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1. INTRODUCTION

The propagation of noise between a source and receiver close to the ground
is affected by a number of phenomena. These propagation effects are extremely
important in the evaluation of aircraft engine noise in two areas: first, in
evaluating the change in acoustic characteristics produced by a source config-
uration change, and second, in extrapolating measured data to distances remote

from the original measurement point.

An extensive body of literature has resulted from investigations of noise
propagation phenomena. The Bibliography in Section 9 contains many of these
reports, particularly those related to ground plame interference. These prop-
agation effects include atmospheric attentuation of sound, scattering of noise
in a turbulent atmosphere, refraction of noise due to wind and temperature
gradients, scattering by the ground plane surface, and reflection/absorption
by the ground. This latter phenomenon is the subject of this AIR. The basic
analysis is straightforward for the ideal case of an infinitely hard surface, a

point source of broadband noise, and a stable homogeneous medium.

The purposes of this AIR are to provide technical background associated
with the problem of correcting measured noise spectra to the "free field"
wherein the measurements are taken in the proximity of a ground plane; to
provide practical examples of correction methods; and to present some techniques
for minimizing the errors associated with the measurement of noise in the
presence of ground planes. The application of this AIR should assist the
acoustician in understanding the spectral effects of the reflection phenomena
and suggests some methods for obtaining more accurate "free field" acoustic
data; however, the AIR does not purport to provide unique, exact solutions to
all measurement problems, for each measurement situtation is unique in itself.
Of paramount importance to the correction procedures is a good knowledge of
the acoustic impedance of the ground plane and the geometry associated with the
measurement setup. A method of méasuring these ground plane characteristics is

described in Section 4.2.2.

Section 5.2 presents a brief discussion of reflection effects in flight
noise measurement, and provides some recommendations for ground test techniques

aimed toward improving the ability to predict inflight noise.
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Section 6 of this AIR provides an insight into the limitations of the
current state-of-the-art of measurements and corrections as they pertain to
this AIR, and in addition provides recommendations as to additional work that

might be carried out to further improve the methods outlined in this AIR.
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2, THEORETICAL ANALYSIS (POINT SOURCE)

2.1 MODEL

The following theoretical bases are taken from analyses made by various

authors (References 1,2,3).

The setting up of fundamental relations is based on the following general

assumptions:

- The source of sound is assumed to be a point source which produces a
stationary and random noise, consistent with the ergodic assumption.

- The microphone lies in the far field of the source for all frequencies.
- In the analyses, atmospheric absorption is ignored since the difference
between direct and reflected sound path lengths is generally small

compared to the total lengths. This means that it can be assumed that
sound pressure level obeys the inverse square law of decay.

- The atmosphere is assumed to be still, isothermal and homogeneous.

- Ground surface irregularities are assumed to be small when compared
with the wavelength of the sound in the frequency range of interest,
such that specular reflection can be assumed and that the concept of

an image source can be adopted.

In the presence of a surface, the recorded noise spectra of a source will

be modified by interferences between the direct and reflected sound waves.

The problem is geometrically outlined on Figure (2-1).

2.2 ANALYSIS FOR A POINT SOURCE OVER A HARD REFLECTING SURFACE

If the ground is a perfect reflector, the ratio of the resulting mean
square pressure to the mean square pressure which would have been measured in
the free field is given by (Reference 1,3):

2
R = l+—_+ECT (2.1)

where:

Z = — : geometrical parameter (2.2)
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LENGTH OF THE DIRECT SOUND RAY

r 3

r' : LENGTH OF THE REFLECTED SOUND RAY

r, : PROJECTION OF THE DIRECT RAY ON THE GROUND
: HEIGHT OF SOURCE ABOVE THE GROUND

h' : HEIGHT OF THE MICROPHONE ABOVE THE GROUND

t
7 = T~ : GEOMETRICAL PARAMETER
AT = r' - r : DIFFERENCE BETWEEN REFLECTED AND DIRECT PATH LENGTHS
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FIGURE (2-1) GEOMETRY OF SOURCE AND RECEIVER WITH RESPECT TO
GROUND SURFACE
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and £
b
‘/éf— w(f) Cos 27 t £ df
La

cC. = (2.3)

T f
_/C’ boou) df

a

CT is the autocorrelation coefficient of the noise signal in the frequency

band (fa’ fb) varying with the spectral density w(f) of the direct signal and
'_
with the time lag t = éE =L °F

the direct wave and the reflected wave (¢ is the ambient speed of sound).

resulting from the path length difference between

The path length difference, Ar, is expressed by:

Ar = /7r12 + ((+nn2 - “}12 + (h - b2 (2.4)
For h and h' small as compared with r:
1
Ar = EL%EJL_ (2.5)
1
In the particular case of a white noise:
w (£) = constant = LS
and
_ Sin mt (fp - f£3)
CT s (fb_ f;?_ Cos 7t (fb + fa) _ (2.6)

fa and fb being the lower and upper cutoff frequencies associated with the

frequency band.

The reflection index associated with this frequency band is expressed in
dB, and represents the difference between the total sound level (direct +

reflected) and the direct signal alone:

AN = 10 log.. R (2.7)
10
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2.2,1 Effect of Bandwidth (ideal filtering)

Pure Tones

In the case of a pure tone, fa = fb = f and expression (2.6) becomes
= Ar
CT = Cos 2n tf = Cos Zﬂ‘MX“ (2.8)
so that
1 2 Ar
AN = 10 Loglo [ 1+ 22 + z Cos 27 T (2.9)

Figure (2-2) shows these reflection indices, as a function of Ar/x, for

different values of the geometrical parameter Z = r'/r.

Constant Bandwidth Analysis (white noise)

Expression (2.6) becomes in this case:

Ar
7 == Af
C Sin ( ¢ ) cos (2w éE) (2.10)
T Ar A,
w ~= Af i
C
with
Af = fb - fa
£, = fb + fq - 5 (2.11)
2 i
so that
Ar
m — Af
2
W = 10Log, . [1+% + 2 S8 Cc )y 2nd) (2a2)
10 2 y/ Ar A
Z (m P Af) i
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Constant-Percentage Bandwidth Analysis (white noise)

In this case, expression (2.6) yields

Ar
Sin(o —)
c = — cos (845 | (2.13)
(o ) i
i

with

Af
o = Zﬂ('—z'—f)
i

RN R A s (2.14)
i

fi being the geometric mean frequency of filter (fi = Vfa fb) and Ai = c/fi

For 1/3 octave band analysis: %E = 0.231 and for octave band analysis:

££ = 0.707. 1
i
The reflection index is:
Ar
Sin (o —
- 1 . 2 Ad Ar,
AN = 10 Log10 I1 + 5 + 7 i cos (B xi)] (2.15)

Z (o 7
Ay

Figures (2-3) and (2-4) represent this expression, as a function of Ar/ki,

respectively for 1/3 octave and octave analysis.

2.2.2 Effect of Source and Receiver Height Variations

Variations in height are completely described by the value of the geometrical
parameter Z which is a measure of the attenuation of the reflected wave, as com-

pared to the direct wave, in accordance with the inverse-square law of decay.

For most practical cases of far field measurements or predictioms, Z, which

is expressed by

Ar

Z 1+—
r
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can be assumed to be close to unity because in these cases, Ar, which is of the
order of magnitude of the wavelengths of interest, is generally small compared

to r.

For high values of Z (that means for example high values of h and h' com-
pared with r) the interference patterns hecome negligible. For instance, the
reflection indices are smaller than 1 dB (AN<|1|) if Z»8. Unfortumately, such
high values of Z, which can be reached on model test facilities, are unfeasible
on engine test rigs or for inflight measurements because they would need im-

practical microphone heights.

If h or h' is zero (the receiver or the source are flush with the ground
surface), we have a limiting case of nearly totally constructive interference,
and pressure doubling results at all frequencies, giving a reflection index of
+6 dB.

2.2.3 Effects of Spectrum Density Slope

A systematic study of the influence of the spectrum density slope has
shown (Reference 4) that if, in the frequency band under consideration, the
spectrum density w(f) can be written:

w(f) = k £2

and 1f |n| < 2 (as in the case of pink nolse, where n = -1), data given for
white noise in Section 2.2.1. can be applied without error to 1/3 octave band
analysis and with negligible error to octave band analysis of these spectra.
In fact, the same data remain valid for slopes of |n| < 3 with a fair approx-
imation (error smaller than 0.5 dB for 1/3 octave analysis and smaller than

1 dB for octave analysis).

2.3 ANALYSIS FOR A POINT SOURCE OVER A FINITE IMPEDANCE SURFACE

If the ground is partially absorbing, the surface 1s assumed to be locally
reacting, i.e.: its normal acoustic impedance Z, is independent of the config-

uration of the incident wave.

In order to simplify the analysis, we will assume that the sound wave, in
the vicinity of the theoretical reflection point, can be considered a plane
wave because its radius of curvature is of the order of magnitude of the source-~
receiver distance.
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For a given angle of incidence 6, the complex plane wave reflection

coefficient for amplitude.will vary with frequency and is expressed by:

Zn Cos 6 - pC

= _ i6
9= 7 csewrpe T e (2.16)

pc being the characteristic acoustic impedance of the air, lQ| the magnitude of

the reflection coefficient and § its phase.

The sound field at any point of the half space above the ground surface is
then obtained by adding the direct wave from the source to the corresponding
wave from the image source, the latter being multiplied by the reflection

coefficient.

There are limitations to the applicability of this simple approach to the
problem because practically one never has plane waves and the definition of

the reflection coefficient no longer holds near grazing incidence (6 =~ 90°).

Nevertheless, for many practical cases, there is a reasonable agreement
between the proposed theoretical approach and data measured over ground such

as grassland.

To simplify the problem, the reflection coefficient Q will be assumed to
be constant in each of the frequency bands (fa’ fb) corresponding to the
selected type of analysis and will be given by a value corresponding to the

bandwidth center frequency fi:
q, = lol % (2.17)
1 Y

For a given incidence, i.e.: for a given geometry of the problem, Qi values

are usually calculated from values of the normal specific impedance ratio of the

surface:
oL la gy A
pc “pe pc (2.18)

where RA/pc and XA/pc are the acoustic resistance and reactance ratios.
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It follows from expressions (2.17) and (2.18) that lQil and Gi can be

written:
X 2
/ Za(2. 2 2 A 2
—| cos” 8 - 1) + 4(—
lo,| = ﬂpc, ) *AG) cos® (2.19)
( anz cos2 8 +1+ 2 Ra Cos 8)
_n oc
pc
2 E% Cos 6
Sin §, = ' e
i 2 - X, 2
}(l—“ Cos? 6 - 1§ + 4 (&) cos? 6 (2.20)
pc pc
Gi = I_Z_n_| 2 2
_ pc Cos 6 -1
Cos & = o > O
' (]-ﬂlZ cos? 6 - 1)% + 4D cos 2 6
pc o8 pc
XA and RA being taken for the center frequency of the frequency band under
consideration.

In the case of a point source delivering a pure tone the reflection index
is given by (References 2, 4):

AN = 10 Loglo [1<+( 7 + 2 lQ%L Cos (ZW%E - 61)] (2.21)

i

In the case of a white noise and for an ideal constant-percentage band-

width analysis (Af/f{ = constant), we will have:

I I Sin (o 955

) Q Qi AL Ar _

AN 10 Log, g 1+(J—AZ-D[2 +2 i Cos (Byy - 6,)
( —7‘1)

(2.22)
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It is worthwhile mentioning an alternative to the plane wave analysis
given above. Such an analysis can be found, for example, in Item (35)
in the ‘Bibliography. More complicated than that of the present approach,
this spherical wave analysis does not fail at grazing incidence and the
differences between the two are insignificant at angles above grazing.
Because of its higher sophistication, the applicability of this method is

presently limited to pure tones.

In the presence of an absorbing ground surface, it is obvious that
representations of the reflection process, having the same degree of simplicity
as those described in Section 2.2 cannot be established. Each case becomes
a specific one, depending not only on path length difference, but also on
incidence angle and in particular, on the normal acoustic impedance of the
ground surface. Therefore, the main problem consists in knowing the acoustic
resistance and reactance of the ground surface above which measurements are

made or for which noise predictions have to be worked out.

If those characteristics cannot be measured, it is possible to use
values of Figure (2-5) taken from the few experimental data published
to date (Reference 5). Experimental technique might also be employed to obtain
the reflection coefficients of a given ground surface. Such a technique is
described briefly in Section 4.2.2.
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3. APPLICATION TO BROADBAND NOISE SPECTRA FROM JET ENGINES (Extended Sources)

3.1 ANALYSIS

To a first approximation, the noise source constituted by an exhaust
jet can be considered as a cylindrical source, defined by the nozzle
contour and having a length of up to 10 to 15 nozzle diameters, depending
on jet exhaust conditions. It is obvious that for an aircraft in flight,
the source~receiver distances are always large compared to these source
dimensions and in practice, the source can therefore be considered as a
point source. The situation is not so simple for noise measurements
around a static engine on the ground. Let us assume first that the jet,
which is generally parallel to the ground surface, can be considered as
a line source (i.e., all the noise sources of the jet are concentrated on
the jet axis). The path length difference Ar. for a source located at an

L
axial distance L from the nozzle center can then be written:

2 2 w2 _[2_ 2 .
ArL —d[L + r, - 2Lr1 Cos 6 + (h+h') J/L +r1 2Lr1 Cos 6 + (h-h')

2

(3.1)

where T, is the projection on the ground plane of the line joining the nozzle
center and the microphone, 6 the angle between the projection on the ground
of the jet axis and s h and h' respectively the source and receiver

heights.

Because noise measurements are generally performed in the far field, i.e.,
at distances r; which are at least 50 to 100 nozzle diameters (and consequently
several wavelengths corresponding to the lowest frequencies of interest) from
the nozzle exit, ry is large compared to the source dimension L and to h and
h'.

In this case, the relative error made by assuming all sources concentrated

at the nozzle center is therefore, taking account of relation (2.4):

1
Ar. - Ar 2 - =
. _L - L _,L 2_
€ = e = (1 + 9 2 = Cos 0) 1 (3.2)
ry 1
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This error is smallest around 6 = 90° and highest in the vicinity of 8 = 0°
and 6 = 180°, The highest errors are obtained for the largest values of L.

As an example, let us take a typical value of r, (i.e. r, = 75D) and calculate for

1
several values of L/D, the error ¢ for different values of 8. The results

are summarized in the table below:

0 = 20° 6 = 90° 6 = 180°
L/D = 10 e = 14% - 1% - 12%
L/D = 5 6.5% - 2% - 6%

If the actual source distribution of a jet were known (f versus L),
it would be possible to avoid any error and to calculate the established
path length differences corresponding to each source of frequency f (or
wavelength A) and to establish the corresponding reflection indices. But

this distribution has still to be established.

Fortunately, the longest wavelengths are emitted far downstream of the
nozzle exit and the shortest close to the nozzle and it is easy to show that
for current engine noise test beds, these errors have no direct consequence

on the correction procedure, since for the large L/D source position, current

Ar/X are on the left hand side flat part of the reflection index curves.

For practical purposes, this axial source distribution can therefore be
neglected and the whole jet can be considered as a circular distribution of

noise around the nozzle lip.

Furthermore, the slopes of the sound pressure spectral density in the
noise field of a jet are seldom higher than |3| (see Section 2.2.3) -and conse-
quently, a white noise can be assumed for the analysis of jet noise reflection
phenomena. In addition, it will be assumed, as in 2.1, that jet noise is a

stationary random noise, meeting the ergodic assumption.
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3.1.1 Jet at a High Elevation Above the Ground Surface

If the jet is at a high altitude above the ground (say h > 10 D), it can
therefore be considered that this circular distribution is equivalent to a
point source located at the nozzle center (D is the nozzle diameter for circular
nozzles or the equivalent diameter based on area for non-circular nozzles).

This is the case for a flying aircraft and for engine noise test facilities in
which the engine can be installed at a high elevation (more than 10 nozzle

diameters).

. Then, relations drawn under 2.2 and 2.3 can be directly applied to the

caleylation of reflection indices.

3.1.2 Jet Near the Ground Surface

When the jet, which is assumed to be horizontal, is near the ground, it
can be shown that the vertical distribution of elementary sources, which are
aééé&édfto be located around the nozzle lip, plays a very important role. This
distribution leads to.a partial damping of peaks and dips of the reflection

index curves.

. It is assumed that the noise source consists of n independent or incoherent
elementary sources. -This assumption is valid for a jet in which the distance
between elementary sources is higher than the peripheral correlation length.

The‘following independence criterion can be aﬂopted (Reference 4):
U -
& > 0.04? (3.3

where U is the jet velocity and & the distance between two consecutive sources

of -frequency f.

3.1.2.1 Perfect Reflecting Surface

For these n independent sources, the ratio of the resulting mean square
pressure to the free field mean square pressure is expressed as follows

(Reference 4):
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R = 1 +— + c (3.4)
Zm2 n Zm K=1 Tk

This formulation leads, in the case of a white noise and for an ideal constant-

A
percentage bandwidth analysis (;f = Constant), to the reflection index:

K=n Ark
Sin (a Xi)

] i, 2 Z
AN =10 Log10 1+ Zz + ~ -
n B Rl (a r&)

i

Cos (8 ﬁ_”_ls) (3.5)
i

where Zm is the geometrical parameter corresponding to the nozzle center or,
for more precise calculations (Section 3.1), to a point located on the jet

axis at a distance L from the nozzle center.

Practically, the jet will be considered as a vertical distribution of

n elementary sources, separated from each other by a distance d such that d/hm

< 0.10 (Reference 4).

Symbols are given by the following figure:

|

77T 77777777

For an elementary source located at a distance dk from the nozzle center-
line (taken as the center of the vertical distribution of n sources), the

path length difference is:
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