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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 interferén¢e. These prop-
agation effects include atmospheric attentuation of sound) Scattering of noise
in a turbylent 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 ]s straightforward for the ideal caseef an infinitely hard surface, a

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

The purposes of this AIR are to provide technical backgroynd associated

"free field"

with the problem of correcting measured noise spectra to the
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 minimjzing the errors associated with the measurement of n¢ise in the
presence ¢f ground planés)’ The application of this AIR should|assist the
acoustician in understanding the spectral effects of the refle¢tion phenomena
and suggegts some-nmethods for obtaining more accurate "free fi¢ld" acoustic

data; however, the AIR does not purport to provide unique, exa¢t solutions to

all measuremefit problems, for each measurement situtation is upique 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 measuring 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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THEORETICAL ANALYSIS
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The following theoretical bases are taken from analyses made by various

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

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

In the analyses, atmospheric absorption is ignored s
between direct and reflected sound path lengths is g
compared to the total lengths. This means that it c
sound pressure level obeys the inverse square law of

The atmosphere is assumed to be still{) isothermal an
Ground surface irregularities are assumed to be smal
with the wavelength of the sound.'@n the frequency ra
such that specular reflection .can be assumed and tha

an image source can be adopted.

he presence of a surface,(the recorded noise spectra

ed by interferences between the direct and reflected

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

YSIS FOR A POINT SOURCE OVER A HARD REFLECTING SURFAC

he ground is a perfect reflector, the ratio of the re
pssures to the mean square pressure which would have b

field is given by (Reference 1,3):

The microptione Ties in the tar field ol the source,rl

br all frequencies.

ince the difference
bnerally small

an be assumed that
decay.

i homogeneous.
I when compared

hge of interest,
I the concept of

bf a source will

sound waves.

E

sulting mean

ben measured in

+

% Ct

geometrical parameter

(2.1)

(2.2)
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r : LENGTH OF THE DIRECT SOUND RAY

r' : LENGTH OF THE REFLECTED SOUND RAY

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

h' : HEIGHT OF THE MICROPHONE ABOVE THE GROUND

Z_:Lj%:_4_GEOMETBIGAL_EARAMETKR

AT = 1' - 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

C =

T f
_/C’ boou) df

a

(2.3)

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:
ok = Trf v @enn? - e 2+ - nn? (2.4)
For h and h{ small as compared with rlz
prs 2R (2.5)
1
In the partficular case of a white noise:
w| (£) = constant = vy
and
cl = Si“ﬂ’": g:_'f?l Cos m 1 (£ + £) | (2.6)

f and f, being the lower and upper cutoff freguencies associated with the
a b

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 21 tf = Cos Zw-f;— (2.8)
so that
1 2 Ar
= 10 1o [ 1 = 4+ = Cog 29 =1
AN = 1 S+ + Zz 7 los 2w =] (2.9)
Figure| (2-2) shows these reflection indices, as a fumction |of Ar/A, for
different values of the geometrical parameter Z = r'/r\
Constant Bandwidth Analysis (white noise)
Expresgsion (2.6) becomes in this case:
Ar
T — Af
C = Sin (e ) cos (2 AE) (2.10)
T Ar AL
™ —= Af i
C
with
Af = fb - fa
£, G fb + fa - = (2.11)
2 i
so that
Ar
T — Af
&N =110 Log . 1 +lZ + % Sin ir = ) Cos (21 %I:-H (2.12)
Z (m o Af) i
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Constant-Percentage Bandwidth Analysis (white noise)

In this case, expression (2.6) yields

Sin(a %ﬁ) Ar
C = ——"= Cos (B —) (2.13)
T Ar A
(@ 39) 1
i
with
Af
o 27 (E—f.)
i
T a——
B 27 1+ (Af )2 (2.14)
2 £
i
fi being the geometric mean frequency of filter (fi = Vfa fb) and \i = c/fi
For 1/3 dctave band analysis: %E = 0.231 and_for octave band|analysis:
ﬁ—f = 0.707. 1
i
The refldction index is:
Ar
AN |= 10 Log,, [1 +3+ 2 L YU 6y (2.15)
10 2 Z Ar A{
Z (o o
i
Figures (2-3) |and (2-4) represent this expression, as a function of Ar/ki,
respectively flor 1/3 octave and octave analysis.
2.2.2 Effect |of Source and Receiver Helght Variations
Variations in“height are completely described by the value of |the geometrical
parameter Z which is a measure of the attenuation of the reflectedlwave, 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
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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 wit
reflectio

h r) the interference patterns hecome negligible.
n indices are smaller than 1 dB (AN<|1|) if Z»8.

For instance, the

Unfortunately, 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
surface),
and press
+6 dB.

2.2.3 Ef

or h' is zero (the receiver or the source are flush

fects of Spectrum Density Slope

A systematic study of the influence*of the spectrum densi

shown (Re

spectrum

and if |n
white noi
analysis
In fact,
imation (
1 dB for

density w(f) can be written:

w(f) <k £

se in Section. '2)2.1. can be applied without error to
and with negligible error to octave band analysis of
the same\data remain valid for slopes of |n| < 3 with)

error smaller than 0.5 dB for 1/3 octave analysis and

octave analysis).

ure doubling results at all frequencies, giving a ref

ference 4) that if, in the frequency band under consi]

Lith the ground
we have a limiting case of nearly totally constructijve interference,

tTection index of

ty slope has

deration, the

| < 2 (as in theicase of pink noise, where n = -1), data given for

1/3 octave band
these spectra.
a fair approx-

smaller than

2.3 ANALYSIS FOR A POINT SQURCE OVER A FINITE IMPEDANCE SURFACE

If the ground is partially absorbing, the surface is assumed to be locally

reacting,

i.e.: 1its normal acoustic impedance Zp is independe

uration of the incident wave.

nt of the config~

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:

Q

Zn Cos 6 - pC
Z Cos 6 + pC
n

|q]ed® 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
wave from the
coefficient.

There are
problem becaug
the reflection

Neverthel
between the p1

as grassland.

To simpli
be constant i
selected type
bandwidth cent

Q

For a giy

By a'daIng the difect wave Irom the Source to the corj

are usually ca

surface:

image source, the latter being multiplied by the ref]

limitations to the applicability of this, simple appy
e practically one never has plane waves'and the defin

coefficient no longer holds near grazing incidence (

ess, for many practical cases, there is a reasonable

oposed theoretical approach and data measured over gx

fy the problem, the refilection coefficient Q will be
each of the frequency bands (fa’ fb) corresponding 4
of analysis and_%ill be given by a value correspondip

er frequency fi:

o se?

en \incidence, i.e.: for a given geometry of the prob
culate

Z.n RA : XA

pc pc pc

esponding

ection

oach to the
ition of

6 =~ 90°).

agreement

ound such

assumed to
o the
g to the

.17)

lem, Qi values

ratio of the

(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
— - 1) + 4=
lo,| = ﬂpc_ cos 0-1) () cos'® (2.19)
Z (2 2 Ra
(nl cos 6 + 1+ 2 - Cos 8)
_n o
pc
X
2 A Cos 6
rSiﬂ 51 = ‘Z pC ' X__2_=-
,} (l—“ Cos® 6 - 1§ + 4 (&) cos® 6 (2.20)
pc pc
Gi =1 I_Z_n_| 2 2
pc Cos g - 1

Cos & -_—
1 2 X 2 .,
/ Zq 2 2 A 2
\_ (]pcl Cos” 6 - 1) + 4(57) Cos ~ 68

XA and RA Being taken for the center frequency.of the frequency [band under

consideration.

In the case of a point source deliyering a pure tone the rdflection index

is given by (References 2, 4):

AN = 10 Loglo [1 +( 7 +.02 -’Q%-L Cos (ZTT% - 61)] (2.21)

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

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

o i L 13
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It is worthwhile mentioning an alternative to the plane wave analysis

given above.

in the -Bibliography.

Such an analysis can be found, for example, in Item (35)

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 desctribed in Section 2.2 cannot be established.
a specific ong, depending not only on path length difference, but
incidence angle and in particular, on the normal acoustic.impedanc

ground surface.

resistance an

made or for w

If those
values of Fig
to date (Refe
the reflectio
described bri

Each gas

Therefore, the main problem consists in knowing tl

hich noise predictions have to be worked out.

characteristics cannot be measured, it is possible t
hire (2-5) taken from the few experimental data publisl
Fence 5). Experimental technique might also be emplo;
h coefficients of a given ground surface. Such a tecl

2fly in Section 4.2,2;

b becomes

Elso on

of the

ne acoustic

reactance of the ground surface above)which measurements are

b use
ned
ved to obtain

nique is
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[7//7777]]]]] GRASSY SURFACES
NN\ SHARP SAND, MOISTURE CONTENT O TO 10%
FRESHLY RAKED SOIL

R,/PC

xA/pc

FIGURE (2-5) SOME MEASURED VALUES OF NORMAL IMPEDANCE
OF DIFFERENRT GROUND SURFACES

15
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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.

around a stati
which is genern
a line source
the jet axis).

axial distance

ally parallel to the ground surface, can be considere

(i.e., all the noise sources of the jet are ‘concentra

The path length difference Ar. for a sdurce located

L
L from the nozzle center can then be wWritten:

jet,
a as
ted on

at an

L2 4

ArL =d[

where r, is th

1
center and the

2
1

L2+r 2

1 Cos 0 +

(3

- 2Lr

r 1

- 2Lr1 Cos 6 + (h+h')2 _J/

e projection on the ground plane of the line joining

the nozzle

microphone, 6 the angle between the projection on tje ground
er

of the jet axils and s h and.h! respectively the source and recei

heights.

Because mnoise measurements are generally performed in the far

at distances 1, which-are at least 50 to 100 nozzle diameters (and

1

several waveld

ngths/ corresponding to the lowest frequencies of inte

the nozzle exi

field, i.e.,
consequently
rest) from

to h and

t,_:I_is_laxge_compared_In_Lbe_snnrce_dimensinn_L_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):

L2

2
Iy

=

ArL - Ar

Ar 1

e (1 + -2 Cos e; (3.2)

L
|

10
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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 calculateithe established
path length|differences corresponding to each source’df frequency f (or
wavelength }) and to establish the corresponding reflection indides. But

this distriBution has still to be established.

Fortungtely, the longest wavelengths ate emitted far downstrleam of the
nozzle exit |and the shortest close to th&) nozzle and it is easy Ho show that
for current |engine noise test beds, these errors have no direct donsequence

on the corrgction procedure, since'for the large L/D source positiion, current

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

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

noise around the nozzle lip.

Furthefmore, the slopes of the sound pressure spectral density in the

noise field|of '@ 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 ¢f reflection indices.

3.1.2 Jet Ngar the Ground Surface

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

index curves,

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

The‘following independence criterion can be aﬂopted (Reference 4) i
22 0.04 3 - (3.3)

where U is tHe jéet velocity and & the distance between two consecytive 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 fileld mean square pressure is expressed as follows

(Reference 4):

18
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R = 1 +—5 + —— )  C (3.4)

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 Axr
Sin (a ——35 ]
AN = 10 Lgg r1 L1, 2N Af Cos (8 ﬁ_r_g) (3.5)

10 Z nZ [/
L Zm m T3 (a Ark) i
xi

where Zm iq the geometrical parameter corresponding <to the nozzlle center or,
for more pyecise calculations (Section 3.1), to alpoint 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 elementalny sources, separated from eagch other by a distance d |such that d/hm -
< 0.10 (Reference 4).

Symbols are given by the following figure:

Va4 VAV Al add

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:


https://saenorm.com/api/?name=a93a381898fe6d04cd4c150f1d51f56f

where Ar
m

. SAE AIR*1327 7bL WM 8357340 0004l9: 3 mm
Ar d
k_ _m _k
m

is the path length difference corresponding to the nozzle center or

to a’'point located on the jet axis at a distance L from the nozzle center.

As an example of application of these results, Figures (3-1) and (3-2)
show respectively for 1/3 octave and octave band analysis, the reflection

index values for a vertical distribution of three sources at three different

actical cases.

values of the parameter D/hm.

These curves can apply to most-pr

Note:

Independently from these source distribution effects, it

that the je
caused by g

characteris

3.1.2.2 Fi

engine height be large enough to avoid asymmetric j
round proximity, and, as a consequence, asymmetric di]

tics of the jet noise.

nite Impedance Surface

In the

lqi| and 64
of the inci

are the same for the n elementary sources (negligibl

Hence angle), the reflection index is given by:

is important
et mixing,

rectivity

case of a jet near a finite(impedance surface, assuming that

e variations

Sin (a———o
Ark)
i

Ark

cos (BX—— -8

1+ c—hiLLo + 2 191L j;_—

= 10 Log10

123

(3.7

But in thisledse

For each given problem, the reflection indices have to

(3~2) can be proposed.
be calculated, using relation (3.7) together with relations (2.19), (2.20) and
(3.6), 1f the acoustic characteristics of the ground are known. If not, typical
impedance values of Figure (2-5) might be used for calculating the complex reflec-
tion coefficient, or the experimental technique described in Section 4.2.2 might

be used to measure the actual ground impedance of the test area.

20
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3.2 COMPARISONS WITH EXPERIMENTAL DATA

In order to support the previous theoretical analysis, some comparisons

between measured and corrected data are presented.

3.2.1 Scale Model Jets

In Figures (3-3) and (3-4) theoretical and measured reflection indices are
compared. The measured values were obtained with model jets, in an anechoic
chamber, by comparing measured free field jet nolse spectra with the correspond-
ing speg¢tra—as—measured—sbove—a—fully reflectingsurface—Various experimental
configurations were used, all corresponding to D/hy < 0.10), [For both 1/3
octave gnd octave analysis, a satisfactory agreement between measured and calcu-

lated dqta can be noted.

Figures (3-5) and (3-6) show some model jef moise spectra which have been
measured in free field conditions (anechoic chamber) and also over a fully
reflecting surface. In both figures, the measured free field spectra have been
compared with the free field spectra obtained by applying the theoretical reflec-
tion indices of Figure (3-1) for D/hg)= 0.2, or relation (3.5), to the spectra

which wdre measured over the reflecting surface.

3.2.2 Rull Scale Jets

Thd last two figures illustrate comparisons of engine jegt noise spectra
measured above a fully reflecting surface (concrete) and above grassland,
togethen with thélcorresponding calculated free field spectra, obtained by

applying the theoretical corrections discussed in the former sections.

Figure( (3-7) shows a jet noise spectrum measured above a fully reflecting

surface (concrete) and the corresponding calculated free field spectrum
obtained by applying corrections calculated with relation (3.5) for a three
source distribution or by using Figure (3-1) (D/hp = 0.2).

Figure (3-8) compares a jet noise spectrum measured above grass and the
free field spectrum obtained by applying corrections given by relation (2.22),
using relations (2.16) to (2.20), and extrapolated data for grassy surfaces
derived from Figure (2-5).

23
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3.3 EXPERIMENTAL METHOD FOR OBTAINING APPROXIMATE CORRECTION

TO JET NOLSE DATA

This section presents an experimental method for obtaining an approximate

ground reflection correction to noise measurements of a broadband source of jet

noise.

The method consists of taking a series of "free field" measurements

of a jet noise source by suspending a microphone from a balloon directly above

the source, simultaneously with the taking of measurements in the reflected

sound field.

exhaust would

the jet itsel

phone data an

the source (ag

over any diff
determine the

The refl
source - grourld microphone geometrxy (path length’ difference and ref

incidence angle) and surface condition.

It is assumed that the microphone position directly above the jet

minimize sound reflected from the ground due to scattering by
and this source of error is neglected. When the balloon micro~

d the ground microphone data are adjusted to the'same

drence in the acoustic path lengths), it i8 possible t

reflection effects, and thus the reflec¢tion index cux

ction index curve obtained in thisway will apply to

Ifjan experiment were run

distance from

counting for square law divergence and atmosphéric absorption

o directly

(Ve .

a unique
lected ray
with a

different geometry, or surface, 1t would-be necessary to repeat thg balloon

microphone medsurement to obtain a new reflection index curve.

1ls necessary

developed.

Ground mi

various angle

appreciably wi

compared only
as the angle

measurements

Thi
til more reliable methods of estimating surface impe

§ to the inlet axis. Since the sound spectrum for an

th angle)from the axis, the balloon data can rigoroug
with the ground data taken at a microphone angle whic
f-the balloon microphone.

G Then the spectral content

s 1limitation

dance are

crophone data for a jet engine source are normally tgken at

engine changes
1ly be

h is the same
of the two

is approximately the same.

-If the above conditions are met, the reflection index curve obtained for

a jet noise source for a given geometry and surface should be applicable to

sources of different noise level or spectral distribution with the same geometry

and surface.

This is because the ratio of free field pressure to ground-measured

pressure at a given frequency should remain constant no matter what the level

of the source.

logarithmic form.

30

The reflection index curve is a measure of this ratio in
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A number of balloon-microphone experiments were performed with a jet

noise source, keeping the ground measurement geometry and ground surface

conditions constant, but varying the strength of the source.

geometry

The measurement

is diagrammed in Figure (3-9). The surface in this case is crushed

rock with a characteristic dimension of about one inch.

This procedure gave a series of curves comparing the free field pressure

level to the reflected level, of which Figure (3-10) is a typical example.

Data were analyzed in 1/3 octave bandwidths.

The reflection index curves for all runs were plotted and, since,

theoreti

frequenc]

cally, all curves should be identical, the variatien

vy gives an indication of the scatter in the data’caus

variatiopns in the surface. Figure (3-11) shows the résulting

curve,

This curve gives an approximate correction, to jet noi

under equivalent geometric and surface conditions. A differe

surface

would, of course, give a different reflection index c

ht a given

bd partially by
reflection index
e data taken

Nt geometry or

irve.
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FIGURE (3-9) JET NOISE MEASUREMENT TEST GEOMETRY
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4. APPLICATION TO COMPLEX SPECTRA FROM TURBOFAN ENGINES

4.1 INTRODUCTION

The correction (due to a reflecting surface) of sound pressure level
spectra from turbofan engines 1s complicated by the presence of discrete fre-
quency pure tones which may protrude above the continuous spectrum of broadband
noise. As with pure broadband noise, the propagation of sound between a turbo-
fan source and a receiver located close to the ground is affected by wind and
temperature gradients, ground reflection and absorption, air absorption, and

ground scatte in addition to

the normal |[inverse square law decay of spherical waves and exist| in combinations
which make |[identification and correction very difficult. . Figure| (4-1) shows
schematic rlepresentations of two typical spectra of a fan engine| on the ground,
one spectrum assumed to be measured at a distant radius by microphones near the

ground and |the other assumed to represent the free field spectrup.

The grjound reflection effects produce a series of maxima and minima in the

ground specltrum which have the following characteristics:

(1) At low frequencies the SPL's are indéreased, since the reflekcted and direct
waves are always in phase because of'\ the long wavelengths involved. This in-
crease over| the free field SPL cdan be as high as 6 dB, depending| on the strength

of the wavel reflected from the“ground plane.

(2) The mid-frequency range (these ranges are actually in terms| of the receiver

height and |sound wavelength ratio) is characterized by a series pf maxima and
minima whi are the(result of the direct and reflected wave beiphg in and out of
phase. Thel nulls are reduced in severity as the frequency is infreased due to

the effect jof {ncreasing bandwidth. However, at the blade passihg frequency the

reflection null has reduced this one~third octave band to the broadband noise
level. When pure tones are present, regardless of the frequency, the "depth" of
the null is limited only by the strength of the reflected wave and the sound

level of the broadband noise.

(3) Finally, at high frequencies the spectrum near the ground is increased
relative to the free space spectrum by a roughly constant amount, again fixed
by the absorption characteristics of the ground plane. For a perfect reflector
this difference is + 3 dB.

s g8
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A variation of the reflection effect occurs for ground surfaces which are
not perfect acoustic reflectors, and thus absorb a certain percentage of sound
energy which strikes the surface. The results in this case are strongly de-
pendent on the value of the surface reflection coefficient, Q, which is
determined by the acoustic impedance of the surface and wave incidence angle.
Generally, however, it can be stated that the ground absorption tends to shift
the frequencies of corresponding peaks and nulls to lower values than those for
a perfect reflector, and causes a large loss in the spectrum for a range of

frequencies about the first null.

Surface wiids not only produce ground turbulence, which results|in scatterings
and time unsteadiness of the acoustic wave, but also affect the,gvound reflection

phenomena in a tather complicated manner. Some evidence of these complex phenomena
have been found|in the engine .test stand ar :uatic data takén to date{ These ground

effects produce|problems in two major areas. First, since poor data|repeatability

is caused by some of the propagation effects, it is difficult to detIrmine small

!

differences in noise produced by configuration changes. Second, when these effects
are ignored it }s impossible to extrapolate data taken at one measurjing radius to

a distance far from the source with any accufacy.

4.2 ANALYSIS APPROACH

This sectipn presents two possible methods for making ground reflection

corrections to furbofan noise(spectra. The first is an outline of a|rigorous

method which wofild be moresdifficult in application, as it requires determin-
ation of reflecftion indéx—curves for both broadband and pure tone sp¢ctra for a
given surface apd geometry. This is an ideal method which would be yiseful only

if some method [is. @vailable to obtain representative reflection index curves.

The second meth may give

adequate results under certain practical conditions.

Descriptions of further work on methods of reflection correlation for
complex spectra containing tones, covering both theoretical and experimental
results, are found in References 7, 8 and 9. These studies deal primarily with
surfaces that are essentially perfect reflectors, and present some comparisons
of experimental data with the developed theoretical predictions. As noted in
Section 6 of this report, the factors introduced by partially absorbent
surfaces are not yet fully understood or predictable, and many of the recom-
mendations for future research in Section 6.2 deal with this phase of the

ground reflection problem.
e T 37
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4.2.1 Outline of Methods for Correcting Complex Spectra to Free Field

Since the broadband spectrum is continuous with frequency, its correction
for reflection presents no special problems, as long as the correct reflection
index curve for the broadband noise is available. The pure tones, however, are
a series of peaks at certain discrete frequencies, so that their correction

presupposes an advanced knowledge of the pure tone generation frequencies.

To apply this method, it is necessary to have the data in the form of a
narrow band spectrum, say a 50 Hz constant bandwidth. For most cases the pure
tone peaks will protrude noticeably above the broadband level of the narrow
band data (the peaks may not be as obvious for 1/3 octave data, depending on

the properties of the source). Reflection effectsq however, may lower the

level of the pyre tone peak to such an extent that it is being maskgd by the
broadband level, and this is the reason why it 1is important to,deterymine the
expected pure tone frequencies and their harmonics using engime rpm [and blade

number.

If, at a dertain frequency, a pure tone peak did/not protrude noticeably
above the broadband level, the possibility exists¢that reflection efifects have
reduced the puge tone level below the broadband;<in which case it ig impossible
to obtain the gctual pure tone level from this set of data. One remedy to this
situation would be to rerun the case with-a different microphone lodation, giving
a new reflectign geometry (path length difference) such that there wyould be less
cancellation af this frequency, and.the pure tone peak would become |evident.

One possibility would be to locate several microphones at each measyring angle,
each at a diffdqrent height from the ground. Recorded simultaneously, they
would show reflection nulls. at different frequencies in the spectrum. Super-
position of thg spectrafeasured at the different heights will ofter permit the

reflection effgcts to-be recognized.

If the abqve)conditions are met, a typical turbofan spectrum sych as that

shown in Figure (4-2) could be corrected by the procedure outlined below:

First, it is necessary to have a measurement of broadband spectra with all
pure tones electronically filtered out (note that this again would require
knowledge of pdre’tone frequencies). This curve would contain only the broadband
noise levels, and could be corrected by the broadband reflection index curve, as

.shown in Figure (4-3).

Second, the pure tone levels are corrected independently, using the pure tone
reflection index curve. The corrected pure tone levels could then be super-
imposed upon the corrected broadband levels to give the overall corrected turbo-

fan spectrum, as illustrated in Figure (4-4).
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4,2,2 Approximate Method for Correcting Turbofan Spectra

If an accurate experimentally determined reflection index curve is not
available for a particular surface or source-microphone geometry, it is possible
to make an approximate correction to reflection data with a minimum amount of .
assumptions using the method outlined below. The utilization of the method

requires the ability to determine. the following two pieces of information:

(1) An estimation from the measured pressure reflection pattern of the first

few frequencies of the reflection peaks and nulls,

(2) An estimafion of the magnitude of the reflection coefficient /Q/, of the

surface.

The reasom for requiring the above information is to facilitate calculating
the reflection|index curve from an approximate curve of the complex|reflection
coefficient, Q} Possible methods of obtaining these_curves will be|considered

later.

From the peak and null reflection frequencies the argument of the
reflection coefficient, 8, is obtained. A different value of § will be obtained

at each frequepcy, and this will give an approximation of the variation of §

with frequency{ Instead of calculating“§ directly, it has been found more con-
venient to inttoduce an intermediate variable, ¢, which will be called the phase
factor. The phase factor ¢ is, related to § through the time lag of the re-
flected ray, t| The effective) time lag is related to an effective path length
difference, Ar|, by the relation

t
e (4.1)

where Ar' includes not only the actual geometric path length difference but also
effective changes in this length arising from phase shift effects upon reflection
from a finite impedance surface or curvature of the path due to atmospheric
inhomogenieties. ¢ is then defined as the ratio of the geometric path length to
the effective path length,

_ b
¢ = A (4.2)

If ¢ = 1, the surface is a perfect reflector and the atmosphere is homogeneous.

The condition for the occurrence of a reflection null at a wavelength A is

B ke
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o' = X5, (n - odd) (4.3)
or, in terms of §
Ar
§ - 27 - =or o, (n - odd) 4.4)
Thus, we can write
2w Ar' _ 2nAr
X = T 8 (4.5)
or
21 Ar 21 Ar
o A = X § (4.6)
So that
_ 2mAr 1
§ = 3 (1 ¢) 4.7
where, again,|Ar is the actual geometric path“length difference and
A is the wavelength at which the null expefimentally occurs (it carg be
shown that Eq} (4.7) also applies to réflection peaks). Combining |Eq.
(4.2) and Eq.|(4.3), we get the simple expression for ¢,
2Ar
= —‘—"n)‘ N (n- Odd) (4.8)
for reflectionm nulls, or.wé would find
Ar
€N\ 4.9
¢ oy ° (eny n) (4.9

for reflection peaks.

When the frequencies of peaks and nulls are determined from the experimental
data, Equation (4.8) or (4.9) can be used to find ¢, which can then be plotted
as a function of frequency. This plot can be used, then, to find the approxi-

mation to § at any frequency. (Note: It has been found more advisable to
plot ¢ rather than 6 because ¢ was more generally a monotonically varying
function of frequency, and could be represented analytically by straight line

segments for purposes of calculation).
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A simpler assumption for ¢ might have been to let ¢ equal some constant

average value over the frequency range.

This is a reasonable assumption for

higher frequency ranges (>2000 Hz), but tends to introduce large errors in

lower ranges where reflection effects are strongest in typical turbofan cases,

and the location of the strong peaks and nulls are very sensitive to changes

in ¢ in this

region.

Calibrating the site by determining the magnitude of the reflection coeffi-

cient /Q/ is, in general, a more difficult problem.

Since it is assumed that

the actual impedance of the surface is not obtainable, /Q/ must be found from

correlations

equivalent g¢

One poss
simultaneous]
farfield with
engine tests,
closer to the

directly betw

near microphdne would have a much larger path length difference th

field microph
effects at tH
possibly belg
below the dix
direct distan
general addit

the direct le
can be negled
both the sour

r da taken with the sa urface d

ometry.

ibility would be to use a loudspeaker as a sound ‘sour
y record the reflection pattern at two geométries, on
the same geometry (radius, angle, and height) as tha
and a second microphone at the same adngle but at a 1

source and located at a height such)that it falls on

one, which has two effects:\ First, the predominant 1
e near microphone would be forced into a lower freque
w that of interest.~Second, the reflected signal wil
ect signal 1f the reflected distance is much greater
ce. Thus, across the major part of the range of freq
ive term from the reflected signal 1s very low with o

vel, and for the purposes of the following approximat
ted.
ce ‘and microphone at 12 foot heights would have only

een the center of the source and~the farfield microphone.

eferably)

ce and
e in the
t used in
adius much
the line
The
an the far-
eflection
necy range,
1 be well
than the
uencles, the
espect to

e procedure,

{For example a near microphone at 10 feet distdance with

about one dB

added to the

direet—level-above—the first fewnull/reinforcements.

)

When the near microphone levels are extrapolated out to the radius of the

reflection measurement, an approximate'reflection index curve can be obtained

directly.

reflection index curve, Eq. (2.7).

Values of /Q/ can then be found from the analytical expression for the
It was found that in general the assumption

of a constant value of /Q/ throughout the frequency range did not lead to

excessive errors.

It should also be remembered that the reflection index curve

is likely to be quite sensitive to the angle the reflected wave makes with the
ground, particularly near grazing incidence, so that values of /Q/ found at

certain angles of incidence may not apply to appreciably different angles.

bty
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After the approximate values of /Q/ and § are determined, a reflection

index curve can be calculated from the appropriate form of Eq. (2.7). This

correction can then be applied to the sound pressure level reflection pattern

to give an approximation to the pressure spectra which would be measured at

a given radius with no reflection effects (free field).

4.2.3 Application of Approximate Method

The following example illustrates the above procedure for a turbofan located

at a height of 12 feet above a measuring plane of crushed rock and serves to

give an indic
were measured
both micropho
different at

applied in ea
each spectrum
to the 150 fo
attributed to

used to obtai

Figure (
measurements,

250 foot data

ation of the validity of the procedure. The reflectli¢n patterns
simultaneously at two different radii, 150 feet,and 250 feet, with
he heights at 12 feet. The path length difference, then, was

pach microphone location, so that a different reflectjon correction
th case. The objective was to remove the)reflection ¢ffects from

, and then adjust the 250 foot data back to 150 feet for comparison
bt corrected data. Any large differences in the compdrison can be
errors in the reflection correction introduced by the assumptions

n the reflection index curve.

i-8) shows the pressure spectra of the 150 foot and 230 foot
where neither have been corrected for reflection effécts but the

has been adjusted-back to 150 feet by correcting for |spherical

divergence and air attenuation (note that it is immaterial whether |these

corrections o
are additive
reasonably go

and nulls. T

150

r the reflection corrections are made first, since all corrections
Ferms. Glose examination of Figure (4-8) allows one to make
bd guesses as to the approximate frequency of the reflection peaks

lese~were chosen as:

1st Null, ~200 Hz
1st Peak, “450 Hz
2nd Null, ~800 Hz
2nd Peak, 1000 Hz

Feet

Sus

Li censed by Information Handling Services
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1st Null,
1st Peak,

~250 Hz
630 Hz

250 Feet

2nd Null,
2nd Peak,

~1000 Hz
~1600 Hz

These values lead to the approximate ¢ -~ curves shown in Figure (4-5).

Extensive testing over the crushed rock surface, including a number of

correlations with jet noise balloon data and loudspeaker experiments, have

pointed to an approximate average value of the magnitude of the reflection

coefficient of

/Q/ = .5.

When this is used with the ¢ - curves of Figure (4~5),

the reflection
calculation is

noise, Eq. (2.

The use o
spectrum from
corrected as 1
in the third o
case). Howeve
before ‘the pur

relatively sma

The corre
curves 1is gene
5 of the 1/3 o
corrected data
taking the squ
each 1/3 octav

data was 1.6

index curves of Figures (4-6) and (4-7) are obtained
based on the reflection index expression for 1/3’oct
15). '

f this equation inserts an additional assumption, tha
turbofan noise measurements can, to an/initial approx
f it were broadband.
rtave which contains the pure toné’ fundamental (4000
r, since most of the strong reflection effects have 1

tone fundamental is reached, the errors introduced
1.

rted spectra are shown in Figure (4-9). The collapse
rally good, with tthe difference being greater than 1.
btave central-frequencies, compared with 11 points of
The standard deviation of the uncorrected data, fo

bre root~of the sum of the squares of the differences

=3

=3

ceriter frequency, was 2.3 dB, while that for the co
iB.

The

hve broadband

I the complex

imation, be

This correction will be the leagt accurate

Hz in this
bveled off
should be

of these

b dB at only
the un-

ind by

in dB at

rrected

The method for improving the data collapse, of course, is to obtain a more

accurate representation of the complex reflection coefficient as a function of

frequency for the case being considered, leading to a better reflection index

curve.,
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5. METHODS TO MINIMIZE GROUND REFLECTION EFFECTS

5.1 EXPERIENCE WITH HIGH RECEIVER HEIGHTS

When the difference in path length between the direct and the reflected ray

is large with respect to the wavelength of the particular signals

of interest,

several beneficial effects result that may be used to minimize the problems of

ground reflection effects on data.

First, an increase in path length difference

shifts the major null patterns (first through third) to lower frequencies, and

in the testing of scale models, this shift may be selected so that
patterns are b

this type of Since  a

shift for an 8:1 scale model jet noise test.

scale factor,
of the null patterns shown between curve (a) and curve (b) of Fig
provides that| essentially the full spectrum of interest lies in t
reinforced upper frequency zone where sufficient nulls and reinfor
in a given 1/ octave to provide a statistically-.averaged increase

measured noise signal (this increase is +3 dB for a perfect reflec

50 Hz full scale is represented by 400 Hz in model sj

these null
illustrates

this large
the shift
re (5-1)

e energy-

ze,

cements  lie
in the

tor on hard

surface, and [ranges around 1.5 to 2 dB for:gravel or typical ground surfaces.

This effect is strictly true only for broadband noise.

A second| effect noted with the“use of large path length diffe

involved with| the time~variation( of acoustic ray paths with wind,

etc. in the ambient airmass.. 'Over a relatively long (30 seconds)

for data acquisition the path length difference will vary in some
to its magnitjude.
wavelength of| a pure/ tone element, a time-averaging effect will pr
random shift [of the* tone through both cancellations and reinforc

thus the ave

When.the variation approaches the order of size|

rences is
pusts, eddies,
laveraging time
proportion

of the

pduce a

ts, and

n
aged signal for the pure tone will approach the ran::E-reinforce—

ment level noted above for broadband noise.
the trace versus frequency of a slowly-swept pure tone, recorded b
having a path length difference of 5.46 ft., at a distance of 50 f
speaker source. .
ment is distinct up to approximately 1500 Hz, but above that frequ
time-variance of the path length difference produces a random patt
level variation with the sweeping frequency. These data are for a

surface; for a hard surface such as concrete, the breakdown freque

52

Figures (5-2) and (5-3) show

y a microphone

eet from a

It is noted that the repetitive pattern of null and reinforce-

ency, the
ern of noise
rough gravel

ncy is higher
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as shown in Figure (5-4).
effect of breakdown of the reflection pattern can be utilized to obtain more

SAE AIRx1327 7L WM 8357340 0004232 3 mu

Further studies are discussed in Referen

ce 6. This

statistically repeatable data for sources which have both broadband and pure tone

elements.

A third advantage of the use of high receiver heights (increasing path length

differences) is the designed placement of the major null patterns at selected

frequencies for direct comparison with other data.

The most significant use of

this advantage lies in the realm of predicting flyover noise levels from ground

static engine noise data.

Anot

comparison of

section.

location of nu
of the expecte
siderations an
the proper loc
ment null patt
Usually, sourc
is based on ot

means of adjus

This is covered in some detail in the following

her potential use for deliberate path length design’\i
data from one site to another. Often, differences) in
11 patterns make direct comparison extremely difficul
d null patterns of a site, based on theoretical geome
l experience-derived phase factor estimates permit on
ation for placement of microphones to.yileld a similar
brn to a prior set of data to which comparison is des

b height is less easily adjusted;y and the measurement

ting the null pattern frequencies.

5.2 RECOMMENDATIONS FOR INFLIGHT -NOISE PREDICTION

her considerations, leaving microphone height as the most effective

nvolves

the frequency
t: calculation
tric con~

p to design
reinforce-
ired.

arc radius

Flight daLa provides an/extremely complex pattern of reflectiop effects

from the groun
are continuall

and for a flig

d plane, since the geometry of the direct and reflect
y changing-with time. For a four-foot microphone hei

ht path.directly over the microphone, the path length

ed paths
ght,
difference

ead, then

will vary from a ‘low quantity to a maximum value of 8 feet at overh
reduce again tL—a—iow—vaine—as—the—aircraft—recedeST——¥his—is—shGWﬂ

Figure (5-5), a sketch of the geometric considerations with a table of path

in

length difference versus angle of the arriving acoustic ray to the ground.

© Figures (5-6) and (5-7) show 1/3 octave SPL spectra for a series of times
before (Figure (5~6)) and after (Figure (5~7)) the time of maximum overall

sound pressure
nulls is quite

level.

noticeable in these data.

The shifting frequency of the first and second
Both from direct listening or

from listening to flyover recordings, the movement of the reinforcement between

first and second null can be heard as a change in the frequency of a significant

56
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