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Abstract
Mcasuremens made at four distances up to 1153 m from fixed jet engines sources under weirdly-monitoredmeteorological conditions, together with spectra measured aroimd stationary aim-alt and engines under test, havebeen used to derive acoustically-neutral and downwind attenuation rates for A—weighted noise levels fromunobstructed airport gmmd operations. The resulting models for excess attenuation are shown to be consistentwith predictions obtained using CONCAWE and iSO96l3-2 octave band methods and with prediflions based on
analytical approximations for propagation fiom point scrum over impedance ground in the presence ofatmospheric red-action and turbulence Close to the source the models presented hue will give oVertstimates ofattenuation rats. However extrapolations of the empirical models to ranges up to 3 lot: are supported by thetheoretical Standard barrier theory has been modified to enable predictions of barrier effects on
overall A-weightcd levels in the pmce of absorbing ground.

1. Introduction
Noise from pound operations including aircrafi raiding. engine testing. aircrafi auxiliary power units, groundpower units, and other pound equipment including vehicles and mechanical plant at airports plays a significant
role in determining community reaction at distances up to 3 ion hour the somce. It is diflicult to draw precise
lines between pound noise and air noise, however the start of roll1 aircrah take-o5 and landing and reversethmst arc Heated usually B air noise rather titan ground noise. Apart fi-om waved-oat spreading, the attenuationmechanisms for ground noise. which include pound efi‘ect, barrier effects and air absorption have mugfrequency dependence. The lsO method [5] is an octave band scheme that can be applied to the prediction ofnoise ti-om airport pound operations. Howev . it requires knowledge of the source power spectra in octavehands, it predicts levels only under average downwind conditions and is based on data takm 10 years ago or
more on industrial rather than aircrafi sources. The CONCAWE scheme [6] is an octaw band schemeapplicable to broad-band sources and enables prediction under several meteorological conditions. Again
however, it requires knowledge of the source power spectra and it is based on data fiom scrum other thanaircraft
The task of agpegating the noise predicted fi-om many aircrafl using various taxi routes and stands means that itis useful to derive a scheme that predicts A-weighted leveLs for mxiing and engine testing noise without requiringknowledge of individual source power spectra Although such schemes are available for predicting A-weightedlevels resulting from various pound transport sources in the UK [3,4] as yet there is no equivalent scheme forairport ground noise. Some authors have suggested "grand mean" attenuation mes determined empirically fromin silll measurements arourtd airpons encompassng “a representative range of topopaphical and meteorologicalconditions"[5]. On this basis various attenuation rates for overall A-weigltted taxiing levels have been suggested
ranging fi-om ll-12 «13 per distance doubling [5] to spherical spreading plus 0.02 dB or" [6} if suitable
meteorological statistics are available, the resulting "mean" attenuation rate may be adjusted for adverse andfavourable propagation conditions [6]. Recent years have seen considerable advances in modelling outdoorsound propagation. Where the path fi’om source-to-receiver is not obstructed, the main factors influencingprowgation are ground efiecl, air absorption and atmospheric redaction. There are validated analytical and
numerical methods for predicting these efi'ects [see for example ref. 7]. Recently an analytical approximation forpredicting A-weighted levels from broad-band sources has been developed that is more useful for routine
engineering use [8]. Given that one of the tasks is prediction of noise from jet engine testing it should be notedalso that there are relevant data obtained with single fixed jet engine sources under carefully-monitored
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meteorological conditions [9-H] out to approximately 1.] Ion range. This paper describes how the Ii-equency

dependent attenuation rates obtained fiorn these data, together with source spectra averaged over orientations

and thrusts fortaxiing noise and engine testing noise have been used as the basis for new empirical schemes for

predicting A-weighted airport ground noise. Comparison of the resulting models with predictions of the

approximate theory [3] indicates the validity of extrapolating to ranges outside the maximum range of the

propagation data used to derive the empirical models. The difl‘erent spectra associated with full-thntst testing

and trading airman result in different mean attenuation rates for overall A-weighted noise levels.

It should be noted that the resulting attenuation rate models are likely to give over-predictions at relatively short

ranges. A queue oftaxiing aim-all represents a source of finite extent from which the wave-float spmding will

be less than from a point source. Moreover there are likely to he appreciable proponions of hard ground along

propagation paths at and around airports. 11re presence of hard ground is known to reduce ground effect

compared with that over continuously-sch ground. Close to the source these factors should result in lower

attenuation rates than pledidcd for a single fixed source over continuous sofi ground. As range increases so that

the finite dimension of the source becomes less important and the proportion of soil ground increases, the

empirical models based on airfield data should become more accurate.

In the following sections, available source and propagation data pertinent to engine testing and the ways in which

it has been used to predict automation rates of A-weigrtcd levels fi'om current aircrah engines under

acoustically-neutral and downward refraction conditions are described. Standard barrier theory has been used to

determine barrier effects on A-weightcd levels. The OONCAWE scheme has been used to derive corrections for

the loss ofgrown] effect due to die presence of a barrier.

2. DATA FROM STATIONARY JET ENGINES

Sound level spectra have beenmeasured at a radius of ISO m and at 10° intervals around various modern jet

aircratt [12]. The resulting data show dih‘erent frequency spectra at different orientations. The data for engine

testing noise mmsurad over hardground at 45.7 in radius supplied by Boeing [13] show that these li’equency

spectra depend on orientation also. The different sets of spectra have been averaged over all orientations for the

purpose of the model Octave band pound effect corrections for acoustically-neutral and various

vector wind conditions have been derived by Perkin and Scholes [9,I0] fi'om one-third octave band data

obtained in a classical series of measurements at LS m high receivers of noise out to 1097 m over a pass

covered airfield firm a jet engine source (Rolls Royce Avon) fixed with its noule at a height of 1.85 m at

rungs. Vectorwindandtemperanueweremonimredduringeachtesl. Similardata havebeen acquiredmme

recently [II] as narrow band (25 Hz) andone third octave band sound level spectra using a Rolls-Royce Avon

single-wearn jet engine motmted on a stand such that the centre ofthe erdt male was 2.16 m above the ground

Microphone arrays were deployed over grass at a disused airfield at Hucknall, Nous. along a line at 22.5” to the

engine cxhatrst centre line and at 75° to the peak jet noise direction. The source—to-receiver direction was 57°

West of South. Each microphone an'ay consisted of microphones at 1.2 m and 6.4 m above the ground and

arrays were positioned at 152.4 tn, 457.2 m, 762 m and 1158.2 rn fi'orn the source. Acoustic measurements were

made simultaneously at all arrays. Temperature. instantaneous wind speed and direction were measured at (1025

m and 6.4 m heiyrts at a weather station approximately 500 m fiorn the source. The acoustical data acquired

during each trial run, were divided into twenty blocks each approximately 30 s long. The recorded signals were

averaged within each of these blocks. The Huclcuall trials monitored meteorological conditions to a greater

extent titan Parkin and Scholes both in respect of the height of the wind profile and unbulence. The importance

of turbulence may not have beenrealised at the time of the Perkin and Scholes trials so it was not monitored.

The HucItnaIl trials yielded levels at each range directly rather than the difl‘erence in levels between a reference

microphone at l9 m and the remoter microphones quoted in the published Parkin and Scholes data. The data

from two consecutive blocks were obtained in conditions that conform most closely to a strict definition of

acoustically-neutral conditions, ite. mm wind. very small temperature yadient and low turbulence. The chosen

blocks give rise to the highest attenuation rates for conditions ofzero wind and low turbulence.
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J. ANALYTICAL APPROXIMATIONS AND THEIR APPLICATION TO FIXED JET ENGINE DATA
The excess attenuation due to yuund cfieet near grazing incidence may be approximated by [l [1

EA = 2010g11+ Q(r. / r,)eAp(ik(r. — r.))| (1).
where Q is the spherical wave reflection coefficient, Q = RP + (l - RP) F(W).
R1, is the plane wave reflection Coeflicient. Ffw) is the boundary loss factor, r, and r, are direct and specularly
reflected path lengths. Equation (L) is accepted widely as an adequate approximation and so it has been used to
calculate the ground effect. RP and F(w) depend on the sourcereceiver geometry and the gromd impedance
The latter may be calculated as a filnnion offiequency by means ofatwo-parnmetermodel [l4].
Turbulence errors may be calculated as suggested by Clifford and Lamitis [15]. Accordingly the excess
attenuation in the presence ofturbulence is given by

2

an = 20 10d! + f—AQI’ + 2:—' (cost/(r240) mg) - shown] Im(Q))21 - (2).
2 2

where. for source and receiver at equal heights separated by a distance d.
r= exp(a02(l - p» (3).

01 = 5):.11' . ,a= l ifLa >> ,fld/kl and a= 0.5 ifLo << ‘fld/ki, (n') is the mean square refractive
index. and I.” is the largest scale of fluctuations. p (0<p<l) describes~ the lamal'correlation betvwen direct and
reflected waves and has been set equal to zero in the calculations reported here The absence of turbulence data
and the reporting only of level difi‘erenoes at Hatfield make it impossible to make direcl comparisons between
the Huclcnnll and Pnrkin and Scholes data. Nevertheless, use of the theoretical model (equations (l) to (3)) for
ground efiect has enabled (a) dedum‘on of a source power spectrum for the Avon engine from Huclmall data at
152.4 in range and (b) calculation ofthe ground efiect over 19 in range at Hatfield. The Hudmall and Hatfield
data for acoustically-newts] conditions have been fitted by this theoretical model for ground efl'ect in the
presence of (turbulence. The theoretical model for excess attenuation introduces a total of four parameters.
TheSe include two ground impedance parameters (a..de two mrbulence parameters ((n‘) L”). Values of 30
kPa s m" and 20 In"I for effective flow resistivity (o'de effective rate of change of porosity with depth (11,)
respectively, and values of 10" and l m for mean squared refractive index and outer scale of turbulence
respectively. have been found appropriate for Hucknall data. A similar fitting exercise on Hatfield data has
yielded parameters of5§ kPa s m". 140 m". 10'” and l in, respectively. The fitted parameters have been used
to predict narrow-band and third—octave gosmd efiect at 152.4 I'D at Huclmall and third octave pound effect over
19 rn at Hatfield. The Hucknall yound efi‘ect predictions have been used with measured I524 I'h dam for
acoustically-neutral conditions at Huelmall to deduce a narrow-band. third-octave band and octave band source
power spectrum for the Avon engine source. The octave band spectra deduced for an Avon engine may be
compared in Table l with those deduced for average taxiing noise and engine resting noise after correcting 150
m and 45] rn data [12.13] for spherical spreading and air absorption respectively.
Table 1 Calculated power spectra for Rolls Royce Avon, R321 l-SZtG/H at 100% thrust and average
tuii - noise    
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These results have enabled animation. Earn the third octave band data measured at Hatfield, of A-weighted

Avon engine levels at Hatfield as a function of distance. The results in Figure 1. indicate that. under zero veaor

wind and near-zero temperature 'gadient conditions. the attenuation rate of A-weighned sound levels with

distance at Hatfield was somewhat less than that measured at Hucknall. The difl'erenoes in the fitted ground

properties do not influence the predin attenuation rates for A-weighted levels [8] as much as differences in

prevailing turbulence (fitted values of (,u‘) s lu‘ a Hucknall and (p')=10’”31 Hatfield). These values for

the mean squared refraction index are smaller than those obtained by other workers [17] from fitting the Hatfield

data as a consequence of the fact that these researchers used a non-zero value of p (see equation (3)) and a

different model for the ground impedance. Recently an analytical approximation for the sound field due to a

point source near to an impedance ground in the presence of atmospheric absorption. refraction and turbulence
has been developed [8]. it is based on an exponential simulation of the A-weighted source spectnun. For

mustimlly—neutral conditions, in addition to the source-receiver geometry (Md). and the four parameters
introduced by the more- accurate model for excess attenuation described above the approximate model

introduces three parameters (only) that characterize the exponential simulation ofthe power speeurm and two

parameters (ahaz) that characterize the air absorption. The multing formula for A-weighnod sotmd level in the

absce ofrefraction but the presence ofturbulence is

L‘ =lOlogP -20]ogd—lolog(4rr)+l0lo Sa,,a.,y,m.P,.a.,a,, n’ ,l. ,h ,h,,d (4).. __ A u .

4. EMPIRICAL MODELS FOR UNOBS'I'RUCI‘ED PROPAGATION OF 'I‘AXIIING AND ENGINE

TESTING NOISE
The Parltin and Scholes and Huclorall data (see Fig.1) suggest the possfliility of ‘simple' logarithmic models for

unobstructed propagation li'om airctafi engines under acoustically-dermal meteorological conditions. The

logarithmic average A-weiyrted levels computed from Hudmall data measured at 1.2 m height and due to the

Avon engine can be fitted approximately by a'sirnple' model ofthe form Eloyrflso). where r m is the distance

film the source. The Avon engine has a rather different spectrum to the engines ofourrentjet aim-an. On the
other hand. the octave band attenuation rates deduced from the Huelmall trials represent difi'erenees of levels

recorded simultaneously. This means that they are determined essentially by the grutmd and atmosphere at the

time of measurement and are independent of the source. The octave band attenuation mes obtained rmder

aeortstiurlly—neutral and moderate downwind conditions at Huckrlall have beenused, together with spectra at 150

m and 47 m [12,13] averaged over orientation to deduce attenuation rate: for A-weighaed sound levels due to

tardingandenginetestnoise. 'l‘lreresuitsareshownintablez. ‘l'hedifineneebe‘lweentbeoctaveband

stimulation rates for microphones at l.2 m and 6.4 m height at Hucltnall When smiled to the avenged argine test,
and taxiing noise spectra have beenused to deduce fonuulae for winding predicted levels at 1.5 m to predict
A—weigllted levels at 4.5 tn. The resulting formulae are shown in Table 2 also.

Table 2 Summary 0!empirical models
I Model condition axiing no‘ue

Aeousticaily-neutlal for receiver at l.5 m 35.2logt rlI 50}
Moderate downwind for receiver at |.5 m 27.3_lgg1r/l50!
Receiver heigt common fiom l.5 m to 4.5 rn I — 0.005% + 8.3 > o

 

   

  

  

 

34.01ogfil50)
22.0!059/150)
— 0.0050 + 9.9 > 0

5. EXTRAPOLATION TO LONGER RANGES

The Hatfield and Huckrrall data extend onty to ranges of a little more than 1 km. However predictions of ground

noise are of interest at longer ranges. Support for using the simplified models desm'bed in section 4 at longer
range: may be obtained from comparisons with relevant theoretical predictions. Figure 3 shows predictions of

the attenuation with respect to the A-weigtrled sound level at 150 m and 1.2 m height obtained by means ofan
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approximate theory for A-weighted levels including gonad efl‘ect. atmospheric absorption and turbulence [8].
These predictions are compared with Hucknall data obtained at II in height under acoustically-neutral
conditions. Also shown are predictions of a simple formula of the ring (rll50) type including a correction for
receiver height which is a hector of (6.4/4.5) yeater than that detailed in section 4. Although the simple model
tends to predict higher attenuation at longer ranges titan the approxirnate theory. it show good fits to the data and
a similar trend. Figure 3 indicates also that a formula of the form ring (#150) —y(d — lSD) would y've better
agreement with the approximate theory at long ranges.

ti. Comparisons wlth octave band schema
Implementation of the ISO [1] or CONCAWE [2] schemes requires knowledge ofthe octave band source power
spectra. That deduced for the Avon engine is listed in table 1. The resulting comparison of CONCAW'E
predictions for the A-weighted levels resulting floor the Avon engine spectrum with the Hucknall data for
acoustically-netan conditions is shown in Figure 1. Comparison of 150 preditai with downwind data are
shown in Figtn-e 2. Comparison of predictions of attenuation rates for overall A-weighted noise from taxiing
aircraft and engine testing indicate that, although the [SO and OONCAW'E schema predict a dependence on
range similar to the logarithmic relationships deduced in section 4, the CONCAWE scheme gives rise to lawn-
attenuation rates for acoustically-neutral conditions. The grotmd efiects (K, terms) predicted by CONCAWE for
the averaged taxiing and engine testing noise spectra may be approximated by 4.65!log(d) — 10.3l8 and
4.2697lng(d) — 7.6401 respectively. Both schemes give similar predictions for downwind conditions.

7. Barriers
The l997 version of the British Standard Code of practice for construction noise [171 ofl’ers “an accurate barrier
attenuation" model for the attenuation of A-weigrted sound levels that is based on path difference and spectral
data. A similar model has been developed for use in predicting and assessing noise fi’om airport pound
operations. The potential barrier attenuation of A-weighted taxiing noise, in the absence of ground or
meteorological efl‘ects. is represented by the expressions in Table 3, where 6= path length difference in metres
and x = log(6).
Table 3 Predicted barrier attenuation of A-weighted tariing noise levels

| Shadow zone 5< 0.001 0.001 < 6< 3.0

 

     

 

  
illuminated mne   0.03 < 5< 0.09

33.84): + 25.05 x2 + 49.26 x + 30.6! 0
In the case of bands or earth banks that may be erected around airfields. there will be some loss of grand
attenuation due the the effective increase in mean path height from source to receiver. Moreover barriers used
for reducng engine test noise may he a significant distance fi'orn the noise source (up to 80 m for a large aircraft)
and there may be acoustically-sot! ground between source and barrier. Consequently predictions should take
account of the loss of ground effect due to the presence of the harria. One method of predicting this loss is to
consider that the top of the barrin- am as a new source and to use the expressions for loss of pond effect due
to increase in propagation height on both sides of the barrier for example those given in CONCAWE. Given the
significant source-tobatrier-distances involved, there is a need also for predicting the influence of downward
reii'action.

     

 

8. Concluding remarks
Consideration of the noise impact of airport ground operations may involve large ranges up to 3 km. Currently
available theories and data have been used to derive models for predicting A-weigrted noise levels suitable for
routine engineering use. For unohsn'ucted propagation, the models assume point sources and continuous
acoustically-son yonnd between source and receiver. Consequently they will tend to over-predict the
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attenuation rate close to the source. More effort is needed to lake the high proponian of bud ground near In the
source into account and to include downward rehaion eifecls in the lame: urban-lets.
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Figure I Compafisan cf musumd A-weiyned levels due lo a fixed Ralls Royce Avon Jet engine It Hudnmll (Rims 454.20
and 545_l9. boxes and circlu). levels deduced from Perkin and Scholes (Hatfield) Canceled Level (um) including an
cstimaled ground efl‘ecl at 19 m at HIIlieI-L and levels predicted using the deduced Avon engine octave band spectrum and
the CONCAWE pmcedum for mmmlngiul calegory 4 (broken line). Also shown (solid line) is level medium! by the
formula» sound level = (sound level a! l50m) ~ JSlogdistancel ISO
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Figure 1 Comparison of measured downwind levels at Hucknall from fixed Avon jet engine (run 453. blocks 3-
6: x,+.0..)and measured no wind. law Imbalance dam (nm 454.block 20:0) with predictions based an
attenuation rates of Ihe form xlog(r/l$0) and model: involving linear excess attenuation lerms. Also shown is
the prediction obtained hm the Avon power spam-um in Table I and the ISO 96l3-2 octave band scheme.
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Figure 3 Comparison nfappmximate predictions (heavy solid line) for the Muslim: ofA-weigmed noise from
Ifixedjetenginewithmpeamsoundlmlm l50m [usinghs=2.16m,hf= natal-6.4m oe=30000,u°

=16.<n2> =1o-8, 10 =1. 9 - o. "A = 40.14 x 10-“. m = 2.55, a. = 4 x10‘7. 32 = 2 x Hr”) with Hucknnll
dam Run 454, blocks 19 ( - ham) and 20 (— circles» . Also shown an curves mending to 3Slng(dll§0)
(dashed line) and 401mm: so) — 0.0mm —1so) (domed line).
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