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1.

BACKGROUND: SAE Aerospace Information Report (AIR) 13271 was p

review of theoretical descriptions of constructive and destruct

interference effects on sound pressure level spectra measured a
reflecting ground plane. The reflecting plane could have eithe
acoustic impedance (a perfect acoustic reflector) or finite aco
impedance.

The purposes of AIR 1327 were to provide a review of the analyt
ground ref1ect1on effects and to present some pract1ca1 methods
free-field : measy :
irregula 1t1es caused by ground plane ref]ect1ons
scale jet-noise experiments and full-scale jet-engine tests’wer
AIR 1327| to validate the procedures for removing reflection eff
free-figld spectra. Recommendations were also given forlideterm
field sound pressure levels from flyover noise tests.

The recommendations in AIR 1327 for removing ground reflection

intentignally general in scope. It is not the purpose of AIR 1
methods jof obtaining free-field sound pressurerlevels that coul
test sitfiuations. Each measurement situationiis unique because

geometry], ground-surface acoustic impedance; and noise-source a
charactdristics. This AIR, therefore, was prepared to go beyon
recomme
methods
pressure

developed by various organizations for obtaining free-f
Tevel spectra.

INTRODUQTION: Acquisition of..free-field data is of practical s

The need for free-field d
not restricted to) the following: (1) comparison of ac
from the same-engine under various measurement conditi

the fielld of aeronautical acoustics.
(but is
obtained

1SAE Committee A-21,

Aerospace Information Report 1327, 15 January 1976.

dations in AIR 1327 and to presént descriptions of specj
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INTRODUCTION (Cont'd.):

parison of the results obtained from models with those from an engine on a

test stand,

(3) comparison of noise measurements made on the same engine

under static and in-flight conditions, (4) design of test facilities, (5)

standardization of techniques for

"in situ" acoustical measureme

nts, (6)

spectral decomposition to isolate the contribution of different sources to
the total noise, and (7) prediction of aircraft noise on the basis of methods
which, generally, provide free-field data.

There is an increasing tendency to test full-scale engine components and
scale models in anechoic test facilities that provide free-field conditions.
This AIR complements this work by identifying those methods in current use

which proyide free-field acoustic data for measurements on engin

static co

Separate /

ditions in the presence of a ground surface.

ppendices to this AIR describe different methods ‘for n

measurement in the field that conform with the state-of<the-art

extent.
least one
least one

Since the

hat is, each method has generally been systematically
organization and has been substantiated by data obtain
test site.

internationally standardized methods)of obtaining flig

levels suf

measureme

fer from the same ground reflection interference effec
ts above the ground plane in the'vicinity of a test st

appendix describes alternative measurement procedures for the ov
case, together with simplified adjustments to obtain approximate
sound pregsure levels.

Each Appendix is dated, is subject to later modifications when a

data becon
presented

The fo]1oxi

reflectio

PRACTICAL

le available, and provides an approach to a particular
by a member of the A-21 Committee.

ng section discusses certain practical aspects of gro
effects.

ASPECTS~OF GROUND REFLECTION EFFECTS: A simple geomet

acoustics

description of the noise measurement situation when bo

waves trayel ‘from the source to the microphone along two differe

and microphonélare positioned above a reflecting plane assumes t
the d1reci—path—f+Tne=of—sTght?——and—an—TnﬂTrect—path—CUrrespUnd

reflected waves which can be partially absorbed (with a change of phase) by

the surfa

ps under

bise
to a certain

ised by at
bd from at

ht test noise
Ls as

and, one
brflight
free-field

dditional
technique

ind

rical

th the source
hat sound

nt paths:

ce. The two waves combine at the microphone to produce

. E. Piercy
. Acoust.

I. Chesse

. Acoust.

, et al, "Review of Noise Propagation in the Atmosphere,"
Soc. Am. 61, 1403-1418 (1977).

ing to the

an

1, "Propagation of Noise Along a Finite Impedance Boundary,"

Soc. Am. 62, 825-834 (1977).
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3. PRACTICAL ASPECTS OF GROUND REFLECTION EFFECTS (Cont'd.):

interference pattern which modifies the observed sound pressure levels from
those which would be observed if there were no surface present, i.e., the
free-field sound pressure levels. The interference pattern strongly depends
upon the geometry, i.e., on the heights of the source and the microphone
above the surface, the horizontal separation distance, and the acoustical
jmpedance of the ground. A complete description of these phenomena is given
in AIR 1327 for the case of a quiescent, homogeneous atmosphere, neglecting
the complex phenomena associated with soupd_propagation at a near-grazing
incidence over an absorbing ground plane. »3" Under ideal conditions,
experimental determinations of ground reflection effects were shown to be
generally in good agreement with the theory. See p. 2 for Refs. 2,3.

In practig¢e, however, a statistical analysis of the results friom the same
installatjon (i.e., one with a good approximation to an acoustically ideal
reflective surface), with source and microphones located a“few metres above
the surfage, showed consistent evidence of discrepancies, The discrepancies
fell into|two categories:

- ip certain measurement conditions, the frequencies where the
interference extrema occurred did not correspond with the theoretical
frequencies. Variations as much as two to three 1/3-octlave bands
have been noted.

the magnitude of the interference effect was less than cdalculated,
particularly at low angles to.the jet axis. In most cases, a more or
1ess extensive "filling up'-of the interference nulls wds observed,
eppecially the null at the-first cancellation frequency.

The consefuence of these discrepancies is that the systematic adjustment of
measured ppectra to equivalent free-field values using the geometry and
theoretical methods without empirical factors often results ln n incorrect
estimate pf the equivalent free-field sound pressure Tevels.

Numerous ptudies have shown that the discrepancies described abdgve are due,
in part, to the use of a theoretical model which does not include the
phenomena| associated with near-grazing-incidence waves and, in part, to the
fact that|actual atmospheric conditions are never ideal. Wind and
temperatupé-gradients {which can be especially high near the grdund surface)
and atmosp ke the above
mentioned effects in sound pressure level measurements above a ground plane.

%1t should be pointed out that specific values of spectral adjustment factors
developed by the procedures presented in the Appendices to this document may, in
some cases, be dependent on the nominal frequency response characteristics of
the spectral analysis filters employed and hence must be qualified accordingly.
(See, for example, American National Standard S1.11-1966 (R1971), "Specifica-

tions for Octave, Half-Octave, and Third-Octave Band Filter Setsﬂ)
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Thus, a practical method to account for ground reflection effects should not
only account for the specific features of the acoustical test facility
(features that are determined by calibration), but also for random factors
which are introduced by uncontrollable atmospheric conditions.

4, SUMMARY OF APPENDICES: Appendix A describes the measurement technique
applicable to the SNECMA static full-scale engine acoustic-measurement
facility and the procedure developed by SNECMA to remove the effects of
ground reflections from measured pressure level spectra.

Appendix B describes the method used by Boeing for obtaining acoustical data
free from ground-plane anomalies during static, full-scale engine testing.
The method requires an acoustically hard and smooth test surface and the
placement] of microphone diaphragms within one microphone diaphragm diameter
of that surface.

Appendix L describes the method used by Pratt & Whitney Aircrafy to adjust
full-scale jet-engine sound pressure level measurements?to equivalent

free-fielld pressure levels. At the Pratt & Whitney Afrcraft teqt facility,
measurements are made over both sealed asphalt and‘crushed stong surfaces.

Appendix D describes methods evaluated by Rolls-Royce for obtaining
approximafte free-field sound pressure levelsiin flyover noise tdsting of
jet-powered aircraft.

NOTE: A jnumber of terms and concepts used in this report are unusual in
routine acoustic work. For definitions and further background

material, AIR 1327 (referenced on page 1) is recommended.
PAGE
Appendix A SNECMA Engine Test Methods 5
Appendix B Boeing Engine Test Methods 19
Appendix € Pratt & Whitney Engine Test Methods 34
Appendix D Rol1s-Royce Flight Test Methods 50

PREPARED BY

GROUND REFLECTION MEASUREMENT SUBCOMMITTEE
OF
SAE COMMITTEE A-21, AIRCRAFT NOISE MEASUREMENT
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APPENDIX A

PROCEDURE DEVELOPED BY SNECMA TO REMOVE GROUND
REFLECTION EFFECTS FROM SOUND PRESSURE LEVELS
MEASURED BY MICROPHONES LOCATED ABOVE A HARD SURFACE
March 1979

This Appendix| describes the noise measurement technique applicable o the SNECMA
full-scale-engine acoustic-test facility and the procedure developed by SNECMA to
eliminate the| effects of ground reflections from the measured seund |pressure

level spectral. The procedure was developed for systematic and automatic data
processing byl a digital computer.
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INTRODUCTION: Development of a procedure to adjust measured spectra,
particularly 1/3-octave-band analyses, to yield equivalent free-field sound

pressure levels by eliminating the effects of interferences caused by
reflection from a concrete surface, was initiated during the design of

SNECMA's jet engine test facility.

A practical procedure was de

veloped by

combining the results of an extensive theoretical analysis with the results
of numerous tests both in an anechoic chamber and on the test site itself.
The adjustment procedure established on the basis of the investigations is

described

DESCRIPTIOM OF THE TEST FACILITY:

below.

SNECMA has a specific jet eng

ine test

stand that is used to obtain measurements of farfield noise levels under

static opeérating conditions.

Measurements are made by microphon

poles aboye a smooth concrete surface which is considered to,be
reflector|for sound waves in the frequency region of interest.
the enging centerline is generally between 9.8 ft (3 m) and 14.8
The sound|field is measured along a semicircle of 196.8ft (60 m

centered

microphones located every 5° or movable microphonesa

or movabl

PROBLEMS

n the engine exhaust plane using either a series of fi
The height
microphones ranges between 6.6 ft (2 m) and 14.8 ft (

AISED BY THE APPLICATION OF A THEORETICAL CORRECTION P

bs mounted on
g perfect

fhe height of
ft (4.50 m).
) radius,

xed

of the fixed
1.50 m).

ROCEDURE :

Although
surface,

ana1ys1‘s,L

formulae
effects.
the theon)
the concr
correspon
shallow a
boundary
wind grad

These con

(a) ¢t

m

2

p clearly defined boundary condition 1s provided by the
resulting in interferences which<should easily be treat
practical experience has shown that application of th
lo not provide consistent indications of the measured i
(See also Appendix B). The basic reason for the inapp
y 1ies in the measurement .geometry which causes a wave

pte surface with a grazing angle less than 10°, resulti
ding reflected wave (beéing propagated over a long distan
ngle through the atmospheric layer adjacent to the grou
layer near the concrete surface often contains high tem

ditions of “‘propagation result in two effects:

icrophone location.

As an example, the probability dis
the center frequency of the third octave band containing the first
interference null (as observed during a statistical survey covering

00 spectral analyses) is shown in Fig. Al. Note that t

concrete

ed by
poretical
nterference
licability of
to impinge on
ng in the

re at a

nd.
erature and

ients and a significant degree of atmospheric turbulencp.

tribution of

he actual

frequency of the first cancellation was often as much as #2 1/3-

octave bands away from the theoretical value of the first cancellation
frequency.

LSAE Committee A-21, "Acoustic Effects Produced by a Reflecting Plane", SAE
Aerospace Information Report 1327, 15 January 1976.
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PROBLEMS RAISED BY THE APPLICATION OF A THEORETICAL CORRECTION PROCEDURE

{Cont'd.}:

(b)

turbulence present in the ground shear layer introduces variations in

the phase relations between the direct wave and the reflected wave
and, consequently, in the interference extrema if the length scales

of the turbulence are on the order of, or greater than,

WdVEIEHgL” of the sound waves.

the

It was therefore not feasible to define an adjustment method for ground-
reflection-phenomena purely on the basis of the theoretical considerations
emp1oyed 1n Reference 1, because it is at present 1mposs1b1e to ana1yt1ca11y

evanuau—: L”E EIIELLb Ol

and gradig
could be ¢

adjustment

described

4, PRACTICAL

" - U T SRPRL S W Y

P S IR B e

1uCal

asily measured "in situ" during noise testing. A prac
procedure therefore required development of the empir
in the following sections.

ADJUSTMENT PROCEDURE:

4.1 Principle

of the Method: It is generally necessary to analyze i

number of
its varig
therefore
addition,
procedure
the speci

To comply

applicabl
of each n

(a)

(b)

The spect

spectral dataj;—and

spectra when defining the noise characteristics of an
us configurations.
be suitable for computerized data processing techniqus
considering the comments of thelprevious section, the
should be suited to the particular location of each m
fic test site.

with these two requirements, the method developed - w
e to 1/3-octave-band .analyses only - is based on an "ej
leasured spectrum. The examination includes:

search for interference nulls in order to fit the sel
mpirically determined, reflection-index curve to the m¢

the determination of the final reflection-index curve t{

pectrum.

A ground-reflection adjustment prog¢

o eliminate the interference effects and yield the fre¢

dLI‘IUbP”C? 1C LlldeLLEY ISLICS bULII as LUYUU!C”LE

rteristics

tical

cal method

2 large
engine in
edure should
bs, In
adjustment
crophone at

hich is
xamination"

rcted, and

pasured

D be applied
-field

L

ht that the

pressure spectrum of the noise emitted from the source does not contain
irregularities, especially in the frequency band where the first interference

null is expected to occur.
requirement.

The method is specifically not applicable without

The spectrum of jet noise usually meets this

special care

for engine noise spectra containing discrete frequency components from

Tow-frequency sources such as multiple-pure-tone or "buzzsaw"

sounds.
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4.2 Search for Interference Nulls: The measurement geometry [relative positions
of the source (assumed for the purpose of this method to be at the center of
the nozzle exit), the microphone, and the reflection plane] usually permits
calculation of the theoretical path length difference and the theoretical
frequencies at which the interference nulls should occur and, hence, the
center frequencies of the 1/3-octave bands containing the theoretical
cancellation frequencies. However, as mentioned in section 3, because of
variations in path length differences, the frequencies of interfering
extrema are highly dependent on the local atmospheric conditions existing
during the test. The method used, therefore, is based on finding the first
null frequency within a frequency range covering six 1/3-octave bands,
distributed as shown in Fig. Al, i.e.: fypi-3 through fepi+2 (Fini
being the center frequency of the 1/3-octave band containing the theoretical

4.3

4.4

frequency
to produq
for the

Empirica

fof the first nulT). ITf the cancellation effect is not sufficient
e a significant null at the first cancellation freguency, a search
second null frequency may be made.

Reflection-Index Curve: Having determined which 1/3-pctave band

contains
index cuy
done ind
agree wif

A reflect
interferg
the cancé

Consider
value of
pressure
perfect 1

a reflection-
operation is
e effects
itions.

the first interference null, it is now possible to fi
ve that is appropriate to the measured spectrum. Thi
vidually for each spectrum in order to-make interferen
Lh those effectively encountered under various test co

fion-index curve is known from theoryl. However, the sfi
pnce amplitude predicted by theory; particularly for th
r11ation frequencies, do not generally occur in practic

gnificant
nulls at

ng the cancellation at the first null frequency as an
the difference between the measured and the free-field
levels given by theory, for a 1/3-octave-band analysi
filter) is -13.6 dB.  ;Values in the vicinity of -8 dB

during a
from exa

ideal atmospheric conditions ranged from -4 dB to -6 dB.

large nu

echoic chamber experiments on noise from model-scale jets. Results
ination of spectra measured around the SNECMA test site in nearly
The analysis of a
ber of results from tests conducted either in an anechpic chamber

with a measurement, geometry similar to that used at the SNECMA ffull-scale

test fac
the empi
Fig. A2.

there is|negligible atmospheric turbulence near the ground pla

lity, oryon the test site itself, was the basis for establishing
ical wreflection-index curve shown as the solid-line curve in
This curve is applicable to propagation under conditipns when

Weighting of Reflection-Index Curve:

The empirical reflection-index curve

defined by the solid Tine in Fig. A2 is satisfactory in many measurement
cases, provided it is fitted against the actual cancellation and

reinforcement frequencies by the method described in 4.2.

There may be

cases, however, where phase relations and the corresponding interference

1SAE Committee A-21, "Acoustic Effects Produced by a Reflecting Plane," SAE
Aerospace Information Report 1327, 15 January 1976.
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4.4 Weighting of Reflection-Index Curve (Cont'd.):

extremum amplitudes are degraded by the effect of atmospheric turbulence in
the propagation paths. In the particular case of noise measurements at the
SNECMA engine test facility, sound waves can propagate through a turbulent
boundary layer, adjacent to the concrete surface, that is approximately

1.65 ft to 3.3 ft (0.5 m to 1 m) thick. The usual measurement geometry

[r = 196.8 ft (60 m), h = h' = 11.5 ft (3.50 m)] results in an approximate
geometrical path length difference of 1.31 ft (0.4 m), and, consequently the
first null occurs at a wavelength of 2.6 ft (0.8 m) on the average.

Assuming the maximum length scale of turbulence within the boundary layer to
be approximately equal to the boundary layer thickness, interferences are
affected by turbulence at frequencies corresponding to the first two or
three inferference nulls.

A modified empirical reflection-index curve applicable to measurements made
in conditions of turbulence was defined (dashed line in Fig. A2)) as a result
of the observations described above. The dashed-line curve in Fig. A2 was

developeqdl on the basis of the following considerations:

- In|the usual geometrical conditions for tests at the SNECMA test site,
the theoretical path length difference ar<is generally always the
same, and the above wavelength considerations apply also [to the
variable ar/ai.

- At|low values of ar/xj, wavelengths are large compared to| the
turbulence length scale, and the direct and reflected wavps should be
in|phase as though the turbulénce were negligible. Thus,| a pressure
doybling should occur and the theoretical increase of +6 @B should be
majntained.

- At|high values of ar/ij, because of the turbulence, direct and
reflected sound waves should be uncorrelated, so that the| intensity is
doubled, and the'corresponding 3 dB increase should also pe maintained.

The sensjtive partof the reflection-index curve (corresponding| to

intermedjate valués of ar/xj) was faired in to provide a smooth| transition
between yreflection-indices of 6 dB and 3 dB for the low-frequenty and high-
frequency asymptotes.

Thus, fora—1/3-octave-band—center—frequency—f{;—thereflection-index to
be applied to measured spectra may be written:

AN, = AN, *+ s (ANi) £ (A1)

where aNj1, and s (aNj) are functions of ar/xj and are defined in
Figure A2 and ¢ is an empirical adjustment coefficient to the predicted
reflection index that accounts for turbulence effects and the use of a
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4.4 Weighting of Reflection-Index Curve (Cont'd.):

simplified theoretical model. Because of the difficulty of obtaining a
quantitative assessment of the effect of atmospheric turbulence, and the
lack of an applicable theory, the value of ¢ has to be derived from the
shape of the measured spectrum around the frequency of the first
interference null. To obtain values for ¢, it was assumed that, in a
frequency range extending two octave bands on each side of the measured null
frequency, the free-field spectrum would have a continuous and constant
slope. With this assumption, reflection interferences produce amplitude
oscillations in the measured 1/3-octave-band spectrum which are evaluated by
a parameter v,

The parageter vy was defined by the sum of differences In the me
1/3-octaye-band sound pressure levels as

asured

v (N g =N+ (Ngys - M) (A2)

where Ng
cancella

and Ne+3
fe-3 and

is the sound pressure level of the band containing the
Lion frequency and with band center frequency fe and wh
are the sound pressure levels of the bands with center
fe+3 below and above fo as indicated.in Fig. A3.

first
ere Ne_3
frequencies

In the a
pressure
relative
shown in

Thus, as
shows a
in the a
has the

y m

Assuming
minimum

ym

psence of turbulence, the values of’ the differences in

Fig. A3.

suming a free-field noise spectrum having a constant sl

Approximate maximum-value of

[3.4 - (-4.5)] + [5.7 - (—4.5)]

18 4B

A X

a
value-of vy, in the absence of turbulence, will be

Tevels measured by a microphone“above a reflecting sur
to a corresponding free-field- spectrum, have the typic

positive slope as often’found for jet noise at low freq
psence of turbulence_effects on the reflected waves, th

scatter of + 1 dB in the sound pressure level measun

the sound
face,

a1 values

ppe (Fi?. A3
encies) and,
parameter y

(A3)

ements, the

mn

1’

14 dB

B3.4 - 1) - (-4.5+ 1)] + P5.7 - 1) - (-4.5+ 1)]

(A4)

For the case when the interference phenomena are disturbed by turbulence,
the value of y will be less than 14 dB. The amount by which y is less than

14 dB was taken as a quantitative representation of the effect of turbulence.
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4.4 Weighting of Reflection-Index Curve (Cont'd.):

5.

The empirical adjustment coefficient to account for turbulence effects on
interference phenomena was then defined as

S= /Y i = [(Ne-3 - Ng) * (Noyg - Ne)] Y min

[(Ne_3 SN+ (N, - Ne)] /14

The coefficient ¢ was assigned 1imiting values of 0 and 1 defined as

i

(A5)

g= 0 when (N, o - N) + (N_..-N)<0 (A6)

and

g=|1 when (N, 5 - N) + (N3 -N) >14 (A7)

The 1imiging values were defined in this way to allow for cases|when the
differenges in the 1/3-octave-band sound pressure devels were 1¢ss than zero
and for gases when the sound pressure level difféerences exceed the typical
minimum value of 14 dB determined in the absence of turbulence.

TYPICAL ARPLICATIONS OF THE PROCEDURE: Thecabove described procédure was

used as a|basis for a computer program that generates free-field|spectra from
engine noise measurements made at the SNECMA test facility.

Examples qf results obtained with this procedure are given in Figs. A4
through A§, showing measured spectra and spectra adjusted to free-field sound
pressure levels. Three examples are shown which comply with the|main
assumption made when defining the method, i.e., they do not show|any
significant spectral irregutarities within the "examined" frequepcy range of
the spectnum (i.e., two octave bands located each side of the first null
frequency]. The spectra.represent turbojet noise measurements wjth jet noise
predominating.

Three spe
as-measur
theoretic

tra are shown on the first of these figures (Fig. A4):| the

d spectrum, the spectrum adjusted to free-field using the

1 reflection-index curve from AIR 1327, and the spectrim adjusted
to free-field using the method described herein. The advantage ¢f the
proposed ] i i hod (which
may result in significant distortions near the interference nulls) are
readily observable in Fig. A4.

The second example (Fig. A5) shows that, even in the case of a spectrum with
comparatively steep low-and high-frequency slopes, the method presented in
this Appendix is satisfactory.

There are measurement cases, however, where the use of the method is not
satisfactory, as shown in Fig. A6. For the spectrum illustrated in Fig. A6,
the first null occurs near the peak of the spectrum. (Note: the measuring
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5. TYPICAL APPLICATIONS OF THE PROCEDURE (Cont'd.):

distance was, in this case, 98.4 ft (30 m) instead of 196.8 ft (60 m). The
proposed spectral adjustment method does not work well when the first null is
located near the peak of the spectrum because the assumption of a constant
slope between the 1/3-octave bands fe_3 and fg+3 is not complied with.

The calculated value of the parameter ¢ will be too small and the weighting
of the empirical reflection-index curve will therefore be excessive with the
result that the spectrum is not properly adjusted as shown by the low levels
in the 160-Hz and 200-Hz bands in Fig. A6.

In fact, however, the spectrum shown in Fig. A6 was measured under
exceptionally good propagation conditions. For the wavelengths associated
with the first null, there probably was a negligible effect of turbulence on
the phase|of the reflected wave and the maximum value of & was therefore
obtained.

The insufficient correction of the first interference null (in the 160-and
200-Hz baphds), therefore, probably results from the fact that the empirically
derived "Jdeal" reflection-index curve which was used in this calse (the solid
1ine of Fjg. A2) was too pessimistic for correcting the first interference
null. The correction of -4.5 dB shown in Fig.. A2 probably should have been
larger for the test conditions applicable tocthe spectrum shown |[in Fig. A6.

Additiona] investigations would be requiredcto develop curves applicable to
all test ¢onditions.

6. CONCLUDING REMARKS: The method for adjusting 1/3-octave band spectra, as
described|in this Appendix, was established to generate free-fielld spectra
from measyirements made around a static noise test facility. Whi[le it is
satisfactpry in most cases, the(empirical reflection-index curve must be
modified For specific application to each particular test facility. For the
measuremept of any broadband.noise spectrum (e.g., jet noise), however, the
principle[of weighting the‘empirical reflection-index curve after
"examinatjon” of the spectrum to be adjusted to free-field conditions appears
attractive and should generally be satisfactory, provided the measurement
geometry [is carefully chosen so that the first interference extrema do not

gccuq within a freguency range where the spectrum displays a rapiid variation
in slope.



https://saenorm.com/api/?name=b0fd2b4cba2cad11ee9533989b8f6019

13 OF 69

AIR1672™C

SAE INTERNATIONAL

"3L1S 1S3L VWIINS 3IHL Lv
JIUNSVIW SV TINN LSYI4 FHL 40 AININDIYS IHL 40 NOILNGIYLSIA ALITIGvE0Ud TV ®an3ti

Louanbaay 193usd pueq-2a8ID0-g/|
DU W,y 'y, n...ﬁ.*
- T i 7 ! 0
' " “ )
" "
! |
“ ! I
i H ol 3
i 5
! .
' o
; !
0¢ -
E
a
“ 2
F0¢
Oy

110U 38T TedIINI0aY3 3yl Sururwjuod 3
puvq 9a¥3I00 ¢/ Y3 Jo Louanbazz 193U 3 3


https://saenorm.com/api/?name=b0fd2b4cba2cad11ee9533989b8f6019

14 OF 69

AIR1672™C

SAE INTERNATIONAL

"ST3A3T IWNSS3I¥d GNNOS ONVE-3AVLIO-€/| OL G3LLt4 38 OL SIAYNI X3IANI NOILIIT4IY VI 1Y IdW3

m&xuv‘esuwnoau:a 03 3Ju3IdIFTP Y33uar y3ed jo or3my

aue|d punoib sesu adua|n

ol | 1'0 100
]
A R D N T 1 . o — . ve—
1m'
s
A4n3 YbiIH ----- -
adua|nguny 3| qi1b1baN i
0
S

S

*Zv @an31g

ap *'n ¥ ‘319a97

9xnssaid punos pyaiy-aa1y pue puinstowm UIIMIAG IOUIIIIFIA


https://saenorm.com/api/?name=b0fd2b4cba2cad11ee9533989b8f6019

15 OF 69

AIR1672™C

SAE INTERNATIONAL

*3d401S INVLISNOJ YV INIAVH
WNY133dS 3ISION 47314-33¥4 ¥V NO SNO1123743d ANNOHD A9 43SNVI SNOILYITIISO 40 133443 40 NOILWHLSNITI

ZH *3 *Adouanbeag

| ’ Y

*gV 2an3Tg

wnJa3o3ds p|alj-9ady J0

ap ¢

ado|s 3juelsuo)

llllllnauz

t's+

G+

=N

ap

ap §

ap ‘!N ¢1oaa1 ainssaxd punos aaTleldy



https://saenorm.com/api/?name=b0fd2b4cba2cad11ee9533989b8f6019

16 OF 69

AIR1672™C

SAE INTERNATIONAL

(GOHLIW QISOJ0¥d THI QNV X¥OFHI 0L HNI@I0IDY AAIDTVIOD V410ddS A0 NOSI¥VAWOD “%V T4N9Id
zy ¢ _m ¢ £ouanbaiy 193usd Pueq-sae3po-pr1yi~aug
0009i 0008 0OOY 0002 000I 00S 0S4 Sel €9 Gig
-] 1 + - I 3 +— +
b . S 4H 1— ORI | i
: T — — - “ — : Hll
e t e g
T H
D —— a.
t Ju p = . m
utaiay pagodoad WI S @
Poylsm 3yl Y3I1A Pa3d3110d wniiydoads = .r.lr// 5
vy o BTl { ®
LTEIYIV WOIF 9A3IND XIPUT UOTIVITII +—1 > .
TPOTISIONI YITA PIJOSIA0D WAIFIDdGreeererserens - — T b3
PIINGVIT $¥ WNI09d8 —~=w= == — ! : T
} T + -2 : ' —- <
e e . = = —— 89P0 &
T T t T T T T m T L!
oSll :sixe(3s|ul mwoay e18uy [ B —_— =
(w 09) 1 8°96T : PUWINTP Suanswey S— ! T — : 1 —T —
¥ " ~ 1 _
T ) T ——
= ] 7



https://saenorm.com/api/?name=b0fd2b4cba2cad11ee9533989b8f6019

17 OF 69

AIR1672™C

SAE INTERNATIONAL

Sdd01S

0009t

00S

0se

* SHIONHINOTU A
dIAES ONIAVH WNYIDEdS V Ol JOHIAW VWOIANS HHI A0 NOILV)

zZy ¢ m.._. ¢Aouanbaay 183uUdd pueq-3ARIDO-PITYI-2uQ

0008 000y 0002 000!

ST S

HOIH NV MOT 1V

ITddV 40 HTIKVXI

wni13dads Pajzdaxzod

paxnsvam sv wnijdade ==

o0€1 :siXe 33|Vl moay

(W 09) 3 8°96T : IUEFISTP 3ujy

- T 1 T T ~Y ™
D S Ny (S ;HH||H|.|W... + LH - T 11 W T H_ #ulwr.q
H ra . FE I LS : : — It B
+ B . . — 1 U St SIS SN SR
- — A 4 —_— . i ]
H 4 ——e o by v e s
LnlJvl PRI Y,lﬁl S —-—— L . — + —— ——
! o § Q) SSui St S S Ssmans ,
7 4 .. 5 S s -
s e e e T I A
- T 4 T = i Y A
,, — , T . . e
SR 1 , ; . M . e l.'lllNl!u ||..._..l|.
et G U S St D L4 M) Sk s e okt Bt o 1 s away 4 QO St
e~ i b} 4 It + H IK 4 -
4 1+ e ¢ 14 ¥ R T e e
o — N - T um..ﬁlu\lo'?l
— AR SV G ADUNMI NS SN 5 S -t - f—
oy Ne— 1 — [ - xu| — —p b o
H P . Lo ) - WY
~ v [SR SNNLAR SRQUINEEN
- e — + ‘WINII ——————
3 e -4 —— b - — -~ - —d 4
' ll../A —— — B T ¥ g Lz e
K < I.JJ/ A e . !I;l\# —
o - - J - —
— — S IR, J 7 L
B i TN T ST i iiyutuhanit Sty 2 | S’ SRCS S e
M ! = ] P> B S e i G
I T LSS S X = L_/.-,a N SRR QU A BTSN B R
- : TN o geol
. : M = PR SREE S WSS, VN NN S ARRGly & SNNRNRNNES Seuses
L 1 ot N\ | At -
PR W — e N g \
T ; ; e Jfll 7 ORI SR
* * 7T
T N T /fl\f 7
i 11 = —t ~xi—* +
v * T T + + .
Oﬂwn< i M H T B v +
L . T T N M
+—t 4 4 + v
EREBSH - 1 . T T 14 S T 17
J 1 i H R ¢ b = S | 1 M - 3
e - i ) | . i i - 1 B S - s

‘Gy 2an814

gp ‘IN *12a9] eanssaid punog


https://saenorm.com/api/?name=b0fd2b4cba2cad11ee9533989b8f6019

18 OF 69

AIR1672™C

SAE INTERNATIONAL

*QOHIAW VWOANS HHL A9 QIIOENY0D XTINFIOIJLLASNI WNYIDAAS 40 FTIWVXE "9V TUNDId

zZH “!) ‘Aousnbaiy 193uAD puBG- IABID0-PITYI-PUQ

00gal 0008 0007 0002 000L 005 0SC Gl

T | | ! T B T L
Y A i [ & A H T ) S
+ —t g + + 4t t
. —h b . —4 B e B
MY - b
¥
D SHN SISO T
) 3 T T T e e fe— 4
I D G B S S it i S e e — ﬁ;ltn -
+— d -4 e - - e ﬁ
P i ey
-+ O S e attamanats we o
L { e .
: - N
— _— b —

b e —4 = - - b e — ———— b — e e =t
— - - et e
NUNERES SENy Y BT S GRS (R

: . . -4~ - e g « ]

- —— e - § e —

IDEINED SN SUNGIINDEINS SRR e

U'L. e ——— R I el it e e — e b

S AN T SRR QISR ERRE st o

wn13d9ds pajdaxzod . IS Spiats=r S SRR S &

gp ‘N ‘{eaa] sanssaid punog

peinseIw $¥ mWni3jvads f——=-= ~ — 7 . ARG SEPUR

O e

m
1=

S e e
—_ T e e e e e e
: — TN = —
, t |,m./ ~ - g 4V
. i N T AT N
= < :
: . e i .
. : ™ = y f
0G€1 :sixe 319|ull woxy °78uy : =V

(w Qg) *)J 7°86 : @duw3Isyp Buiansway

414+ 44



https://saenorm.com/api/?name=b0fd2b4cba2cad11ee9533989b8f6019

SAE INTERNATIONAL

AIR1672™C

19 OF 69

This appendix
destructive i
has been succ
static test s
requires a te
around a jet

surface with

over an acous
surface, inte
frequency ran
reinforcement
6 dB higher t
obtained at m
Amplitude and
relatively 1o
atmosphere co
reliable meas
engine at the
surface betwe
acoustically

valid measure
not be perfo

near the grou
from any dire
accurately de
occur. The s
provide relia

APPENDIX B
PROCEDURE DEVELOPED BY THE BOEING COMPANY

U DETEKMINE EQUIVALENT FREE-FIELD SUUND

PRESSURE LEVELS AROUMD AN ENGINE TEST STAND

January 1979

describes the method used by Boeing to obtain acoustic
reflection

data free of
The method

ssfully used to make noise measurements of: a jet eng
and, model-scale jets and aircraft during flight. AThe
t surface that is acoustically hard and smooth. , Measu
ngine are made with a condenser microphone placéed abov
ts diaphragm within 0.5 in. (1.27 cm) of the.surface.

ically hard surface with the microphone placed near th
ference effects between direct and reflected sound wav
e extending to 10,000 Hz, are essentially reduced to a
(pressure doubling); i.e., the measured sound pressure
nan those in an acoustic free field.<-Valid results hav
crophone-to-engine distances as large as 213.3 ft (65

phase distortions may be introduced when sound waves t
ng distance at a shallow elevation (near grazing) angle
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rements it is recommended-that: (1) the elevation ang
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n the microphone and.the engine be uniformly smooth an
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1. INTRODUCTION: Sound pressure measurements above a reflecting surface such as
a ground plane are always affected by interference between the sound
propagated directly from a source to a microphone and the sound reflected
from the surface (see Reference 1). Practical experience has shown that the
effects of these interferences are not easily predictable in both amplitude
and frequency, and are therefore not always possible to remove with any
certainty. The desire to obtain noise measurements of a jet engine during
test stand operations free of such effects led Boeing to investigate the use
of microphones placed so near the reflecting surface (ground plane) as to be
virtually flush mounted. The result was the development of a technique which
reduces interference effects to the single effect of reinforcement (pressure
doubling) at all frequencies of practical interest for jet engine noise
measuremefts.

Although this Appendix is confined to a discussion of the use of| ground-plane
microphon¢s for full-scale static engine operations, the method [is also
applicabl¢ to model-scale noise measurements, and a similar technique has
been shown to provide aircraft flyover noise data that are free [of the
variable ¢ancellation and reinforcement effects inherent in datdq acquired by
microphong¢s located a few feet above the ground surface.

2. DESCRIPTION OF BOEING TEST FACILITIES: Boeing\ currently has twg test
facilitie$ that are used to obtain far-field acoustical data during static
engine operations. One facility is locatéd near Boardman, Oreggn and has a
single engine test stand with a concreteipad. The other facililly is located
at Tulalip, Washington and consists of‘two test stands, one with a concrete
pad and the other with a crushed rock'pad. This section describes the

development of the essential acoustical features of the two test stands with
the concré¢te pads.

t of procedures for measuring the sound field near the ground-plane
gan at the Tulalip test facility when it had a gravel [surface

e engine and-the far-field microphones. Sheets of plywood were

e gravel and-the microphones were installed in a flush-mounted

t near thetcenter of the sheet. The results were not |satisfactory
-planemeasurements were abandoned because the spectrum of the

ound pressure was not as free of spectral irregularitiles as desired.

arrangeme

and groun
measured

riod of time, the Boardman facility became available flor engine
g i mmi 5 i y reflective
concrete test pad larger than the original Tulalip gravel test area. The
surface of the concrete was large enough to permit measurements 250 ft

(76.2 m) from the engine in one aft quadrant as shown in Fig. Bl1. A second
section of concrete was added later to provide for 100 ft (30.48 m) radius
testing in the forward quadrant.

ISAE Committee A-21, "Acoustic Effects Produced by a Reflecting Plane." SAE
Aerospace Information Report 1327, 15 January 1976.
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2. DESCRIPTION OF BOEING TEST FACILITIES (Cont'd.):

With this later facility an attempt was again made to obtain accurate
ground-plane sound pressure level measurements. Initially, microphones were
merely laid on the concrete surface pointing in the general direction of the
engine. The resulting spectral data, even with the simple arrangement for
the microphones, were essentially free of the peaks and nulls caused by
interference between direct and reflected waves found when using microphones
located above the surface.

There was some concern that the microphones' directional characteristics
might deter from measuring the "correct" levels due to the widely distributed
sources of the engine, and as a result of this concern a more sophisticated
mounting [system was considered: namely, true flush mounting in|the concrete.
However, |because flush mountings are costly to install, time Gorjsuming to set
up, and ilnflexible in layout, an alternative arrangement was ‘corlceived and
developed. This alternative arrangement utilizes an inverted milcrophone to
measure the sound pressure field at a very small distance above [the ground
plane.

Subsequent to successful testing at the Boardman-facility using microphones
at ground level, a concrete test area considerably larger than &t the
Boardman test site was installed at the Tulalip test site (Fig. B2). This
larger telst area was designed to facilitatecacquisition of data [at small
angles reflative to the jet exhaust on a 150" ft (45.7 m) "sideline" type
layout as| well as a 150 ft (45.7 m) polar layout in both the forward and aft
quadrants, The inverted microphone arrangement is currently used at both
sites to pcquire quasi-free-field sound pressure levels.

t implementation of the inverted microphone arrangement consists of
m microphone holder welded to a 0.04 in. (1 mm) thick [aluminum

e microphone, with. its diaphragm grid cover, is insertled inside the
that the diaphragm is 0.5 in. (1.27 mm) above the aluminum plate
B3). (NOTE:-\This microphone arrangement is applicable for tests
direct sound-wave is within approximately 25 degrees of grazing
incidence| relative-to the microphone diaphragm.) A positive stop is provided
on the migrophone-cathode follower to ensure proper positioning pf the
microphone. An-air-dielectric condenser microphone with a 0.5 ip. (1.27 cm)
diaphragm| is_commonly used. The selected aluminum plate, purposply thin to
avoid an [impédance change (edge effects), is glued with a medium-tack
adhesive vibration of
the plate and microphone. No microphone diffraction corrections are applied
to the data because the microphone is assumed to be in a small cavity and
hence only the pressure field frequency response need be considered. Since
Boeing normally specifies a test window including wind speeds of less than

7 knots (3.6 m/s) as measured at the engine centerline height, wind speeds at
the microphone diaphragm will be somewhat below 7 knots (3.6 m/s), thus
eliminating the need for a wind screen.

plate. T
holder so
(see Fig.
where the
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DESCRIPTI

ON OF BOEING TEST FACILITIES (Cont'd.):

The data presented in this Appendix were all obtained from tests conducted at

the Board

man test site.

The engine from which the presented data were taken

was mounted with the engine centerline 13 ft (3.96 m) above a concrete pad.
Considering the 13 ft (3.96 m) height to be the height of the noise source
above the ground plane, and at a sideline distance of 100 ft (30.48 m), the
approximate difference in path length between the direct ray from the source
which just grazes the edge of the microphone diaphragm and the sound ray
reflected from the smooth aluminum plate to a corresponding point on the

diaphragm

is of the order of 1/8 in. {3 mm).

The wave-length at the

frequency of the first cancellation (xc=2 ar; Reference 1) is thus

approximately 1/4 in. (6 mm). The 1I/4 in. {6 mm) wave-Tength cd
a frequengy of approximately 57 kHz for sound propagation at,‘nof
temperature.

rresponds to
mal air

Theoretically, the difference between a 6 dB pressure reinforcement and the

reflectio
full-scal
according
the diffe
for all p
the sound
considere
field. N
differenc
6 dB pres
distances
would, of
although

If desire
reducing

microphon

diaphragm
in data q

simple re

APPLICATI

n index at the highest frequency of practical~interest
b engine tests (i.e., approximately 10 kHZ) is about O.
to Reference 1. At lower frequencies, iJe., longer w3
rence is even smaller - at 5 kHz it is approximately O.
ractical purposes, the direct and reflected waves are i
pressure levels measured by the imverted microphone me
i to be just 6 dB higher than those that would be measy
pte that at greater distances .from the source the path

sure doubling assumption would result in even less errg
shorter than 100 ft (30.48 m), the accuracy of the 6 (¢
course, be good over:a,somewhat smaller range of frequ
hot enough smaller to,be of concern for most engine nof
1, improved accuracy at the higher frequencies can be 3
the separation_distance between the ground surface and
e diaphragm. ~Tests conducted by Boeing with the microp
ko.zs in. (0.65 cm) above the aluminum plate indicate

ality from'the 0.5 in. (1.27 cm) installation, thus i
edy forthe potential discrepancy in the higher freque
DN OF THE INVERTED GROUND-LEVEL MICROPHONE TECHNIQUE:

ground-Tle
1971, Si

for

5 dB,
velengths,

1 d8. Thus,
n phase and
thod can be
red in a free
length

ps would be even less than calculated in the above example and the

r. At

B correction
encies,

se sources.
chieved by
the

hone

0 reduction
dicating a
ncy range.

The inverted
Company since

me] microphone technique has been in use by The Boeing

n made at

both the Boardman and Tulalip test sites using this type microphone

installat

jon.

Initial concerns with the technique were the possible

amplitude variations that might be introduced as a result of (1) the direct
and reflected sound waves propagating long distances at shallow grazing
angles through a turbulent atmosphere above the concrete surfaces, and (2)
variations in the meteorological conditions of the atmosphere along the sound

propagati

on paths.

Subsequent experience amply demonstrated that for tests

conducted under ordinary conditions of wind and temperature (current
experience covers winds up to about 10 knots (5.1 m/s) and temperatures

between 3
a very hi

2° and 81°F [0° and 27°C]).
gh order of data repeatability can be expected.

No special problems are introduced and
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3. APPLICATION OF THE INVERTED GROUND-LEVEL MICROPHONE TECHNIQUE (Cont'd.):

Acoustical data presented in this appendix correspond to a single test series
and were selected to illustrate (1) the differences between noise levels
measured by ground microphones and by microphones mounted on poles at engine
centerline height, (2) the need for an area near the microphones free of
obstructions, and (3) the accuracy of the determination of free-field spectra
that can be expected even at low elevation angles.

The microphone test layout used to acquire the acoustic data presented herein
is shown in Figure B4. Ground level microphones were located along 50 ft
(15.24 m) and 100 ft (30.48 m) sidelines and on a 200 ft (60.96 m) polar arc
at anglesfof 110, 120 , 130, 140, and 150 relative to the engine inlet
axis. Al] distances were measured relative to a point on the copcrete
directly below the center of the eng1ne exhaust nozzle. Four pofle-mounted
microphongs were positioned at engine centerline height aJong the 100 ft
(30.48 m)|sideline at angles of 120°, 130°, 140°, and 150° . Atm sEher1c
conditiong during the test were: amb1ent temperature 57.9°F (14,.4°C);
relative pumidity 61%, wind 7 knots (3.6 m/s) blowing almost dirpctly into
the enging inlet. At these distances and with a~13 ft (3.96 m) pngine
centerling height the differences between the radial and the anglilar
coordinatés of corresponding ground and poles<mounted microphones| are
negligible.

3.1 Comparis
were mad

n of Centerline-Height and Surface Microphone Data: Cpmparisons
at three different engine power settings of the noise| spectra

measured
100 ft
pole-mou
Figs. BS
18.75 Hz
band ana
spacing

pole-mou
sound pr
shown ar
examinat
engine p
micropho

by pole-mounted and ground-level microphones located aflong the

0.48 m) sideline. Spectral comparisons of data recorded by the

ted and ground microphones at 120° and 150° are presented in

a) and B5(b). Datd analysis was performed using a constant
bandwidth filter. ".This type of analysis, rather than /3 octave

ysis, was selected to better illustrate the cyclic and| regular

f reflection-effects and the fairly close matching of the

ted microphone first-reflection peaks with the pressurp-doubled
ssure levels measured by the inverted ground microphone. Results
typicdl)of the data recorded at all power settings. An

on of<the data for all power settings indicated no appreciable

wer setting effect on the ground-level versus pole-moupted

edifferences.

The problem of reinforcement/cancellation of sound energy inherent in a

pole-mounted microphone installation is evident.

inverted

The data recorded by the
ground microphones were completely free of spectral irregularities

at frequencies up to 10 kHz except for those locations having pole-mounted

microphones adjacent to the ground level microphones.

The undulations

evident in the ground level microphone data shown in Fig. B5 were determined
to be a result of ref1ect1ons from the base of the microphone stand holding

the pole

very smooth spectra were recorded [Fig. B6(a)].

microphone. At 110°, where no pole microphone stand was present,

This result points out the

necessity for an obstruction-free area near any microphone if precise

acoustical information is desired.

After smoothing out the reflections
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3.1 Comparison of Centerline-Height and Surface Microphone Data (Cont'd.):

3.2

resulting from the microphone stand base, good agreement was obtained
between the recorded data in the mid- frequency range, after pressure
doubling for the ground microphone (+ 6 dB) and intensity doubling for the

pole microphone (+ 3 dB) were accounted for.

This result was expected since

reinforcement/cancellation effects were calculated to be greatly diminished
above 1000 Hz for the geometric conditions of the test set-up.
starting at approximately 7 kHz, the expected 3 dB difference between the
sound pressure levels measured by the ground and pole-mounted microphones

gradually decreases with increasing frequency.
result is not known at present:

micropho
Tow. Re

Acoustic
Boardman
zero dif
pole-mou
test inc
angles a
elevatio
conducte
approxim
axis. A
adjustme
the expe
1dB. A
approxim
Tittle i
ground 1

Comparis

The explanation

However,

for this

either the spectra at the pole-mounted

€S could be too high or the ground microphoneé spectra
olution of this discrepancy will require further inves

data taken at the Tulalip site subsequent to the“herei
test series shows negligible, and in many instances es
erences above 1000 Hz between inverted ground micropho
ted microphones after applying the 3 dB adjustment. T
uded ground and pole microphone comparisons at three d
ound the engine on a 150 ft (45.7 m) radius. Micropho
angle for these tests was approximately 5°. These te
under a wide variety of wind conditions including spe
tely 8 knots (4.1 m/s) and directions from 0° to 360
alysis of the data showed that:\subsequent to applying
t in the frequency range of.1:10 kHz the data spread r
ted noise level never exceeded 2 dB and generally was
lTimited amount of data obtained at an elevation angle
tely 4° yielded similar results. Wind direction appea
any effect on the differences in high frequency noise
vel or at the pole microphone installation.

n of Surface Microphone Data Recorded at Different Ele

Fould be too
tigation.

h reported
sentially
nes and the
ne Tulalip
ifferent

ne to engine
sts were

bds from 0 to
to the inlet
the 3 dB
blative to

less than
b f

red to have
measured at

vation Angles:

The effe

interest
micropho

range from 13. 7° to 3. 7 .

ts resulting from changes in elevation angle are of pa
when the noise source is near the ground and the dista
e is large. Since most jet engine test stands do not
nterline heights much above 16 ft (4.9 m) and since fa
nts‘are sometimes taken at distances up to 328.1 ft (1
of e]evat1on will, in some cases, be less than 3°. F

rticular
nce to the

brovide for
r field
DO meters),

pr the test
microphones

Comparisons of ground microphone spectra were

made for 50 ft (15.24 m) sideline, 100 ft (30.48 m) sideline, and 200 ft
(60.96 m) polar arc for each of the directivity ang]es and at three engine

power settings.

for directivity angles of 110° and 120° respectively.

Typical test results are presented in Fig. B6(a) and B6(b)

The results in Fig. B6(a) and B6(b) show that equivalent free-field sound
pressure level data can be obtained from ground-plane noise measurements at

different distances and elevation angles.

The shaded regions for the data

on the 100 ft (30.48 m) sideline and 200 ft (60.96 m) polar arc indicate the
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3.2

3.3

Comparison of Surface Microphone Data Recorded at Different Elevation Angles

(Cont"d.):

magnitude of the atmospheric absorption loss calculated (by the method of
SAE ARP 866A) using the radial distance to the 50 ft (15.24 m) sideline
microphones as a reference. The difference between the 50 ft (15.24 m)
sideline spectra and the adjusted spectra at shallower elevation angles was
generally equal to the inverse-square law propagation factor at all
frequencies [See Fig. B6(a)].

In some cases, however, the differences at high frequencies between the
reference and the adjusted spectral levels were slightly more than the
inverse-gquare Taw factor. This result indicated that an attenhation
mechanism greater than the combination of inverse-square law and atmospheric
absorptipn might be present [see Fig. B6(a)]. Results of (spectral
comparispns at other angles and engine power settings indicated| that this
extra loss mechanism never resulted in more than about2 dB at 0 kHz at the
3.7 eleyation angle, for the weather conditions encountered during this
test perjiod. A]though previous experience showed that very smalll elevation
angles (1-1/2°) sometimes produced greater Tosses.than indicated above,
Boeing ekperience with elevation angles near 4  ‘and greater indficates that
elevatiop angles encountered in most test installations would hpve little
effect op the ground plane noise measurements.

to evaluate
define an
ests. that
s (5.1 m/s)
e wind is
positive
ion opposite
in the
ve shown no

Limitati
Tocal at
operatio
have bee
are acce
steady a
wind vel
the dire
forward

adverse

ns on Atmospheric Conditions:\Detailed tests necessar
ospheric effects on noise propagation and to accuratel
al test window have not been performed. Results from
conducted show that wind speeds up to at least 10 kno
table for measurements made in the aft quadrant when t
d blowing more or 1ess directly into the engine inlet
cities). Negative .wind velocities (i.e., a wind direc

tion of noise propagation as in the case of microphone
uadrant with-the wind blowing into the engine inlet) h
ffects up to-about 7 knots (3.6 m/s).

at ground
posite the

'y analysis indicates that a shadow zone can be produce
n the-wind velocity has a component in the direction o

directiop of ‘sound propagation because of the adverse gradient generated by
surface friction. A similar result occurs when high temperaturg lapse rates
exist ne erroneous

sound pressure Tevels shou]d be recogn1zed when test1ng on high temperature
days in still, or near still, air conditions or days in which the wind
directions and/or speeds are outside the experience envelope.

One method for ensur1ng that no anomalous atmospheric conditions exist
during a noise test is to obtain measurements with a microphone at engine
centerline heights, or greater, adjacent to a ground level microphone. The
measured 1/3 octave band noise level differences for these two microphones
should be on the order of 3 dB at frequencies greater than 2000 Hz. Noise
level differences greater than expected would suggest the existence of
adverse atmospheric conditions for conducting acoustic tests.
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4. CONCLUDING REMARKS:

a. Results from the use of ground microphones to measure jet engine noise
under static (test stand) type operations indicate that, with minor
limitations on the test setup and on atmospheric cond1t1ons the
inverted-microphone technique for ground-plane measurements can provide a
direct and reliable measure of free-field sound pressure levels without
having to resort to spectral adjustments of data measured by pole-mounted
microphones.

b. When the microphone-to-source elevation angle was 4 degrees or greater,
no consistent effect was not1ced on the amplitude or frequency
distribution o g sound pv Ore Teve meacured bV vaerted
microphones near the concrete ground plane as a result ofcsolnd waves
propadating over the concrete surface at shallow grazing ‘angfes. Data
measurted by microphones at various distances were well“corre]ated,
considering only the propagation losses caused by inverse-square
geometiric spreading and atmospheric absorption.

¢c. Although theory and practical experience indicate that sound|pressure
levelg measured by ground-plane microphones should be 3 dB hjigher (at
frequgncies above approximately 2000 Hz for the typical test|geometries
considered here for jet engine noise tests) than those measuped by
microphones above the ground plane (at(the same radial distapce and
azimuth), there were one or two occasions when the Tevels frpm the
ground-plane microphones were as much as 2 dB Tower at 10 kHg than the
data from corresponding pole-mounted microphones. This unexplained
discrgpancy is not regarded as“a serious Timitation to the ipverted
microphone method since, even-if the free-field sound pressure levels
determined by the inverted microphones were lower than the "ftrue"
free-field sound pressure Tevels by 3 dB at 10 kHz (and by a| smaller
amount at lower frequencies), the impact of the discrepancy pn a
psychgacoustic noisé measure, such as perceived noise level pr A-weighted
sound|level, would-be negligible for sources of noise typicall of
full-gcale jet éngines.

d. The ability—to provide a good measure of the free-field sound pressure
Tevel specirum by eliminating cancellation effects in the frequency range
of interest is _a strong reason in itself for us1ng an arrangement 1ike
the 1ihverted ophone ; o—ob i measurements during
outdoor engine test1ng Add1t1ona1 advantages of an inverted microphone
arrangement over pole-mounted microphones that have not been addressed
herein, but which should be considered in assessing the overall value of
using inverted microphones, include: (1) elimination of discrepancies
between calculated and measured frequencies for the cancellations and
reinforcements in the spectra measured by pole-mounted microphones; (2)
improved resolution of the amplitude and frequency of pure-tone or
narrowband random noise that might be difficult to evaluate properly in a
frequency region subject to varying interference effects [multiple-pure-
tone ("buzzsaw") noise is a commonly encountered example of an engine
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4.

5.

CONCLUDING REMARKS (Cont'd.):

REFERENCES:

1.

noise that is more readily measured by ground-plane microphones]; and (3)
improved compatibility and consistency in noise measurements made at
different test sites. Variations in the interference effects in the
spectral data obtained from pole-mounted microphones are associated more
with differences in test site than with differences in the engine noise
sources.

Boeing experience to date using surface microphones is primarily over
concrete-surfaced test areas. Other "acoustically hard" surfaces should
provide results similar to the results reported herein. It would appear,
however, that testing over any acoustically hard surface that might tend
to ge N s days should
be avpided when possible. Dark asphalt, for instance, migh{ best be
treatpd with a light-colored surface material to alleviate possible
problpms of this nature. Night or early morning testing might also
provifde a better test "window". The direction of the wind dhould be more
or less directly into the engine inlet during acoustical tegting,
partitularly for winds in excess of about 7 knots (3.6 m/s)., Reliable
?ata hav? been obtained during wind speeds up‘to approximategly 10 knots
5.1 m/s).

SAE Cpmmittee A-21, "Acoustic Effects Produced by a Reflectilng Plane",
SAE Aprospace Information Report 1327, 15 January 1976.
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l——56.4 M (185 FT)-—=]

e

TROWELED CONCRETE TEST AREA

CANTILEVERED

/'TEST STAND

Q——Eg} —_———

ie—- 50.3_M_L1.65_ET.)=|= 76.2 M (250 FT) :

FIGURE B2Z. BOEING ENGINE TEST STAND FACILITY NEAR TULALIP, WASHINGTON
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MICROPHONE CABLE

1.27 cm (% in.) GIAMETER \ POSITIVE STOP

CONDENSER MICROPHONE

MICROPHONE HOLDER

1. mm (0.04 in.) ALUMINUM
/PLATE GLUED TO CONCRETE

0.15M(6 ip.

0.15 M (6 in.)

—

FIGURE B3. SCHEMATIC MICROPHONE INSTALLATION
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SOUND PRESSURE LEVEL ~¢8

SOUND PRESSURE LEVEL - dB
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S

=

w
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{b) MICROPHONES AT 150 DEGREES FROM ENGINE INLET AXIS

FIGURE B5.

(100 FT) SIDELINE

GROUND AND POLE MICROPHONE MEASUREMENTS ON 30.48M
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FIGURE B6.

MICROPHONE INSTALLATIONS
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APPENDIX C
PROCEDURE DEVELOPED BY PRATT & WHITNEY AIRCRAFT (PgWA)
TO DETERMINE EQUIVALENT FREE-FIELD
SOUND PRESSURE LEVELS AT A STATIC
JET-ENGINE TEST STAND
August 1980

This Appendix| describes the method used by Pratt & Whitney Aircraft [to adjust

full scale jet-engine sound pressure level measurements to equivalernt free-field
pressure levells. At the Pratt & Whitney Aircraft test facility, megsurements are
made over both sealed asphalt and crushed stone surfaces.
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INTRODUCTION: For many purposes, free-field noise levels provide the most

satisfactory description of the noise characteristics of a jet engine.
Unfortunately, there are several factors that prevent free-field levels from
being measured in practice. A major problem is presented by sound
reflections from the ground surface around the test stand which may add to or
subtract from the direct acoustic signals sensed by microphones. This
appendix presents procedures developed by Pratt & Whitney Aircraft (P8&WA) to
adjust data taken at its full scale test facility to predict free-field
broadband jet noise levels over the frequency range from 50 Hz to 2000 Hz.
This range of frequencies covers the region where ground reflection effects
can introduce significant irregularities in the measured sound pressure
spectra.

FACILITY OESCRIPTION: Pratt & Whitney Aircraft's facility for jét engine

acoustical measurements is shown by a photograph and schematic|ip Figure Cl.
The facility is located outdoors and incorporates a crushed ston¢ measurement
surface bgtween the engine and the microphones on one side of the jet axis
and a sealled asphalt paved surface on the other. The crushed stone surface
was installed to provide more repeatable measurementscof high freéquency
turbo-machinery noise levels by providing an irregular surface for reflection
ave-length sounds and thus minimizing the’ posibility of coherent
ellations at the microphones. Although low frequency,|jet noise

ts typically are obtained from ground plane microphones over the
rface, it sometimes is of interest’,to determine low frequency noise
stics from measurements taken over the crushed stone surface.
adjust data from both surfaces to free-field are presented in this

measureme
asphalt s
character
Methods t

appendix.
The facility was designed so that a large turbofan engine could be installed
with its denterline at least twoofan diameters above the concrete surface of

the test
designed
radiation
and meteo
atmospher
Three arr

ad. The test engine)is mounted from a cantilevered structure

o minimize reflections or obstructions that might distort the
pattern of the jet sound field. An engine performance|data system
ological station are available to measure operating parameters and
c conditions ‘necessary for analysis of the acoustical measurements.
ys of microphones are available. Each array is located along a
45.7 m (180 ft) arc centered on the fan exhaust nozzle of a large high-bypass
ratio turbofan engine installed in a mid-length-duct nacelle. The arrays
consist of:

A. M s , orien for grazing
incidence of the direct sound wave, mounted on poles at a height of
4.9 m (16 ft) spaced at least every 10 degrees of arc as shown in
Figure C1, The ground surface between the engine and microphone array
consists of a layer of crushed stone about 45.7 cm (18 in) deep over a
sand base and presents an irregular reflection surface.
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Microphones located at ground level in the aft quadrant of interest
for jet noise and spaced at least every 10 degrees of arc. A sealed
asphalt surface 5.1 cm (2 in) thick covers the area between the engine
and the microphones. These microphones are installed pointing
downward with their diaphragms about 1.3 cm (0.5 in) above the surface
of polished aluminum sheets (0.6 m (2 ft) by 1.2 m (4 ft) by 0.2 cm
(1/16 in) thick) that are laid flat on the measurement surface. (See
Appendix B for a more detailed discussion of this inverted microphone

technique.)

of

Microphones on poles at a height of 4.9 m (16 ft) located above each

the ground plane microphones on the sealed asphalt gquadrant. These

mi
up
wa

THEORETIC

Crophones are positioned at about engine centerline heilght, point
ward, and are oriented for grazing incidence of the ‘dirlect sound
ve.

AL BASIS: To estimate free-field sound pressure levelq from any of

the three
the effec
to the mi
between T

AIR 13274}

perfect r
from the
the prese

o account for
om the engine

microphone arrays at the test stand, it is mecessary t
s of ground reflections on the propagation of sound fn
Crophones. Theoretical solutions for the/propagation df sound
source and receiver above a ground plane are given in [SAE

It was shown that, if a source is.a distance hg above a
eflecting surface with a receiver dor microphone) located rq units
source and h,. units above the grdund plane as shown in [Figure C2,
nce of both direct and reflected signals will cause the| spectrum

measured

direct si
above an

waves wil
and will

in free-f
Between t
theoretic
frequency
processed
free-fiel
are as il

APPLICATION-OF THEORY TO TEST SITE CONDITIONS:

t the receiver to differ friom that in a free-field where only a
nal is present. For the Aimiting case of discrete tone signals
coustically hard surface-where hp<<rd, the direct and [reflected
be in phase at frequencies where [(ry. - rq)/a] is an [integer
roduce a doubling of,-acoustic pressure over what would be measured
eld conditions (i.e., a 6 dB increase in sound pressure Tevel).
ese reinforcement frequencies, phase cancellations occur that
11y can result-in very low sound pressure levels for dliscrete
signals. For’ the case of typical broadband jet-noise [spectra
through 1/3-octave band filters, typical differences
sound(pressure levels and levels measured over a reflecting plane
ustrated in Figure C3.

The theory presented in SAE

AIR 1327

ectra.

Although the theory in SAE AIR 1327 does include both infinite and finite
acoustic impedance surfaces, it accounts only for the direct and reflected

pressure waves in determining interference effects in the measured spectra.

To develop a procedure for properly adjusting measured sound pressure levels

ISAE Committee A-21: Acoustic Effects Produced by a Reflecting Plane.
AIR 1327, 15 January 1976.

SAE
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Figure [C2 Geometry of Source and Receiver With Respect to Reflecting
Ground Surface
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Figure C3  Typical Jet Noise Spectrum Measured Over a Reflecting
Surface and in a Free-Field at the P&WA Test Facility
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4. APPLICATION OF THEORY TO TEST SITE CONDITIONS (Cont'd.):

to equivalent free-field values it was necessary to extend the thegny in SAE
AIR 1327 to include the contributions of ground and surface waves.¢ This
extension, presented herein, is based on a time dependence” of the form
e-1wt. Ground and surface waves arise in the mathematical formulation of
the ground plane reflection problem and must be considered to obtain a
precise solution. The effect of these waves on-the magnitude of the
correction factors tends to be less than 0.5 dB for most conditions of
interest for noise measurements around the P&WA static engine test stand.

In addition to this relatively minor modification, input values to the theory
had to be quantified. Two of the more important frequency dependent
functions [to be determined were:

1. thd source location, and

2. theg complex ground impedance.

Procedureq used to develop the necessary modifications and input|values are
presented |in the following sections.

5. SOURCE LOQATION: Figure C4 presents a series.of typical spectra|measured by
pole-mounted microphones over asphalt at angles from 100 to 150 degrees along
the arc with the 45.7 m (150 ft) radius. “The first reinforcement frequency
shifts frqm the 1/3-octave band centerediat 315 Hz for 100 degrees to the
1/3-octavg band centered at 250 Hz for250 degrees. The variatipn with
measurement angle of the reinforcement and cancellation frequencjes is
attributed to the fact that jet noise "sources" are distributed along the
jet, with [high-frequency sources_llocated near the nozzle exit and low-
frequency |noise sources located 10 to 20 nozzle diameters downstream of the
nozzle exit. If all the sources had been located at a point near the center
of the miqrophone array, the reinforcement and cancellation freqliencies would
not have yaried with apgle. These results indicate that the engjne nozzle
cannot be |treated as «@ point sound source with respect to the measurement
stations, |[especially-at the lower frequencies where the first few phase
cancellations occur. Thus, in order to establish the adjustments to be
applied tq the medasured data to obtain free-field sound pressure|levels, a
relationship to predict the axial jet noise source distribution was
incorporated in the Pratt & Whitney Aircraft procedure.

2Emb]eton,‘ T. F. W.; Piercy, J. E.; and Olson, N.: Outdoor Sound Propagation
Over Ground of Finite Impedance. J. Acoust. Soc. Am., Vol. 59, No. 2, February
1976, pp. 267-277.

3Daigle, G. A., et al: Some Comments on the Literature of Propagation Near
Boundaries of Finite Acoustical Impedance, J. Acoust. Soc. Am., Vol. 66, No. 3,
September 1979, pp. 918-919.
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5.

6.

SOURCE LOCATION (Cont'd.):

The nominal axial distribution of the jet noise source is predicted as a

function of Strouhal Number as shown in Figure C5.
relating the parameters is:

) -5/3
S = 11.8 Ny

where

X/D = the number of nozzle diameters, D, downstream
nozzle exit to the axial location, at a distance X,
apparent sour =

WmAMmIIARSY Y

TPequeniCy iq/.

ND =

S = f;D/V = the Strouhal Number. For turbofan engines,
nozzle exit velocity and diameter should beused.

v . the jet nozzle exit velocity.
D + the jet nozzle exit diameter.

The relat
noise sou
for speci
stand. O
relations
Figure C5

onship between Strouhal Number and axial distribution
rce shown in Figure C5 and given:by the above equation
Fic engines tested on the Prattiz Whitney Aircraft engi
Lher engines tested on other.fest stands may exhibit di
nips. For these cases, a relationship similar to that
should be developed.

ESTIMATING THE ACOUSTICAL PROPERTIES OF THE TEST STAND SURFACES:

surfaces at the Pratt & Whitney Aircraft test stand (see Figure
of one aft quadrant of sealed asphalt and two quadrants (one aft
forward) of crushed stonel

The empirical equation

from the
of the
ith center

the primary

pf the jet
was developed
ne test
fferent

shown in

The ground
C1) consist
and one

Based on laboratory impedance tube tpsts of

sealed asphalt samples;, /it appeared acceptable to assume that thp asphalt

surface i
frequencies of interest for jet noise. Consequently, the subtra
from groupd plane measurements provides an acceptable adjustment
field conditions over the frequency range of interest.

During te
noise were taken simultaneously over the crushed stone and aspha
Figure C6 presents plots of sound pressure levels measured with
microphones located above the crushed stone surface as a functio

essentially a perfect acoustical reflector over the rpnge of

rtion of 6 dB
to free-

surements of
1t surface.
pole-mounted
n of

1/3-octave band center frequency for the 50 to 2000 Hz 1/3-octave bands for

angles 110 to 150 degrees on a 45.7 m (150 ft) radius.
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The data were recorded simultaneously with the data shown in Figure C4. A
comparison of the spectra from Figures C4 and C6 indicated that the first
cancellation frequency was in the 100 Hz band for the crushed stone
pole-mounted microphones rather than in the 160 Hz band as it was for the
pole-mounted microphones over asphalt. By comparing these spectra taken over
the two different surfaces the following differences were apparent:
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5dB} FIRST

1/3-OCTAVE BAND RELATIVE SOUND PRESSURE LEVEL —dB

~ FIRST
CANCELLATION
I T A S I e L1 -
50 100 200 400 800 1.6K
63 125 250 500 1K 2K
80 160 315 630  1.25K

1/3-OCTAVE BAND CENTER FREQUENCY — Hz

Figure C6 Spectra Measured at Aft Angles Over a Crushed Stonel Surface
— at the P&WA Test Facility



https://saenorm.com/api/?name=b0fd2b4cba2cad11ee9533989b8f6019

SAE INTERNATIONAL AIR1672™C 45 OF 69

6. ESTIMATING THE ACOUSTICAL PROPERTIES OF THE TEST STAND SURFACES (Cont'd.):

1. Cancellations and reinforcements occurred at lower frequencies for the
crushed stone surfaces.

2. Sound pressure levels at the reinforcement frequencies were lower for
the crushed stone surface than similar measurements over the asphalt
“perfect reflector" surface.

3. Sound pressure levels at the cancellation frequencies were higher for
the crushed stone surface than similar measurements over the asphalt
surface.

These three effects indicated that a finite, complex acoustic grpund
impedance| is presented by the crushed stone surface. The frequepncy shift
indicates| a phase shift occurs at the point of reflectionwhile changes in
sound prejssure level at the cancellation and reinforcement frequencies are
the result of absorption at the point of reflection caused by finite ground
impedancel. The crushed stone surface is highly porous, irregular in shape,
and does jnot present a distinct boundary to reflect<sound pressure waves.
ures make the impedance practically impossible to determine using
procedures. Thus, it was necessary.to estimate the impedance of
d stone by a combination of laboratory tests and in situ data.

tests were conducted using an-impedance tube filled with various
ns of crushed stone backed by:sand to establish normallincidence
characteristics. Also, using engine measurements take
usly over both crushed stone and asphalt over a variety of angles
jons, it was possible to-estimate the effective impedance of the
one. By combining the results of the impedance tube tests and the
in situ measurements, the specific normal-incidence acoustic impedance ratio,
t= Zp/pocl, for the facility was determined and is shown in Figure C7. 1In
this figure, the specific.normal acoustic impedance is normalized by the

characterjistic acoustic'impedance of air, PoC*

7. ADJUSTMENTTS TO THE MEASURED SOUND PRESSURE LEVELS: For a point |source of
sound aboyve a reflecting surface, the difference (aN;) in dB between sound
pressure [levels. measured over a surface having f1n1te acoustic impedance and
those meajsured ‘Under free-field conditions can be calculated (sep Ref. 2, 4.
5) for the case of a white noise spectrum and an ideal constant- ercentage
bandwidth| ¥91ter by the following equation:

o (2)
2
Q"[ : o ar/x; i (a Ar>°°5 <BA?r ' 61)

4ChesseH, C. I.: Propagation of Noise Along a Finite Impedance Boundary, J.
Acoust. Soc. Am., Vol. 62, No. 4, 825-834, 1977.

combinati
impedance
simultane
and condi
crushed

aN; 10 Togyy f1 4

5Yoerkie, C. A. and Larson, R. S.: Prediction of Free Field Noise Levels from
Pole Microphone Measurements, AIAA Paper 80-1058, Hartford, CT 1980.
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5 100 200 400 800  1.6K
63 125 250 /500 1K 2K
80 160 315 630 1.25K
+2F
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a stiffness reactance
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convention utilized)

Figure C7

+12

+14

1/3-0CTAVE BAND CENTER FREQUENCY - Hz

Specific Normal Acoustic Impedance Ratio for the Crushed
Stone Surface at the P&WA Test Facility
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ADJUSTMEN

TS TO THE MEASURED SOUND PRESSURE LEVELS (Cont'd.):

where
Qi is
8 is
a and

Ar is

the complex image source strength;
the phase angle of 0j;
g are constants that depend on the analyzer bandwidth;

the path length difference (rp - rq); and

Ai is the sound wavelength at the geometric mean frequency f; of

NS D
the i ftiter band.

For ideal| 1/2-octave band filters, the constants « and g8 have the following

values t

a
B

A comple
waves re
Fi. The
plane-wa
the foll

Q5

If a pla
AIR 1327
used in
“"numerica

Fi(w

where erf
argument.,

.

four significant figures:

0.7275
6.325

formulation of the reflection problem including ground and surface

uires the introduction of a ground-surface boundary 109
omplex image source strength Q; is related to the comyp
reflection coefficient R¢5 and(the boundary loss fact
ing relationship:
Rei + Fi (1 - Rej) = [Qi,eiﬁi
wave assumption (i.ec, Fj = 0) is made as it was in ¢

then Q; in the above, expression reduces exactly to thg
E AIR 1327. The formulation?5 of F; as a function of

1 distance" wj isi'given by:
-W.
1.) =1 + Ai%{r w1.)1/2 e | erfc (—iwil/z)
c (-9 1/2) is the complementary error function of a c¢
For {he

case of a 1oca11y react1ng surface (1 e. whe

in the gres A—b
f; is given by 4,5,

ik, r_ (1 +z. sinlp)2
w. ir i

2c5 (g * siny)

s factor
Tex
or Fj by

AE
expression
the

mplex
propagation

frequency
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7.

8.

ADJUSTMENTS TO THE MEASURED SOUND PRESSURE LEVELS (Cont'd.):

where

i is

the complex number, 1/-1 :

ki is the wavenumber in air, 2 «fj/c,

(c is the speed of sound in air).

Assuming the ground surface to be locally reacting, the complex plane wave
reflection coefficient Rcj, for a 1/3-octave band center frequency (fi),

is relateg
ground sur

R.. i §

¢l = r1
where ¥ 15
and ¢ is 1
crushed st

ADDITIONAL

face by:

in y-1
in gyt
the grazing angle defined in Figure C2.for the reflec

the specific normal acoustic impedance €atio, zp/pgC, ©
tone surface as shown in Figure C7.

FACTORS: Typical outdoor static<jet engine test stan

present a
improve r¢
adjusting

1. Atmospheric Absorption:

bpeatability the following factors also should be consi
measured data to equivalent\free-field levels:

The effect of atmospheric absorp

diiect and reflected sound waves can become an important
fr

quencies above 1 kHz.

Wind and Thermal (Gradients:

Wind gradients and thermal g

(e
ca
di
(c
ef
me

pecially over black asphalt surfaces) refract the wave

ditional factors that influence the measurement of jet

to the specific normal-incidence acoustic impedance ratio of the

ted wave
f the

1 conditions
noise. To
dered when

tion on the
fFactor for

radients
fronts,

se different reflection points, and thus change the path length

ference.
nditions’ beyond those normally allowed for noise tests

On days with gusty winds or strong solar heating

), these

ects can cause shadow zones that can render ground plape microphone

surements invalid.

Atmospheric Turbulence:

The theory presented in SAE AIR

1327 and in

this appendix assumes that the phase of the direct and refiected waves

is

a function only of distance travelled. When atmospher

ic turbulence

is present, the phase coherence is disrupted, a result which is most

evi

dent at the cancellation frequencies. With atmospheri

¢ turbulence,

the extremely sharp "dips" predicted at cancellation frequencies for a
turbulence-free atmosphere are not observed in practice.

Microphone Directivity:

The direct and reflected waves do not impinge

on the microphone at the same angle and thus are weighted differently
by the microphone depending on the angular position of the particular
microphone.
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8. ADDITIONAL FACTORS (Cont'd.):

The inclusion of these factors in the adjustment prgcedure tends to improve
the agreement between calculations and measurements®, especially at the
cancellation and reinforcement frequencies.

Additional research is needed to evaluate the impact of these factors and to

develop engineering procedures to properly account for these factors where
appropriate.

9. CONCLUDING REMARKS: The method presented in this appendix provides a means
of estimating free-field sound pressure levels from data measured over

crushed sfone and seaTed asphalt surfaces.” It was shown that if] is necessary
to include the effect of a distributed jet noise source and the complex
ground impedance in the free-field adjustment scheme.

Figure C8| shows a typical example comparing calculated values of| aNj with
differencps as measured over crushed stone and asphalt.at the same microphone
angle. The measurements were taken on a relatively.calm day with small
thermal gradients and probably negligible atmospheric turbulencel. As seen in
the figurp, there is reasonable agreement between calculated and| actual
measured differences.

ANTAEWA

-6 0 MEASURED
8 '——— CALCULATED
104 ] L L L1

| 1
50 100 200 400 800 1.6K
63 125 250 500 1K 2K
80 160 315 630 1.25K

1/3-0CTAVE BAND CENTER FREQUENCY

Figure C8 Comparison of Measured and Calculated Differences Between
Free~-Field Sound Pressure Levels and Sound Pressure Levels
Measured Over a Crushed Stone Surface at the P&WA Test
Facility
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APPENDIX D
METHODS EVALUATED BY ROLLS-ROYCE
FOR APPROXIMATION OF FREE-FIELD SOUND PRESSURE LEVELS
IN JET POWERED AIRCRAFT FLYOVER NOISE TESTING
October 1982
This Appendix describes methods evaluated by Rolls-Royce for obtaining

approximate free-field sound pressure levels in flyover noise testing of jet
powered aivcraft:
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1.

PURPOSE: The internationally standardized methods of obtaining flight test

noise levels suffer from the same ground reflection interference effects as

measurements above the ground plane in the vicinity of a test stand. Experi-
mental evidence on alternative measurement procedures for the overflight case
only, together with simplified adjustments to obtain approximate free-field
sound pressure levels, have been obtained by Rolls-Royce 1) and are
summarized herein.

Undoubtedly much further experimentation will be required, particularly in
respect of the "Lateral" measurement case and embracing a wider sample of
ground surface conditions, microphone mounting configurations and other
aircraft types (particularly rotor powered), before reliable methods of
obtaining free-field information can be established. In the meaptime it is
intended that the information contained in this Appendix will be|of guidance
in that process.

BACKGROUND: The most frequently employed methods for acquiring flight noise
data involve placement of the microphone either:

(a) At the internationally recommended height of 1.2 metres aboye the local
terrgin, as per ISO 3891, ICAO Annex 16, and) the various national
certification regulations.

(b) In the plane of, or close to, the ground surface,
and

(c) At hgights considerably greater)than 1.2 metres above groung.

The reason for utilizing methods-other than that established internationally
is that 12 metres height was'.developed for reasons other than those of
obtaining |freefield data, and in practice produces significant apd confusing
ground plgne interference-augmentation and cancellation patterns|in measured
spectra. |Hence, unless there is knowledge of the characteristicp of the
surrounding terrain it may be difficult to remove the interferenge pattern in
the analygis process-with sufficient accuracy to generate close approximations
of free-field sound pressure levels.

Figure D1 |shows”what can happen even over average terrain with a|l.2 metres
microphong ‘system. Although there is noticeable high frequency absorption by
the ground surface, the interference effect is so great at Tow frequencies
that major cancellations reduce the signal in some 1/3rd octave bands below
the background noise of the measurement system.

It is clear that any attempt to remove the ground reflection pattern either
theoretically or empirically from such data requires many underlying
assumptions. In consequence alternative measurement procedures which
minimize the ground reflection problem before free-field adjustments can be
made have been considered.
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2.

BACKGROUN

D (Cont'd.):

In practice, everyday logistical considerations 1imit the actions that can be

taken.

However, an improved situation can be achieved either by placing the

microphone flush with or very close to an acoustically hard ground surface,
where pressure doubling occurs, or by taking the microphone to sufficient
height above the ground to push the major interfering cancellations in the
1/3rd octave spectrum to the low end of the frequency range of interest,

normally
alternati

A MICROPH

the 50Hz 1/3rd octave band. Practical experience with
ve methods is the subject of the following discussion.

ONE FLUSH IN OR NEAR TO THE GROUND SURFACE:

flush in
reflectio

In order
comparati
acoustica
from micr
scale tur

Some of t
Fig. D2,

8ft (2.44
from the

microphon
asphalt r
ground su
surface h
frequency
Tow-to-mi
interfaci
to around
should ha
interest.

Other exp
configura
significa
series of
identical

DT 1ying on a flat surface should eftfectively eliminate
h pattern by producing a pressure doubled signal.

Lo avoid high frequency attenuation and the generation
yely high levels of ambient noise the ground surface sh
1y hard and large, and the air above the surface shoul
p-meteorological effects produced by surface solar heat
pulence produced by a flow of air across.jt.

e effects described by the foregoing),statements are il
vhere data acquired from microphones mounted flush in 4
metres) diameter circular board{with the microphones
center) are compared with simultaneous measurements mad
b lying at grazing incidence.'on the same surface of a N
inway under conditions of bright sunlight. The sunligh
rface, whereas the boards-were painted white to minimiz
pating effects. Two characteristics are apparent, the
signal with the microphone over the solar heated surfa
1 frequency diffraction ripples induced by the edge of
ng with the runway surface. The diffraction effect is
2KHz, implying-that either a larger diameter or thinne
ve been used to minimize the edge effects in the freque

eriments utilizing the 8ft (2.44 metres) diameter board
tion<placed on comparatively absorptive local terrain
ht-edge effects. The angle-by-angle results, averaged

these

Ideally, a microphone

the ground

of

ould be

d be free
ing and small

lustrated in
25mm thick,

at 3/4 radius

e with a

ot rolled

t heated the

e local

lToss of high

ce and the
the board

apparent up
r board

ncy range of

roduced
over the

system placed on the hard runway surface. These resul

t the

ts are

further averaged in Fig. D4 by assuming geometric similarity between the same

angles su

btended by the aircraft when approaching and receding.

Clearly the

local terrain had an absorptive effect at low frequencies, whereas the edge
of the board produced a ripple in the spectrum which augmented the signal
locally as much as 2 dB or more above the normal pressure doubled signal.
Hence, for the specific configuration tested, an angle-by-angle correction to
data would need to be applied in any attempt to produce a free-field

This process could be extremely complex and would require a
detailed knowledge of the acoustic impedance of the ground surface and edge

spectrum.

diffracti

on effects.
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3. A MICROPHONE FLUSH IN OR NEAR TO THE GROUND SURFACE (Cont'd):

Nevertheless, provided that care is taken to avoid the heating and edge
phenomena when utilizing a ground plane microphone configuration the
conversion of the data so acquired to free-field sound pressure levels is
simply the subtraction of a 6 dB from all 1/3rd octave band sound pressure
Tevels.

However, at the present time the procedure for producing accurate
approximations of free-field sound pressure levels from ground plane
installations requires further exploratory work.

4. MEASUREMENT AT HEIGHTS GREATER THAN 1.2 METRES: Here, again, in|practice it

may be nedessary to mount the microphones over a hard surface' or|over
comparatiyely soft, as-available, terrain. The latter casel-is mpre typical

of the 'field' case in aircraft noise measurement.

For the c3se of the 'infinite' acoustically hard surface the thegretical
increase i1n sound pressure level above free-field is 3 dB in al1|1/3rd octave
bands, exgept where large direct/reflected ray path’differences ¢ccur and
atmospheric absorption is significant. That is, ‘the direct/reflected path
length difference should be more than about 4 wave-lengths but not be so
large as to lower the reflected signal at the microphone signifi¢cantly below
the direct signal.

The experimental evidence, by comparisgon of 10 metres high systems with the
specific flush mounted systems is shown in Fig. D5 as an angle-by-angle
differencg. Clearly there were variances from the 3 dB theoreti¢al gain over
free-field. They can, however, be fairly reasonably attributed to the edge
effect in|the datum system already discussed (refer back to Fig.|D4).
Differences not accountable for by board edge effects were in theé very Tow
frequencigs, where there was clearly some small augmentation/can¢ellation
effect. However, overlay 'of all the data (Fig. D6) produced levels very
close to 3 dB above the“free-field level (i.e. 3 dB below the préssure
doubled 1¢vel), indicating reasonable agreement with theory.

Consequently, when reasonable approximation to free-field is desjred,
measurements.can be taken 10 metres (or more) above an acoustically hard
surface, hich shou]d be Tight in co]our to avoid ray path effec s brought
about by te ‘ ie 3 rf e € F

this procedure is fo11owed then free field 1evels w1th1n 1 dB shou]d be
obtainable in all 1/3rd octaves in the frequency range of interest for

practical aircraft noise considerations, perhaps even better at all but small
or large angles to the flightpath.

It is very often the case, particularly in extensive aircraft evaluation
tests, that it is not practicable to provide a 1ight coloured acoustically
hard surface local to the flight test operation. Under these circumstances
free-field levels have to be approximated from measurements over the local
terrain, which can have a large absorptive effect on the reflected sound
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MEASUREMENT AT HEIGHTS GREATER THAN 1.2 METRES (Cont'd):

waves, and
of a 'high

generally tends to reduce the interference effects.
' microphone can be beneficial.

Here the use

Some test evidence is presented in

Fig. D7 as an angle-by-angle difference between the flush mounted system
tested over an acoustically hard runway surface and 10 metres systems over

the surrounding local dry grassland terrain.

absorptio

n of the sound signal which increases with frequency.

The data show a steady

It also

contains ripples in the spectra which are associated with the edge of the

datum syst

em board and the runway surface.

Figure D8 summarizes the data assuming geometric similarity to the flight

Tine.
changing

that the

lower gra
the super
graph), a
adjustmen
data aver

From the

microphon
to the 1/
average a
(in which
to a comp

In summar]
the micro
adjusted

free-fiel
adjustmen

OVERALL C

Clearly there is distinct character similarity, apart from the

battern ot the edge diffraction ripple.

ph of Fig. D9, where all the data are superimposed..: T
mposed data leads to the construction of an average 1i
nd a 'recommended line' in the upper graph which contai
ts for the edge effects in the datum system which are ¢
Age .

results presented here it would appear acceptable for 1

Brd octave free-field spectrum. The maximum departure
Hjustment curve shown would be in.'going to a completely
case the appropriate 3 dB adjustment would be applied)
letely absorptive surface.

Y, when conducting overfTight noise tests when the tern
phone is partially absorptive, the levels measured at 1
s shown in Fig. D10 should produce reasonable approxim
i levels. For hard. surfaces around the microphone the
t is simply -3 dBiin all 1/3rd octave bands.

DNCLUSIONS: 'In the 1ight of the foregoing discussion t

conclusio
1) Micro
accep
appro
frequ

hs apply:

bhones_mounted 10 metres above ground offer a logistica
table_method of acquiring noise data that may be adjust

The similarit
total data can be summarized by one curve. This is do

is so good
in the

e average of
ne (middle
ns

lear in the

0 metres

ps over average terrain to be used to)obtain a close approximation

from the
hard surface
or in going

ain around
0 metres when
ations of
corresponding

he following

1y
ed to

Eimate free-field levels, provided that there are no pn

ominent low
rces).

For measurements made over a large acoustically hard surface, where care
has been taken to avoid solar heating effects, the measured 1/3rd octave

band sound pressure levels should be reduced by 3 dB to approximate

free-

field sound pressure levels. Additional corrections may be

necessary for inverse square law and atmospheric attenuation effects on
the reflected ray path, peculiar to the geometry of the ray path and

preva

iling atmospheric conditions.
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REFERENCES:
1.

OVERALL CONCLUSIONS (Cont'd.):

For measurements made over an 'as-available' (partially absorptive)
natural surface, the measured 1/3rd octave band sound pressure levels
should be adjusted according to the values of Fig. D10 to approximate

free-field conditions.

2) Microphones in the plane of or close to an acoustically hard
large dimensions, (as illustrated in Figures D11 and D12), o

surface of
ffer a method

of providing reasonable approximations of free-field sound pressure

levels at all frequencies in the practical range of interest

for aircraft

noise purposes. Care should be taken to avoid discontinuities in the

surface local to the microphone, and the effects of solar he

ating, but

normall ly the pressure-doubled signal so acquired should be-rteduced by 6

dB at all frequencies to give an estimate of the free-fiéld
aircrjaft flyover noise.

3) Measurements made between a few centimetres from ground leve
metrels height are generally the least desirable for determir
field sound pressure levels, within the present state of the

the destructive impact of the ground reflection interference

4) Further investigations of both elevated {cCirca 5 to 10 metrg

spectrum of

1 and several
ing free-
art, due to
effect.

s) and ground

planel systems should be conducted to evaluate more thoroughly the effects

of grpund surface and meteorological:conditions, including t
wind gradients and atmospheric turbulence.

MJ T Smifth "International(Aircraft Noise Measurement Procedun
Expensive Acquisition of Poor Quality Data.'
AIAA Paper77-1371, October 1977.

emperature/
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