0.5 0 0.5 1 1.5 2

Re{F(x) }
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2.5 7 y
Figure 3.5
Absolute value of the
ol i Fresnel integral for x
between -6 and 6.
1.5F
"3_
g
1 -
0.5}
O ] 1
-G 4 2 0 2 4 G

This function can be expressed in the two functions S(x) and C(x) (3.3).
7|1 2 1 2
Fx) =715 - COGI—0) +i] = = 8(,|=
2 \E[Z ! ﬂx) 1[2 ( EX)J} 3.3

Clx)= fcos(grz)dt
? (3.4)
0

S(x) = sin(grz)dr

And from C(x} and S(x) we can define the two auxiliary Fresnel functions f(x) and 2(x)
(3.5).

_(15) T o (lc ]-Ez
f(x)= 5 (x) COS(Zx)~ 5~ C) sm(zx) s

~(3-conens 04500
glx) = E—C(x) cos(zx )+ 2~S(x) sm(ﬁz—x )

As can be seen in figure 3.6, f and g are functions that have asymptotic expressions for
large x. These functions are therefore well suited for the calculation of the Fresnel
function. The asymptotic expressions are (3.6) (from [4]).

13 .
f(x)=‘m*—7r3_x_-,+0(x )
(3.6)

(x) = +0(x7'")
glx) = P B X
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The question i
polynomial and to fit it to numerical calculati
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for 0<x<5 is presented in table 3.1,

Flx)=a, +ax+ax’+..

O<x<b f(x) ai(x)
ar= | 0.00000019048125 -0.00000151 974284
a1 | -0.00000418231569 0.00005018358067
240 0.00002262763737 -0.00073624261723
ag 0.00023357512010 0.00631958394266
ag -0.00447236493671 -0.03513592318103
az 0.03357197760359 0.13198388204736
as -0.15130803310630 -0.33675804584105
as 0.44933436012454 0.55984929401694
as | -0.89550049255859 -0.50298686904881
as 1.15348730691625 -0.06004025873978
a2 -0.80731059547652 0.80070190014386
ai 0.00186249867385 -1.00151717179967
a, | 0.49997531354311 _0.5000241 4586702

3.7

Figure 3.6

The auxiliary Fresnel
functions f{x) ( —)
and g(x) (- - - ).

s how to handle small values for x. One possibility is to assume a
ons of f and g for small x. A polynomial fit

Table 3.1
Polynomial
expression (least-
squares
approximation) of
the auxiliary
Fresnel functions f
and g for smail x.
fl<x<5
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3.2 The Pierce solution

Figure 3.7
Definition of
symbols, from [4].

LISTENER

N

:—
7

S0uUR

O

£

In [1] a solution for the semi infinite wedge diffraction is presented. If the wedge angle 3
is 2 then this corresponds to the semi infinite plane case. The solution is based on the
function Ap(x), which is defined in (3.8). Ap(x) is best calculated from the auxiliary
Fresnel-functions f(x) and g(x) (3.6).

2 7 . ,
A (x) = EY o/ Z)Hzx e du = Szgn(x)[f|xJ - zg[xl] (3.8)

The solution ppig (3.9) is defined for all r, © and z, where r and 9 is defined in figure 3.7,
and z is defined as in standard cylindrical coordinates. The distance between the source
and the receiver is L.

ikl _inf4
PDwfr(?',G,Z):Te\E (AD(X+)+AD(X—)) (3.9)
where
X, =X(0+6,) X_=X(0-6) (3.10)
. 5 ~
X(6) = ryr cos(vir) — cos(vl) 311

AL vsin(vr)

If we study only ppig, we will notice that it is discontinuous around the line of sight
(LOS, the border between zone A and B, see figure 3.2. This can be seen in figure 3.9
and 3.10, where the absolute value of ppi is displayed in a contour plot.
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A%

2m

y(m)

y(m)

Figure 3.8

Source position and
definition of axes x
and y for figures 3.9
and 3.10

Figure 3.9

Contour plot of the
diffracted field only
(Poigr)- see figure 3.8.
The dotted line
represents the line of
sight. Note that the
field is discontinuous
around the LOS.

f=1000 Hz

Figure 3.10
Contour plot of the
diffracted field and a
direct part added
above the line of
Sighf- (pD{ﬂ'r+pDirecf)'
See figure 3.8. The
dotted line represents
the line of sight. Note
that the sum is

" continuous.

f=1000 Hz
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3.3 The Macdonald solution

In [6] H. Jonasson presents a way to calculate the semi infinite diffraction for a hard or
pressure release screen. Pressure release corresponds to a reflection factor of -1 for all
frequencies, and a model for an absorbing screen can be obtained by taking away the
second term. The solution is based on an exact solution by Macdonald [7]. The diffracted
field is given by (3.12)

eiﬂ'/4 eikR ei!cS
= e i v F '
Pq 7 | kR, F(x) kS, (») (3.12)

The sign * is + for a hard screen, and - for a pressure release screen, and the second term
is removed to simulate an absorbing screen. Note however that this solution uses the free
field wave (3.13), so we have to divide by this expression to get a solution relative to free
field conditions.

o™
Do =—— (3.13)

kR

The parameters R, and S, are defined in (3.14).

R _ f(]i’1+R)R1

* 2
f(R + SR

Sy= 1 2 1

R is the distance between the source and the receiver, and S is the distance between the
image source and the receiver. R; is the shortest way over the screen from the source to
the receiver.

krr,

X = fR-ki%, cos(0 - 8,)
krry, -

y=- ’S+§i’; cos(0 +8,)

19, 1,00 and 0 is defined in figure 3.7. Note that B=2m in this case.

(3.14)

(3.15)

34 The Hadden/Pierce solution

In {5] a solution by Hadden and Pierce is presented, and since it is a four rays model, we

can apply a spherical reflection coefficient to the image rays and thus get a solution for a
wedge or screen with any impedance on its surface. The main equation is (3.16), which is
a sum of four terms.



24

iR

(3.16)

1< e
Pour == 5 DA@E, (A®) T

The function E, is defined in (3.17). Note that here is v the wedge index, and not the
admittance. The wedge index is v=1/B.

eim’4

E, =1 - A, (B 3.17
D) IAl\{ (errR l)coszlAl o) @17
1+ =55+~
R 2/ v

Ap is the function defined in (3.8), and B is given by (3.18).

Ak A
Bzﬂ} 1:;:" 2°°S| '1 (3.18)
¥,
Jvz_i_( s'r

R T E] cos’| Al

A is given in (3.19). His the step function (3.20).

A= A®,) =g-(—ﬁ—7r+(bn) +AH(T—®,) (3.19)
. 1 x=0
(x) = 0 x<0 (3.20)

The four different arguments @, corresponds to the four rays in the wedge case (3.21).

D, =l9R —Gs{
®, =0, +6
@, =28 - (6, +6;)
@, =28-16, — 44|

(3.21)

If we want to calculate the same thing for a wedge with impedance Zs on the source side
and Zy on the receiver side, we multiply the “rays” with the corresponding spherical
reflection coefficient Qs and Qg. In formula (3.16) for ppis We multiply the second term
with Qs, the third with Qg and the forth with QsQg. Qs is calculated with rg as the

distance parameter and the reflection angle is the angle against the impedance plane (Zs).

Qr is calculated in the same way but with 1z and the angle against the impedance plane
(Zg) as parameters.

This model is, with my implementation, about 90 % slower (in terms of floating point
operations per second) than 3.2. If we use the method presented above to calculate the
diffraction with impedance on the screen sides, the calculation will be much slower
because we have to calculate the spherical reflection coefficients.
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4 Combining diffraction and ground effect

A noise barrier is often placed on the ground. As we have seen, a barrier can be
considered as a semi infinite plane in terms of diffraction, and the ground can be handled
by the spherical reflection coefficient. Now we have to combine these two effects into a
single model for the sound propagation around screens on the ground. If we use a
numerical approach such as boundary element methods or the method presented in [2],
then we will have the total solution. If we use the analytical models presented here, we
must find a method to combine them into a "heuristic" solution.

4.1 The image method

The method described by Hans Jonasson in [6] uses an image source and an image
receiver to form four rays, or possibly more if direct rays are not screened, together with
the semi infinite plane diffraction to form the pressure on the receiver side of the screen.
This method is valid if the diffraction from the corners between the ground and screen
sides can be neglected. Note that if the ground and the screen have the same impedance,
there is no diffraction from the corners. Normally there is, and it can only be neglected if
the height of the screen is large in comparison to the wavelength.

Ry Figure 4.1
o - e Figure of the four
RN rays in the image
O method of combining
ground effect and
diffraction over a thin
R, SCFeen.
5 - Q
O
R4
= -
QO
Rs

P=p+p. 0 +p, Q)+ p, 00, 4.1
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In formula (4.1), p, is the pressure from the (image) source to the (image) receiver over a
semi infinite plane. The spherical reflection coefficient Q; and Q; are calculated as if the
source (Qz) or the receiver (Q) is located at the screen top.

4.2 Model measurement of a thin screen

To verify the thin screen model, a series of model measurements were made in the hemi-
anechoic chamber at SP. A screen was constructed of 13-mm gypsum boards, and placed
on the concrete floor, se figure 4.2, The source consists of four nozzles blowing
pressurized air against a common soint located about 2 mm above the concrete floor.

Figure 4.2

Model measurements
of a thin screen. The
screen width is 13mm,
which corresponds to
a "wide" frequency
limit of about 26 kHz

In figure 4.3 we can a comparison between the measurements and a theoretical value
calculated with the Hadden/Pierce diffraction model. The floor and the screen is assumed
to be rigid (Q=1), and the source and receiver heights is set to zero. The systematical
error in the measured values probably comes from a drift in the static source pressure
between reference and screen measurements, since for this measurement the source was
turned off between the two. For the other model measurements described later, the source
was kept running to ensure the same source level.
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Figure 4.3

Model measurements
and theoretical
calculations using the
Hadden/Pierce
diffraction model for
a thin screen case.

xx Measurement
oo Theory

hs=hr=0, d=170 cm,
ds=100 cm, hsc=30
cm

-156

125 250 500 1000 2000 4000 8000
Frequency, Hz

4.3 L.ow screens

When the screen height goes to zero, the solution should approach that for a point source
above an impedance plane. The model in 4.1 does not, which can easily be seen in (4.1).

If we have a screen which is 1cm high, and our wavelength is Im, then the screen should
not affect the propagation at all. One way to achieve this would be to calculate as an
ordinary plane ground, or plane ground with impedance jump, and just ignore the screen.
If we choose the limiting case to be when the screen height equals one tenth of a
wavelength, we get the formula (4.2), where hgc is the screen height, for the frequency
where the screen cease to affect the propagation. We can then use the method described
in 5.1.3 to merge the solution with the screen and the solution without a screen into one.

_ ¢
10k,

f “4.2)
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5 Multiple diffraction
5.1 Wide barriers

When the barrier is wide in comparison to the wavelength, the diffracted wave will be
weaker (at least in average) in the shadow region than if only an infinitely thin screen
were present.

51.1 The Pierce solution to wide barriers

In [4] a solution to the double wedge case, see figure 5.1, is presented. It is basically the
same as the solution in 3.2.

B 8
- Figure 5.1
Definition of
I o e e e o symbols, from [4].

e W i

The expression for the diffracted field po is given in (5.1). Note that this solution is valid
only if Bs-0s>T and B-0L>%. Another restriction is that kw>>1, which means that the top
surface must be larger than one wavelength for the model to be correct.

. kL

= (f(ii) "ig(K))(f(BIi) —ig(BY<)) (5.1)
L

Pp =

L is the distance between the source and receiver along the top of the barrier, rs+rr+w if
there is no difference in z-coordinate, which is the only case I study. f and g are the so
called auxiliary Fresnel functions, see 3.1.

ys =2rs(wHr )/ AL (5.2)
Yy =Y My (Bs —6) (5.3

Y. is the minimum, and Y, the maximum of Ysand Yy, where Ys (and Yi, with a change
of the indices) can be calculated according to (5.2) and (5.3). The function M\(6) is
defined in (5.4).
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_ cos(vm) —cos(v0)
M,(6) = v sin(vrr)

(5.4)

The main disadvantage with this method is that the surfaces must be hard, and that the
top surface must be at least one wavelength long.

5.1.2 The Salomons solution to wide barriers

The method described under 5.2 can also be used to calculate a total diffraction
coefficient for the wide barrier case. Just set f=37/2 for the diffracting edges, and M=1,
Then we can have any impedance on the surfaces, and we can use any receiver and
source positions. We still have to have all surfaces at least a wavelength long to get the
correct result though, which means that wide barriers are only wide if they are wide in
comparison to the wavelength. The screen width is usually the limiting parameter.

Figure 5.2
Diffraction from a
wide screen.

Bs= 9L= W4,
re=rr=4m, w=0.34m
Screen surface is
hard,

xx Pierce

oo Salomons
+ + Single edge
diffraction, w=0.

315 63 1256 250 500 1000 2000 4000 8000
Frequency, Hz

In figure 5.2 the wide screen solution of Pierce and Salomons are compared, and they are
exactly equal. In this case the screen is 34 cm wide, corresponding to a limiting
frequency of 1 kHz. Below this frequency, the solution should be like the single edge
diffraction.

5.1.3 Frequency condition for wide barriers

Both wide screen models have the condition that the barrier width must be one
wavelength or larger. For lower frequencies there exists no solution, but the single edge
solution should be very close to the true solution. We should like to be able to mix the
two models, and here follows a simple idea how to merge them:

Calculate the limit frequency f (=c/w)} where w=A. From the first third
octave band where the center frequency is larger than f, choose the double
diffraction solution. For the lower third octave bands, add the solutions with
a weighting factor r according to Pror=(1-r)Ppouie+1Psinge Where 1 is 0.2,
0.4,0.6,0.8 and 1 for the remaining third octave bands in descending order.
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Table 5.1
Merging of single and double diffraction.
Frequency, kHz 0.315: 04 | 0.5 (063 | 0.8 1 1.25| 1.6
Single diffraction, dB | -35.1 | -36.1 | -37.1 | -38.1 | -39.1 | -40.1 | -41.1 | -42.1
Multiply with 1.0 1.0 | 08 | 06 | 04 |02 00| 00
Double diffraction, dB | -37.9 | -39.3 | -40.6 | -42.1 | -43.7 | -45.3 | -46.9 | -48.8
Multiply with 00 |00 |02 | 04 | 06| 08 | 1.0 | 1.0
Add for total solution | -35.1 | -36.1 |-37.8|-39.7 | -41.9 | -44.2 | -46.9( -48.8
20— T T T T Y T T y
Figure 5.3
256 o : Diffraction from a
wide screen.
-30r 0,=0,=7/4,
a5l rs=ri=4m, w=0.34m
Screen surface is
-40} hard. The solution is
3 45 obtained by merging
| the single and double
50l edge solutions.
-55¢ - - Single and double
ol edge solutions
o Merged solution
65 315 63 125 250 500 1000 2000 4000 8000
Frequency, Hz
5.1.4 Model measurement of a wide barrier

To test the validity of the wide screen solution a model measurement was carried out in
SP's hemi-anechoic room. The source is described briefly in 4.2. A more complete
presentation of the measurements can be found in annex A.

Figure 5.4

Model measurements
of a wide screen. The
screen width is 10 em,
which carresponds to
a wide frequency limit
of 3400 Hz
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o T T T T Figure 5.5

Comparison between
model measurements
and theory for a wide
screen. The screen
width is 10 em, which
corresponds to a wide
frequency limit of
3400 Hz

x Measurement
o Theory

‘40 al i " A a A
10 10 10
Frequency, Hz

In figure 5.5, we can see the pressure relative free field behind a wide screen both for a
model measurement and for a calculation using the wide barrier solution by Pierce. The
barrier is 10 cm wide, so for frequencies lower than 3400 Hz we should use a single edge
solution, which would increase the values somewhat. Due to the source, all measured
values below 500 Hz are unreliable. The source is too weak in comparison with the
background noise level in this region.

5.2 Multiple screens

For a situation with many diffracting edges, such as two screens after each other, the
solutions presented earlier can not be applied directly, but in [3] a method to use the
simple wedge diffraction to solve multi screen cases is presented. The idea is to calculate
the diffraction using equivalent sources, and then combine the diffraction coefficients to
a total diffraction with a special scheme. [3] also shows how a diffraction model for a
semi infinite wedge can be used to calculate the effects of impedance jumps. Furthermore
the text deals with non parallel wedges, and non infinite wedges, but this is not
considered here.

If we assume that the diffraction over a wedge can be described as a function
D=D(rg,rs,R.0r,05,v,k), where D is defined by (5.5), and the diffraction model chosen.

el'kR

R (5.5)

ngﬁ’r =D

If we limit ourselves to cases where the source and receiver are located on the saroe z-
coordinate, then the distance R=rp+rs. To find the total combined diffraction coefficient
for a given geometry, do as follows (from [3]):

B Start by calculating the diffraction coefficient D; for each diffracting edge, using the
previous edge (or the source) as the source and the following edge (or the receiver) as
the receiver. Salomon proposes that this should be done for only one frequency, and
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he uses 270 Hz. We could also do this for all frequencies for which we calculate, but
then we would get small discontinvities in the spectrum.

B Modify the coefficients D; by choosing s;=Ri+Riu+...+R;1 , with [Dj] < |Di] , and
Ssi=Rj+_1+Rj+z+. .+R;, with IDj | < |Di |
Sy =8, T8y
The new D=D(s:,54,5:,05,04i,Vi,k) are calculated for all frequencies. In other words,
you exchange the source and receiver points to the nearest edge with |Dj| < [Dj]
And the total diffraction coefficient is:

"
D, =(2] D D,..D, (5.6)

Where M is number of wedges with a common side plane, and N is the number of
edges.

Figure 5.6
Definition of

e 2 symbols used above
R1/ R; \ for the double
SCreen case.
> b

Note that this method is heuristic, and most likely the accuracy of the method decrease as
the number of diffracting edges and the number of reflecting planes increase.
Furthermore, the number of rays increase as 2, so the method will be slow for
complicated problems. On the other hand most of the rays will have a negligible
contribution to the overall sound pressure, since a ray diffracted many times will be very
weak. '

5.2.1 The double screen case

The method above is perhaps best described by an example, so we study the double

screen above an impedance plane situation, se figure 5.7.
Figure 5.7

- Definition of

e
impedance for the
= / double screen case.

O

Z1 Z2 Z3

We can see this as two diffracting edges, and three reflecting planes. In this case we will
have 2A(N+1) = 8 rays, and possibly a direct ray also. Each ray can be calculated with the
method described above. Then we add the rays multiplied with the spherical reflection
coefficients appropriate to the situation.

One way to represent this is to use image screens. In figure 5.8 the first four rays for the
two-screen situation is presented, and the last four are in figure 5.9, with the exception of
the direct ray if present. Now we use the method described above to calculate the total
diffraction coefficient Dy, for each ray, and add them according to (5.7).
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Figure 5.8

ustration of the four
rays from the source in
a double screen
situation,

... indicates screen
infinite in this direction

Figure 5.9

Hlustration of the four
6 rays from the image
source in a double
screen situation,
... indicates screen
infinite in this direction

O
8
Z;L H
o iR R, s
p=D, R, +D, R, o, + D, R, o, +D4~}€,TQ2Q3 +
ikRs ¥R, R kR, (3.7)
+ D

e’ e
——Q + D R, Q1Q3+D7_R;Q1Q2+D3_EQ1Q2Q3
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Q, is calculated with the normal source and the first screen top as the receiver, Qz with
the first as the source and the second as the receiver, and Q; with the second as the

source and the normal receiver. R, is the length of ray number n.

5.2.2 Model measurement of double screen

To verify the double screen solution, a model measurement was made in the hemi-
anechoic room at SP, se figure 5.10. The source is briefly described in 4.2. A more

complete presentation of the measurements can be found in annex B.

Figure 5,10

Model measurement
of a double screen
case. The distance
between the screens is
70 cm, source fo
screen one 30 cm,
screen two to the
source 10 cm. Both
source and receiver is
ai height 0.

In figure 5.11 we can see a comparison of the model measurement and the theory
described above. As before, the source is very weak below 500 Hz, so these values are

unreliable in the measured case.

_25 o | L " " L a A PR L
10 10 10
Frequency, Hz

Figure 5,11
Comparison between
model measurements
and theory for a
double screen case.
The distance between
the screens is 70 cm,
source (0 screemn
one30 cm, screen two
to the receiver 10 cm.
Both source and
recetver is at height 0.

xx Measurement
o o Theory
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Annex A, Model measurements: Wide screen

The model measurements are described in 4.2 and 5.1.4. In the figure x are measured and
— calculated values using the theory in 5.1.2. The position 5 cm from the screen was
used as a +6 dB reference, without the screen present, to normalize values relative free
field.

I |
100 cm

3]
<
=
L]
l Source
Q Q O O e} 0 0
}0.0 cm
’ 100.0 cm
}0.0 cm

Receiver 5 cm from screen

_30 " I 1 " " [l
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Receiver 15 cm from screen
O o
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Frequency, Hz
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Receiver 25 cm from screen

10° _ 10*
Receiver 35 cm from screen

Frequency, Hz

Receiver 45 ¢m from screen

10° 10
Receiver 55 cm from screen

10° 10
Frequency, Hz

Receiver 65 cm from screen

10° 10
Frequency, Hz
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f(Hz)| 5cm 15cm  25cm 35cm  45cm 55cm  65cm
200 -0.2 0.8 1.1 2.2 2.0 3.1 4.4
250 -0.3 0.3 1.3 1.8 1.7 3.0 3.6
315 -1.1 -0.3 0.3 0.7 1.2 1.7 2.5
400 2.1 -1.3 -0.7 0.1 0.5 1.1 1.3
500 -2.9 -2.1 -1.7 -0.8 -0.1 -0.2 1.1
630 -3.5 -2.9 -2.2 -1.5 -1.1 -0.6 0.3
800 -4.4 -3.3 -3.0 -2.2 -1.6 -1.1 -0.8
1000 -5.8 -4.6 -4.1 -3.5 -3.0 -2.8 2.3
1250 -6.0 -5.0 -4.4 -3.9 -2.9 -2.6 2.7
1600 -7.6 -6.8 -6.1 -5.3 -4.9 -4.4 -3.8
2000 -9.1 -8.1 -7.6 -6.8 -6.0 5.3 -5.3
2500 -10.4 -10.0 -8.7 -8.0 -7.4 -7.1 -6.3
3150 -11.4 -11.2 -10.1 -9.5 -8.5 -7.8 -7.2
4000 -12.9 -12.4 -11.9 -10.8 -10.1 -9.5 9.1
5000 -15.7 -14.3 =131 -12.4 -11.3 -10.8 -10.3
6300 -18.1 -13.9 -12.4 -11.4 -10.5 -8.5 9.0
8000 -16.6 -186.3 -15.9 -14,7 -13.8 -13.2 -13.1
10000 -19.8 -20.1 -19.0 -17.9 -16.8 -18.7 -15.1
12500 -25.2 -23.8 -21.7 -20.1 -18.7 -17.6 -17.2
16000 -27.5 -27.0 -25.1 -23.0 21.2 -19.9 -19.1
20000 -29.2 -30.0 -27.1 -25.2 -24.2 -22.7 -21.4
Table A.1

Model measurements in third octaves.

Values normalized to dB rel. free field.
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Annex B, Model measurements: Double screens

The model measurements are described in 4.2 and 5.2.2. In the figures x are measured
and — calculated values using the theory in 5.2. The position 10 cm from the second
screen was used as a +6 dB reference, without the screens present, to get values relative
free field.

'_g —E‘
o o Source
n i
G e} o} o] [0} c|3 c|) ¥ ¥ —
10.0¢ |‘;30.0 [0 m—
T 100.0 cnx

100 cm

Receiver 10 cm from 2;nd screen

dB rel free field

_40 " -.-llls .- i PR i |
107 . 10

- Receiver 20 cm from 2:nd screen

4

dB rel free field

Frequency, Hz

Receiver 30 cm from 2:nd screen

dB rel free field

dB rel free field

.40 i al " i " '
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Receiver 50 em from 2:nd screen
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Frequency, Hz
f(Hz)I 10cm 20cm 30cm 40cm 50cm 60cm 70cm
200 4.5 5.0 5.3 4.8 5.7 6.6 6.8
250 5.2 5.4 57 6.2 6.8 7.1 7.5
315 5.9 6.2 6.6 7.3 7.0 7.3 7.5
400 6.0 6.0 6.1 6.0 6.3 6.8 6.5
500 4.0 4.3 4.7 5.2 4.9 4.7 5.1
630 0.2 0.4 0.9 1.0 1.6 1.4 1.1
800 2.7 -2.0 -1.3 -0.7 -0.6 -0.7 -0.6
1000 -5.1 -4.6 -4.1 -3.7 -3.4 -3.2 -2.6
1250 -6.8 -5.4 -4.9 -4.6 -4.3 -3.7 -3.4
1600 -8.5 7.7 -6.8 -6.4 -6.1 -5.5 -5.0
2000 -14.5 -13.0 -11.9 -11.6 -10.5 -10.5 -9.6
2500 -14.9 -13.2 -12.2 -10.9 -9.9 -9.9 -0.7
3150 -14.9 -13.8 -12.7 -11.4 -11.4 -10.7 -9.5
4000 -14.2 -13.5 -12.4 -11.4 -10.7 -10.2 -9.6
5000 -15.4 -14.7 -13.7 -12.7 -12.1 -11.5 -10.8
6300 -18.7 -17.9 -16.5 -16.0 -14.8 -14.1 -13.7
8000 -23.4 -21.4 ~20.1 -18.7 -17.3 -16.6 -16.2
10000 -21.7 -19.8 -18.5 -17.7 -16.9 -16.2 -15.6
12500 -25.6 -23.8 -21.6 -20.6 -19.7 -19.0 -18.4
16000 -26.4 -24.4 -22.6 -21.3 -20.4 -19.7 -18.5
20000 -30.6 -28.5 -25.9 -24.7 -23.8 -22.8 -21.8
Table B.1

Model measurements in third octaves.

Values normalized to dB rel. free field.






