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PROCEDURES FOR ESTIMATING SOUND POWER FROM
MEASUREMENTS OF SQUND PRESSURE

An Experimentsl Investigation with Application
to Noipe From Portable Air Compresmors

Curtis I. Holmer
Applied Acoustics Segtlon
Mechanics Diviedon
Natfonal Bureau of Standards
Wasnington, D, C, ap23k

ABSTRACT

This report deseribes investigations of the accuracsy and precision of various measurspant
pethodologies for determining the estimated sound power output of "large" machines in the free field
over a reflecting plane, One purpose of this investigation ig to place empirical error hounds on many
of tha frae field neasurement procedures currantly proposed or in use) and in partioular, compere the
results of "near-field" and "far-field” measursments. The scurces used for the investigation included
17 portoble air cormpressors of various types {powered by internal combustion engines), a "reference”
sound mource, and a loudaspeuker driven by & pure tone soures. The data recorded ineluds sound
prossures lavel (A-welghted, inenr, and 1/3-octave band) on an 84 point hemispherical array of seven
metre radius, and "near-rield" meapurements, sempled avery square metre, on a rectangular aurface one
metre from the machine surface, Theae data were reduced to provide information on the deviation of
"near fie1d" sound power determinations from "far-field" power lavel (using subsets of the data as
sppropriate to voricus methodslogies). The mesaured data for ssventeeh sources Aufgests that the
volue of & sound paver estimats based on "near-rield” sound pressure level messurements may be an
upper bound to the asund power level eatimated from far field measurements, subjeot to the limitations
of sampling errcr., Estimates of total achisvable measurement error of A-woighted sound power level of
near field determinationa relstive to far fleld determinations are made for peveral mensurement
methodologien, based on the experimental data.

1. INTRGDUCTION

Thig report prasents the repults of an experimental investigation undertaken by the Rational
Bureau of Standards, of measurement procedures for the determination of aound powar output of porteble

air compressors.

These reoulta are preliminery in the s#nse that the potential information available from the data
tank established in the measurement program has only been partislly evaluated. Much additional
inforpation remaine to be retrisved from the data, The conclusiona reached conceraing ths accuracy
and precision of "near~field" sound power memmuremsnta are substantiated as far as they go. However,
additional anelysis of the data may laad to raintarpretation of theme findings.

This study was Jointly funded by the U, 8, Environmental Protection Agency O0ffice of Noise
Abatenant And Control {EPA/ONAC) and the National Bureau of Stendards (NBS) to provide background
information for a measurement methodology appropriate fer the regulaticn of nolse emipeicn from newvly
manufacturad portable air compressora, EPA supported the cost of data collection and NBES the cost of
date reduction and analysis.

True sound pover output i conventicnally defined es the integral of the normal component of time
average acoustis intensity over & surface complately enclosing the sourge, {See dlscussion in Seetlon
5.2.) Bince the actuul measurement process nust involve point sampling of the sound fieid due to the
source, and to be widely usefil must employ commercislly avallable inatrumentation, such measyremants
can onty yield an estimate of true sound power. FPrasent commercially aveilable lnstruxentation
messures meal) squars sound presiure rather than intensity, so standardized measurement procedurss for
the estimation of sound power smploy measurements of sound presaurs under particular contrelled
pituations where the measurements provide data which s known to at least asymptotically approach (in
the large radius imit} the scalar magnitude of true intenaity.

Present 180 and ANSI standard muthoda[lly of determination of mound power in the free field over
a reflacting plane involve measurements of sound pressure leyel at pointa on a hemlophsre whoae radiun
is large compared with the largest source dimenaion {"far rield"), Recent draft atandards[2) and some

yﬂumbera in brackets ref'er to references at the end of thia repert,
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curvent rescarch[3] suggest that measurements mada neur the surfacs of a large machine ('near-rield")
cun also be utilized ms the heals for estimates of radinted sound power, This study wap intended to:
(1) provide emplrical evaluntion of the auitability of close~in mopsurements of tound pregsurs level
to infer the "farfield" sstimate of sound power output of & portable air compressor; (2) provide
emplrica) eatimates of measursment precimion and mecuracy as & function of the methodology uned; and
(3) contribute additicnal datm on noise emission from portoble aly COMpressors.

The meagurement progran consisted of determinations of time aversaged sound pressure level ot &
large nunber of positiont on two different meagurement surfaces (one in the "far field" and one in the
"near £1eld") surrounding each of seventeen Sources. From the dets for ench nource an estimete of the
sound pover radiated by that scurce was made for each surface, and the difference between the two
memRuUrements waa used to infer the validity and accurmoy of "near fleld" measurement procedures
relative to the far field procedures, The precision of the messuremant procedurs was inferred from
the statistica of these differences for the sst of sources investigated, Since several proposed
methodologian inelude mensurement positions which are pubsats of the complete pet of Hemsurament
positions, the accuracy mnd pracision of these methodologies could be inferred in & similar mapner.

We recognize that neithar of the above memaursment procedures provide the sbsolute sound pover
level for the reasons already mentioned, As such ve racognize that we cannot state with any
certainty, the degree to which either sound pover determination approximates the aboolute sound pover
autput. In the follewing sections it 18 emphasized that the phrase "sound powver™ should be
interpreted ms refering to the entimate of scund powsr obtained from measuredent of sound preSgurs
levels &t large distances from a source, Further, the use of the term "accuracy" 1a used ta deseribe
the relative biss of a determination from the eatimate of sound power described ahove.

The following mections of this report present detailed discussions of: the exparimental program,
including results of the sound preasure level maasursmentsi the computotion of sound power level for a
limited nurbar of measurement methodolcgles, and the results of these computaticns; eztimates of
mefdurement accuracy ond precision for the methodologies evaluated) and conclusions regarding the
various methodologies.
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2, EXPERIMENTAL PROGRAM
2.1 Program Objectiver and Implementntion
The prineipal objectives of the hrogram were:

1. Test experimentally, the validity of using "near-field" mensursments of sound pressure level
to predject the "far~field" scund preasure level for large machinea. {Tha computation
procedure used ipvelves the intermediate concept of sound power output ms a characterization
of the source emiasion.)

2. Provide o data base from which the seeurncy and preclslon of sound power determinations may
be estimated based on limited sampling of the sound field.

3. Generate baseline data of ncise emipsion from portable nir comprespors.
The implementstion of these objectives is briefly dipcusssd helow.
2.2, Experimental Plan

The experiment consisted of the meapurement of spund pressure level on two surfaces purrounding
the sound source, The larger surface (ylelding the "far field" measurement data) vas & hemisphere of
o fixed 7 metre radive. The sound pressure level was sampled at geven letations utilizing a
semicircular microphone array. The array was rotated arcund a vertical sxis to tvelve different
positions during the teats thus providing a total of 84 measurement positiona. The smaller
meagurement surface, which ylelded tha "nesr fleld” dati, consisted of s rectanguler box surrounding
the gource ot a distance of one metre from the swrface of the source. Theae measurements were
racorded for a series of sevantesn air comprespors, che droad-band reference aound source and one
enclosed loudspeaker excited hy three different pure tone aignals. The complete set of date from the
compresscrs was used to compute sound power level for anch @f the sources to provide a teat of the
validity of near field measurements, The data were reprocessed using gubsets of the near field date
in order to evaluate the effects of sampling error. Thede results are used tc provide a portion eof
the estimate of error of measurement, for various measurement methodologies.

2.3. Measurement Procedures

In this section we diacuss the measurement alte, the dnta sequisition and analysis
instrumentation, the data reduction procedures and the detailed test procadures for taking “far fieid”
and "near field" sound presgure level data, In the following, the term "far field" will be ugsed
without quotes to denote the 7 m radius teat datu, while “near field" will be similarly used tc denote
the measurement at 1 m from the soures surface. In se deing, no claim ia made or intended that thepe
datn are, in fact, in the acoustic far-field or near-field, respectively.

2.3.1, Heasurement 8ite An agreement was reached vith the U, 5, Army for utilizatlon of a hard
surface test pad at Fort Belvoir, Virginia, for the datn scquisition phase of this pregram, A plan
view of the measuremsnt site is ghown in Figure 1. The teat pad consisted of a 27 m. diameter
concrete surface, of roughly conical ahape pitched to a drain (which was covered with & & mm thick
stael plate throughout the testa) in the center, An estimate of the halfwangle of the cone ism 89.2°,
An annnlar-shaped rolled cley area of about §0 m total diameter, surrounded the test pad, and provided
increased clear area., 'This clay surface varied in elavation from Q to .3 m below the surface of the
concrete test pad. The nearest major reflecting surfaces were n one-story corrugated steel bullding
about 40 m northeast of the test pad, and the test equipment truck located about 50 b southeast of the
teat pad,

Other significant topographic details within & 75 m radius of the center of the test pad included
a creek bod approximately 30 m south of the test sits whose surface wag 3 to 5 metres below the
gurface of the tedt pad, and A tres covered hill to the northwest of the test aite which had a olope
of 20-30°., 'Tho photographa in Figurs 2 prasent views of the site from the south ecdge locking north
and from the west edge looking esst,

A pulse echo test, using the eguipment shown in Figure 3, was used to quantitatively evaluate the
effect of reflections. The worst case reflection, in the sense of puorest direct-to-reflected aignal
ratio, is that which returna to a point behipd the major lobe of a directive scurce. A 10 in.
dipmeter loudsgpaaker in an "infinite" baffle enclosure woe used to aimulate o directive source. Tone
burats at octave center frequencies from 125 H:z to 4 kHz were used to jnvestigate the strength of
reflections in twelve directions ot 30° incrementa in angle around the test sita, The one story
building was found to produce significant mid and high frequency reflections, and was covered with a 13
in. glmss fiber, building insulation, absorber [Bhewn in Figura 2). Witk this modification, the
strength of reflections was more than 1548 below the direct signal at 180° behind the loudspesker (ses
Table 3.19 for directivity information on the loudspesker at 500 Hz, 1000 Hz and 2000 Hiz). Bince the
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Flgure 1 Field test site

directivity of the other test sources was found to be lean than or equal to that of the lcudspesker,
thia leada us to state with confidence that the contribution of unwanted reflected signals was
negligible at all test frequencies at all microphone poaltions,

The acoustic azbient of the test site was dstermined by three major sources -- steady traffic
nolee from s four-lane interstate highway approximately 1 km southoaat of the aite, alrcraft and
helicopter overflights from nearby airports, and rural faunn {(principally birds and insacts).

2.3.2 Instrumentation Figurs L shows a achemstic block disgram of the inatrumentstion used for the
meagurerents reported hgye. The elght microphone chantels each included a 1-inch diameter Bruel &
Kjaer (B & K} Type 1131 condanser microphone cartridgs with standard protection grid (fitted with a

yc:vmernial instruments are {dentified in this report in order to adequately epecify the experimental
procedura. In no caoe deea much identification imply recomnendation or endorsement by the National
Bursau of Btanderds, nor does it imply that tha equipment identified im necesearily the best
available for the purpose.

.



a) South edge looking north ahowing far rield wnrrey in place (test ne. 9)

b) West edge looking east showing neur fleld microphones in place (test No. 11)

Flgure 2 Photographs of teast site



~—— MICAOFPHONE

1.5m ‘\
LOUDSPEAKER

CENTER OF
TESTPAD

Figure 3 Equipment configuration for pulse echo teats of -
test pite

desiccant dehumidifier to control humidity in the microphens cevity) and 10 cm diameter polyurethane
foan windsereen, with B & X Type 2619 FET cathode=follower preamplifier. Fach pair of channels wvas
driven by a battery-operated power supply. The signal from eech channel yas fad to a
computer-aontralled multiplexer (NBS designed and fabricated) which wes used to electrically switeh
fron ona channe) to another (over the freguency range 20 Hz~ 20 kHz, crosstalk between any two
channels is greater than =65 4B, and channel gain is O dB % 0.2 dB), The signal from the multiploxer
wan transmitted via coaxiasl cable to a B & K Type 33k7 real-time one~third-cctave band analyzer where
the signal was analyzed in A-weighted, linear (2 Hz-20 kHz) and ope-third cetave tands from 12.5 Iz to
20 kHz. Output from the analyzer, in the form of digitally coded sound pressure levels, was pent on
depand to & Raytheon typs 704 minicomputer for manipulation and storage. Control of the computer was
accomplished through an initial data acquisition and reduction program, with syatem cparator
interaction through a CRT terminsl.

The signal belng processed was continuwously monitored, both sudibly through & headast, and
visually through the spectrum displayed on the analyzer. If {a) non-stationarity of apectra on &
given channel, (b) eignificant lavel or spectrum change from chennel to channel or, (c? non
charscteriatic sound in the sudible monitor wae obaerved, the datm processing wns interrupted and the
cause investigated.

Using these techniquens, aircraft overflights ware typically sensed prior to & visible
identification, and stability and epeed of the compressor in operaticn were monitored as well, thus
permitting the operator to prevent processing of unwanted aignals.

An eighth mierophone was placed at a fixed height (slm) and distance (nlim} from the gsource for
beth the near and far fleld measurements, This position was uned as a reference to verify constant
acurce output throughout both testn.

Additional acoustic i{mstrumentation included a sound level weter and octave band filter set for
recording additional soupnd level date. COther instruments ineludsd a vans-type wind speed indicateor,

an optically-coupled tachometer for checking operating speed of the englne and fan, and a meroury
column thermomstar for monitoring test site temperature.

6 -
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2.3.3 Test Plan The measurements on all pources were made according te the follewing test plan.
Figure 5 showa the far fleld array, while Figurs 6 shows A schepatlc 1llustration of the neap field
neasurement posltions referred to in the plan.

- a) Agcemble and check far field mensurement array,

b) Load computer progran and check,

c) Record freguency response of all channels for electrical pink noise input,

d) Record channel response to plstonphone celibration signal, If response between channels
differs by more than 0.5 dB plus difference between microphone sensitivities, investigate problem
und complete repair.

e} Erect far field array.

i At Pl 4 v e e e e DA 8, et R e e b v T an AR
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'} Recard firat far field ambient nolne for firat erroy position (all channels).

&) Record far fleld dats for source {12 array positiona}, Durlng these runs, wind speed wuo
monitored and no date recorded when speed axceeded ~5m/usec.(12 mph). 3ignal wus monltored and no datu
recorded when acoustic events occurred which were not ropresented in the ambient noine
measurement {such as aireraft flyovers, ete.).

h) Record second far riold smbient noise, for rirat array position.

1) Take down the arrny.

J) Recerd aecond pistonphone celibration.

k) Dinacsemble far fleld array and aspemble near field array.

1) Record third pistonphone calibration,

m) Record firat near field amblent noise.

n) Record near field data cbeerving aame limitations on wind and ambient noipe ap in g) above.

o} Record second near field ambient nolue.

p) Record fourth pistonphone e¢alibration,

q) Dieessemble and atore equipment.

MICROPHONE  ANGLE®;  X; Z;
ND. (DEGREES)  (METRES)

1 "2 619 173
2 351 51 403
3 6.5 280 633
: ng.o 000  7.00
4.8 41 53
CADLES TO POLE
SUPPORT g 242 630 2.88

a1 6.08 .58

mic2

Mic 1

mig 7 A
. ]
B i

Figure 5§ Far-field measurement array
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Figura 6§ Repregentative neapr-field messuremsnt poaitiona

2,3.%. Data Aeguisition.

The incorporation of a minicomputer into the dnta ascquisition system parmits considerable
flexibility in manipulating information Prior to storage, over that of the snalyzer operating alene.
The data acquisition program vas structured to facilitate thin. One major area where this facility

was used was in the area of signal iptegration.

The digital coded signal aveilable from the analyzer represents the H=C integrated gsound presaure
1avel rounded to the nearest 0.2 d8, Three R-C integration periods for the filters are provided In
ihe snalyzer, referrsd to by the manufacturer ap "sine", "fast random" and "slow randon”,
corresponding to nomirally 0.2 second, 2.0 second and 20 second integration times, In the first two
modes, the integration time censtant ia varied with frequency at low frequencies to maintain
confidence lavels of the sama order of magnituds, For direct display of nolse dats extending to low
frequercies, the "slov_randem” mode, because of £ts long integration time, should be selected in order
to provide data with maximum precision. In order tec obtain data which are not affected by startup
tranaients, it im necessary ta wait a pericd of 5 time congtants after presenting the signel to the
analyzer, prior to recoprding data. This implica that, per measurement, & totel observation period of
120 to 140 meconds should be nllowed for noise signala. OQur reasurement program included se many as
175 measurcments per source, which would requirs about aeven hours of obaervation time to complete.

This situatinn forced the evaluation of alternate methoda.

After some experimentsation, the procedure finally seldcted involved using the "sine” time
copatant and swming ropetitive samples (30 namples teken at one sacond intervals) to obtain an
estimate of the sverage level, While performing this procedure, the temperal warlance of the signel
wad aleo computed, permitting sdditional fnquiries into the temporal Yquality" of the aignul, The
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algorithms used for theae computations were sa follows!:

Pe(i) = Antilog {SPL{1)/10}

n
2 l§ 2
p al-s pe(1)

i=l
(2.1}
f —— —
B = 3 ) - 09?7 )P
iml
2 - 2 ? n_
= 5T (Fa,ag (51 -
AVG SFL = 10 Lo (p—z)
E1o
where SPL(1) 1s the 1ith sample of scund pressure level in o band
pg(i} is the 1th mean-sgquare presasure in the band
«,pg is the average mean-square pressure in the band
aa is the estimated temporal variance of mean-pjuate pressure in the band normatized

P by the meah-pquare presaures aquared.
AVG SPL 18 the average sound pressure level ip the band.

The obaervation time lp thus the number of samplea taken times the time between samples, Allowing
five seconds {5 time constants at low frequencies) prior to the start of dats acquisition gives o
total data scquisition time per measurement point of 35 seconds (considerably below that required by
the "slow randon” mode), Teble 1 ahows the results of some oampling teats using electrical pink noise
03 & source, The first line of the table ahows the average standard error of the measured menn
voltage level based on elight determinations of the mean using 30 ﬁu‘{ples per cbheervation, The aecond
line shawa the pooled eatimate of normalized temporal variance (8° eq. 2.1) abtained in separate
tests (total number of namples = 2800)., The third line shows thepcomputcd atandard error of a
determination of the mean from the temporal variance velues using a propagetlion of error formulation;

i.e4, n
2 —
pe{i} pis} 2
AVG 8PL = 10 Log Z - @ Tog 10 Log,p
i=1
2,y /e
STD FRROR = $0—m (& JARTANCE OF L ) ,
10 ° fp__ (pa,e 2.2)
Logelo n
1o a
= -
2,303 I 0.78 By

Aa might be expected, the standard deviation of levels computed from the mean values rounded to
the nesreat 0.1 dB 1a typlcaelly larger than thot estimated from the temporal verlance of the signal,
esince the latter values are known to a higher precision.

Tha values of line 3, Teble 1.1, represent our current best estimate of the standard error tor
the sampling procedure for sound pressura level, However, because of roundoff error in the displey of
gound prasaure level, tha lower limit for standard error should be teken as 0.1 4B for A-weighted,
linear, snd 1,6 kHz through 10 kHz one-third octave band sound pressure levels.

No gain change corrections were made in the instrument syatem during dato acquisition, but rather

the overall system goiln wos determined from the pistonphone calibration., The precision of thia
calibration ia estimated to he +0.1 4B for cowmparison of relative levels betveen channels or runa.
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TABLE 1, INSTRUMENTATION DATA

1.1. SHampling Procedure Evaluation (see text, Beection 2,2.4)
Pink Holae Excitation, "Stne" Time Conatant, 30 Sasples, 1 sac, apart.
E{ght Rapetitions

Frequency/ lp.5 16 20 25 31,5 Lo Ea 63 <] 10 12 160 200 _250 _315

Welghting A=wt., ILdn., 500 500 630 400 10Ge 1250 1600 2000 2500 3150 LJOO 5000 8300 Q0 10000
. S— e - e « . T - - IR T v e— -

Standard error 8 8 5

of maan .Ei .iﬁ .23 .LE .21 .21 .hD .18 a1 2 =25 1 +21 _,25 .1

Value (dB) 05 .07 18 .1 11 .14 .1 .1l .10 ,1r L1 L1 .11 Jd0 10 W10 .10
- MHean Value of

Hormalized

Temporal a8 5

Variance =1 .11 .10 .0%0 .QB’A..QBE .Ogh .D[g .0_’[8 20 L9090 .051 .952 .0 . 05

{2800 ammplea) 0028 050 Lo0hO (031 ,027 .023 (015 ,003 .01t (OB 0090 .0065 ,Q0WT L0042 ,0030 .0029 ,0220

Computed

Standard errar " ) \

from Mean Value 285 - . e2h .23 .2y .2k .22 23 .22 .2 .2 .EE .21 .19
.0bz2  .078 Tﬁﬁ 4 & 003 L Tost ‘b3 Loh? o35

of Varlance (dB) .13 .12 .10 10 .090 .075 075
W] o ? L2 — T :
1._._2_. Frequency Reaponss Corrections

12.5 ]E 20 25 1.5 L Eg §: 8o w6 12 160 200 250 _ 75
Fuctor/Frequency JA-wt, Lin, ho0 500 &30 Boo looo ﬁ?E 1800 2000- 2500 3150 LOOo %000 300 Bocd 10600
' Bystea Frequency =8 33l 2.2 oo 8 g3 b 7 3 8 sl
: Responne ] *] =l =2 0 2 #» == e= - - -— - -~ - - -
i Correction {db}
‘ Microphone plus
Syatem PFreguency

; Eesponse Corrections
; {1500 He = 10 kHe)

Channel 1 - aa we = o .3 .5 9 J0 1.2 A .1 Boo-2 -9
: Channe), 2 = wm e == 2 4 .7 X1 .3 1.2 b 20 Wb -2 e
1 Chunnel 3 e ¢ .2 .85 9 5 13 5 3 7 b -2
. thannel b - em mm == 41 M4 6 LB .5 1.3 5 6 = =0
w Channel 5 L 0 3 6 1. £ 1.3 .5 b L} 2 =6
e thannel 6 = mm == o= =2 1 b 8 2 .9 Jd0 =1 3 =2 =12
' Fhannel T = = == == #2812 B LT 10 . 9 o0 - .5

2.3,5. Dats Redustics and Corrsctions
The yaw data {conoisting of indicated sound presaure levels) were corrected for four bias
which includad

it

effects

1. Mlcrophene cartridgs frequency reeponse

2, Measurement system gain calibration

3. Measurement pystem (other than microphone eartridge) frequency

oL response

? 4. Influsnce of background noise.

i‘ The microphone cartridgs frequency vesponse waa determined by measurenent of the free field
normal incidance fraquency response {with windscrsen in place} in the small NBS anecheic chamber.
(The frequency reoponse with the windacreen was significantly differsnt from the Trequency response

: vithout the windscreen, BSes Figure T7.) '

; The mensuvement ayatem gain calibration was performed meparately for sach channel for both the

4 far field and nesr field datn sets. The value used vas the average of ths before and after

N pistonphone cnlibrations for mesgurement. The range of the bafore and after ealibraticns was 0.5 4B

f; or less, with a typlcal value being 0.2 4B or lesa.

e

11

R e et b X . L
MY AL e e e s e Ly TR

Lt s P e




The measurament system frequency response calibration was mude using electrical pink nolse
excitation separately on each channel {flat spectrum within * 0.1 dB in 1/10 octave bands), ‘This
calibration, performsd at the beginning and end of the messuremont series, wes found to be Identlcnl
betvween channels within the agcuracy of the cnlibration for the frequency range 12.5 liz=2 Xliz. The
variations of frequency response nbove 2 kXHz were incorporated inte the microphone freguency responpe
correction. The calibratinon is based on 400 pamples per channel, and is accurate to within #0.1 dB,
Table 1.2 provides the freguency response calibrations used.

Correction for the influence of background nolse was made more difficult by the fact thut values
could not be aimply deletad if in error, because of programming difficulties crented in sownd power
level computations. Aa & result, the measured data were corrected and coded for valfdity nccording to
the fallewing acheme. The background neise used 18 the average of the before snd sfter meanurements,

Differance between
aignal and
background [AB) Corraction Code
>20 None Hene
20~3.0 Standard Correction None
to neareat (.1 dB
2.9=-0.0 SPL w» GPL =348 -
<0 gPL = O 1]

For canes vhers the band level equaled the lower limit of the display scale, the level was also
set to zero. Use of tha cading will be further discussed under sound power level computatfons.

There WAz a need for & further correction to the near field dats, due to the fact that the
frequency response of a micraphone to & sound pressure field at high frequenciea {8 & function of the
angle of incidence of the aound fleld. This a8 of littls or no mignificance in the far field
mansurement since the anglo subtended by the source at the measurement position is relatively small
(half engle on the arder of 15% or less) ao that, for microphones directed at the source, incidence
perpendicular to the diaphragm can be aseumed.

For the nesr field case, the micrecphone is not necessarily directed at the principul source, nor
is the angle asubtended by the scurce necessarily small. An expression which is approprlate for
determining the true pressure if the distridbution of intensity as a function of angle is krowvn ia

P2 " _p? f 1{0 S5ind do d
true uauuredew'“EEtB) BinG 48 d¢ (2,3)

where 1(0,¢) 1s the sealar magnitude of the intensity at the angle 0,4 from the normal to the
- mierophone .,

g{6) 48 the microphone fractional reaponse for plane wave incidence mt the frequency f and
angle @ from the normal to the microphone {assumed to be pymmetric about the normal to
the mierophone), defined by the free field rasponse of the mitrophons to a plane wave
at the angle O,

M{G) is the free field response of the microphope at the angle 0,

Figure T provides n plet ef =20 log g(@) versus Irequency, Two of the curves are manufacturer's data
Tor the microphone cartridge with protecting grid and no windscreen, 7Two curves represent date
measurad at NBS on one of the microphones with a windscraen.

¥While it would be desirable to make a relotively exact correction fer thias effect, it is also
clear that this requires much more detajled information than ia available (such as distribution of
intenaity with angle ns & function of frequepcy at each near-field microphone poaition fer each
compresaor, and mierobhone direztional characteristict throughout the range of angles). In lieu of
thip exact correction, and in order to place bounds on this error, let us try to find an approximnte
correction which might be appliceble (in an average pense) to all the compressor data, One possible
form for such a correction is to peatulate a correction at an "equivalent angle of incidence” for the
intensity, which is the seme on tha avernge for all microphones, defined by:
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{0 B8inG do d

.
e{a,) =
€ 1(0,8)8°(0) ind do ag

{Averaged over near fleld
micraphona pesition, sources
and frequency)

Under the apsunptions of small angle {such that sin2X u xe). spherical source and measurement surface
shape, uniform distribution of 1(0,¢) over solid angle subtended by the dource, micrgphone directed st

. the center of the sourcs, and 8 weighting function of the form g(0} = 1/{i-(ka/3)ain"0) {(asmicrophone
redtun), which fits the dstn of Figure T up to 10 kilz within 10%, it can be shoun that

6, =o' , (2.5)
where 0' is the half-angle subtended by the source.

Since the averaga linear dimensions (f,w,2h) of the gources are in the range of 2 tec 2.5 m the
subtendad half-angle is in the range

arctan (-2*.;2—0/1] < P g oarctan (-Z-éj-fl}
or Ls® < B < 55°

30° £ 8, 5 W0°

O 50}~
': 60*
'~.-{ e MANUFACTIRERS DATA 20° WITH PROTECTING GRID / ase
i ] o - wme MAKUFACTURERS DATA BU° WITH PROTECTING GRID
o mun@eree  NOSMEASURED DATA 45°- WITH PROTECTING GRID

ke AND WIND SEREEN 1
d % e NS MEASURED DATA 0°- WITH PROTECTING GRID !
iy L AND WIND SCREEN /
13 LW ] e
i )
‘ 5l
; g L
W 0
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1
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.
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i
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Figure 7 Microphone correction factor (Type L1L§ cartridgs)
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Thus when comparing near and far field sound power level data we urge that the near-fleld data be

carrected by the amount shown {n Figure 7 using the curve for &m30°,

applied to the datn as presented as sound power data on an I{ndividual machine.

This correcticn will not be

In paosing, we note that using the same flgures for a 7 metre microphone position, we find

BE( far-tield} < 7°

and using the analytie form of g(0) given abave

-20 tog gf0,) < 0.1 4

throughout the frequency range of intersst.

We further note that this problem cupn be minimized by using a smaller microphone.
halr-inch microphone, for inatance, the curves for g{0} are shifted one cctave higher in frequency, so
that the estimated valus of the correction would be less then mbout 1.0 dB at the higheot test

frequency.

2,4, Dencription of Compressor Sample

With a

Unfortunately, auch micrcphones (with dehumidifiers) were unavailmble during these tests.

Table 2 provides descriptions of the pertinent parameters of the individual sourcen tested.

Inhﬁerm of the relevant acoustic parameters, the sample waz intended to tomplement tests hy
others(4].
sevaral factors secording to current economic data on the induntry as previously compiled(5],
factors which determined the relative number of compressors in the sample were na follows!

a) Manufacturer:
b} Compressor type:

c) Compressor cize and paver source:

each of five ranges:

1.
2.
3.
L.
5.

gas, T5-12% efm
gas, 125-250 cfm
diesel, 125-249 ofm
diezel, 250-500 cfm

diesel, over 500 efnm.

weighted by astimated ahare of air compressor market,

weighted by estimeted number of units produced.

The total compraasor sample (including these and other tests) 18 o semple reflecting

The

Welghted according to estimated number of unlts produced in

Our portien of the sarple canalstad of amaller wize machines which vere more resdily transportabie to
a gommon test aite whila other tests on larger machines vere more conveniently tested at the site of
manuracturs.

All compressors were obtained through rental in the Washington, D. €.

The tent sample has the following parameters.

r} A total of 17 comprasascrs.

b) Three reciprooating comprasscrs of capacity 100-200 ¢fm == one gaasoline-~povered engine, two
dissel-powersd, none quietad,

c) Beven rotary serew compressors of capacity B85-185 afm -~ five gesoline-powered, two diesel

povared,

four quieted.

d) Beven rotary vane comprossors of capaclty 125-000 efm -~ three gasoline=powered, four diesel
powared, four quleted.

2) Seven manufacturers rapresantsd; nine gasoline engine powersd; eight diesel-powersd; eight
stendard, whils nine vers quieted by the manufacturer; total ecapacity range 85900 cfm.

matropelitan area, and were

tested a2 recelved. Age of the machines varied from new to 1400 hours, with moat in the renge of leas

than 500 houra.

" ——n e e

o

He specinl preparation by the manufacturer was made that we are awere of.
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TADLE 2. DESCRIPTION OF SOURCES

Teot|Nominal Com= Type®|Engine |Size of Engine|Engine|Cooling |Usnge | Stun- (llotes
No, | pressocr/Vol- Type®#*/|Encloaure Speed |Firing|Fan at dard {
ume Flow/ ! Ho, of |[{L,¥,H In {rpm) |Freg. lBlada Start | Vs, 1
Rated i Cyl. metrea) ! (#z) 'Passagefof ; Quieted
Pressure \ ¢ Freq, [Teat .
(etm/pai) . L i(Hz)  |(lioura)
1 {185/100 s [6/4 1,97,1,28,1, L 2350 [ 18  Est.240[ MR 3
2 |150/100 R |a/2 1.73,177,1.47 | 2300 [ 36 'Est.2ho(l011 8 L cyl. in-line block
3 [160/100 v |o/nR 2,07,1.1%,1,77 2350 |WRt+ 300! mR ]
L 1150/100 8 [p/h 1.71,1.24,1.4d 1950 {130 300| 5hT 5
5 [200/100 R o/h 1.83,.98,1.50 [ 1750 [116 ! 2100 6,1 1 3 8 eyl. V-8 block
6 |100/200 R p/a 1.52,,67,1.42 1650 | 55 150| KR 8 I cyl. in-lime block
7 |160/100 v |e/k 2.16,1.28,1,74 2250 | 75 225/ 2.3 q
B |x25/100 v o/k 1.78,1,3%0,1.89 1850 | 62 ' 2501k.5 Q i
9 |aé5/1ce v otk 3.66,2.52,2,14 1800 [lza ¢+ 2267|11, qQ 20 blade fan @ 3800 rpm
10 |s00/225 v p/8 h,29,2.19,2.51)] 2100 |28 307 1.0 q
11 {100/100 8 o/k 1.78,2.22,1.37 2150 | 72 ' 250 ;Lhko s
12 (175/100 Bl G/Y 2.70,1.29,1.43 2300 | T4 23511086 Q
13 [175/100 8 [p/h 2.70,1.29,1,k3 2300 153 | 250 WR -]
h {185/100 ] o/y 2,70,1.29,1.43 2200 13 2Bo, 716 8 Governed at, less then
. [ rated apeed
15 |175/100 8 o/ 41,99,1.27,1.45/ 2150 . T2 250 398 s
16 {B5/100 g8 la/t 11.96,1.10,1.3L' 2000 66 ( 2301300 5
17T [|150/100 g |o/b :2.93,1.2k,1,36 3000 200 | 3o0f297 | 8
18  [NAt A KA |"35 dia x .7 |1750 KA ! NR -——— - Brosd band reference
H ! sound agurce
19 ([wA NA l.so..so,l.es A NA HA  mwm . .25 & dia, loudspeeher
I , I {tone source) conter-
. ' line of apeaker 1 m
| | \ i | ! abeve ground

# ReReciprocating compressor 8 Omfapeline engine  tNA=Not applicable ttNRsfnt recorded
Swlotary acrew compressor DuDiesel angine
Vafotary vane compreascr

2.5, Compresssr Operaticn

The rajor problems sssccipted with comprensor operation for these teats vere providing for
acoustically contrelled discharge of the compressed air, to assure ipslgnificant coptribution to the
measured noipe, and ensuring constapcy of cperation nt rated capacity.

Dischargs air from the compressor wius fed thrsugh & 30 m length of commercial high pressure
rubber hose to a commercial automnbile mufflse, vhare it was dlscharged to the almospnere, The
muffler was placad in the creek bed (see Figure 2) so that the bank of the ereek would provide
shielding of the digcharge noige from the test site. Measurements of octave band sound pressure
levels near the diaschargs were made for each test, and extrapolations of the measured levels, assuning
hemispherical spreading and ignoring shielding, indicated that the discharge nodpe from the muffler
wap more than 10 4B below the compressor neise at all measurement lecations. In some cases more than
ene hose line end silencer had to bBe uped to apcommodste the compresaor volume flow, For the two
largsr machites {tests 9 and 10) a blowv-down silencer of undetermined manufacture (obtained from the
rantal scurce}, and large diameter hose was uged ipn place of the mbove air discharge silencing

arrangemant.,

The operating point for the tost wao the condition of the compresacr supplying rated flow. Thio
condition cecurs when the compressor is operated at rated speed and presoure, Esteblishment of this
peint was mads pimpler by the fact that most of the compressore had an engine speed governor which
operated on the differente betwesn receiving tank pressure and roted pressure. HRated speed was thus
obtained by throttling the flow of discharge air until the compressor held o constant receiving tank
pressurs near reted pressure (as indicated on the compressor alr pressure gauge) and verifying that
the engine ves cperating at rated speed {as measured by an independent tachometer), At this point, 8
reduction ip air flow will be Followed by B reduction in engine speed (for o propertional eontreller),
while an increase in air flow will be followed by a reduction in receiving tenk pressure. Thia
operating point was easily esatablished cnce the compressor had beon operated for 15-20 minutes and
cohditions approached a thermsl oteady=-state.

Once at thia peint, engine speed could be monitored within awbout #5Q rpm by inspection of the
digpleyed noiss spectrum at bands near the engine firing rate frequency. Since the firing rate tone
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typleally excited one or the other af the adjacest bands In additien te the band contnining the tone,
the difference in deribels between thease two bands could be taken us & sepaitive {ndicator of firing
rute frequency. This procedure can not be used 1f the spectrum of broad band nelse is within 1048 or
0 of the Indicated tone level in each band. In this cnse, engine speed was monitored audibly, with
frequent tachometer checka,

2.6. Heasurement Locations and A-Welighted Sound Level Duta

2,6.1, Far Field Mossurements

The fer field pound premsure level data were teken using the arruy shovn in Filgure § {alao
vinible in Figure 2a). The seven microphones were located on nominnl one-half metre long stendoffn
from 4 pemi=circular arc constructed of steel plpe and tubing. The arc wano supported from above by
two cublea from the arc center to poles located on the edst oand west edge of the test pad. The ends
of the pro were supported on cagters to facilitate rotstion, Positioning was wecompliched by plno at
the end of the arc which fit into holep drilled in the concrete test pad. The maximum radisl
positioning errcr of & microphone in the arrsy 1s estimated from ssmple measurements of posltions to
be lesa than + €.1 m (1.)f) including oll array positioning effects such as changing arc shape from
change in proportion of weight supperted by overhead cnblea, Angular positioning errcor is estimated
to be leas than +1° in beth szimuthal and polar angles, In terms of ipverse aquare aprending, the
radinl error translates into a possible error in scund pressure level estimation of less than % 0,1
dB, per observation. Since the principel gource of radiel errcr arises from chunge of shape of the
are -- vhich leads to positive errors at some positions while there are negative errara at other
poritions =- this source of error is believed to average out in the estimate of power rather than
produce a systematic tias, The anguler positioning error leads to random asmpling on the
hemispherienl surface ({,e., imprecinicn in directivity) &s opposed to & systematic bips 1n seund
power determinaticn .

In sdditicps to thede array data, octave-band aound pressure level date vere alac taken using n
nend=held eound level mater employing & modified form of the present induntty methedology[6]. The
intent of the NBS Far Field methodelogy initially recommended to EPA wus to provide an upper bound
entimate of sound power level based on mensurements made at six locatiens, The six lacavions Include:

1. Four popitions perpepdicular to the center of each aide of the
compresgor at a4 distaonce of 7 metres from the center of the compressor {data tnken at the
elevation in the range 0,8 te 1.6 m which ylelds the highest A-welighted mound level).

2. One leesation et an elevation of 1 metre sbove the ground, on the 7 metre radius cirele
centered onh the machine, at the location giving the maximum A-wvelghted sound level.

3, One location directly above the center of the compressor, at a helght of geven metres sbove
the gound plane (date from microphope four of the array was used for this loestion),

The data, uging this procedurs, vere teken in the aame time interval as the duta from the
far~field array, end are reported here as "Far-Fleld Methodology" data, Far-field array and
methodelogy data wera recorded for the seventesn compressors, and alsc two known sources, to
investigate the effectiveness of the far fimld test pracedurcs for thoue sources. The first of these
wus 8 broad band "reference sound source" coneisting of an electric motor-driven centrifugal fan with
cylindrical symmetry, which is nominally omnidirectional. The second socurce wag a 0.25 m dimmetsr
loudapaaker, meunted in & 0.4 m cublcal senled baffle, The baffle wes located at the center of the
test pad with the lovdspesker nxis horizontal, 1 m above the test pad, pointed et approximately 220
degrees from north, The apeaker was driven in different teats with tenes of 500 Hz, 1 kHz and 2 kHz,
The prineipal purposs of thio tést was to give example date of the measurement problem assoeiated with
tened,

A tsbulation of the A-welghted far-fleld sound level dats 1s given in Tables 3,1 to 3.19, The
"Far~-Field Data" wre given in tabuwlar form in the form of & directivity pattern, with columna
corresponding to azimuthal angle from 0° to 330° from north (compressors were aligned on the teot pad
with the tow bar pointing north and sides oriented in the north, east, south ard west directions),
The "Far-Field Methodology" dato are given in tebular form undernesth these datn. Also given is the
A-weighted sound power level computed from the far-field and "far-field methodology" deta, for
reference purposes (see Bection 3 for calculaticn procedures), The sound lavel corresponding tc the
average hean square presgure ovel the hemisphere (!‘requently raferred to as the "energy averaga") may
be ealeulated from the sound power level mgeording to:

2
LF(r) = Ly - 10 log 2mr

is pover level, d3 re 107t -5
L dis the sound pressure level, dB re 2,10

is the redius of the hemisphers, metrep
A nominal value of impedence equsl to LO0 mks reyls is essumed.
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Al seven metre radiua, the average A-weighted sound level thus ls
LpA(Tm) = I‘W‘ - 2h,g aB

2.6,2, HNear Field Mensurements

The near-field duta were taken using seven microphone channels with six of the microphones
mounted on tripeda, and the seventh suspended from o "skyhook” formed by the aupport cubles used to
position the far-rield microphone arresy. Figure 6 aliows representative mensurement positlons on o
messurement surface, The microphone positions were determined according to the following rules,

1. The meagurement surface vas & rectangulnr hox of dimensions

L xWyx Huhere L = 142, W o w2, |} = n+l and where L, w and h are the length width and helght of
the compressor excluding tow bar, tires nnd fenders, and other smull projectiecns with linear
dimensions less than 0.5 metres (such as exhaunt pipes, etc.}. The four vertical plane surfaces
were located at distances of +L/2 and #W/2 from the geometric center of the compressor, and
perpendicular to the longitudinal end lateral centerlines. The horizontal plane surface wag
located at the distance H above the reflecting plane. These surfaces are nominelly 1 metre from
the surface of a compresseor with & rectangular enclosure.

2. The micrcphone positions on the measurement surfuce were located en & 1 X 1 metre aquare
grid. The grids were located on the vertical sides so that a measurement pesition was on the
center of each side at o height of 1,5 metres, This grid locatfon ylelds memsurements positions
at heights of @.5, 1.5, 2.5 m, above the ground plane, spaced 1 m opart in elther direction from
the center of that side. The grid on the horizontal measurement surface wes centered in the
center of that surface, For all compressore the measurement positions near the engine exhiaust
were displaced nlong & grid line to the closest point 1 metre from the end of the exhaust pipe.

3. Microphones were oriented with the plane of the mierophone diaphragm in the plane of the
measurement surface,

4, HNeer edges or corners whers pairs of measurement .J.ucu.t.iona from adjncent surfaces were lesa
than 0.25 m apart, one of the puir (usually on the vertlcal surface) wes deleted.

The rectangular measurement surface was chosen beceuse it wes the only surface belng considered
by IS0 working groups on sound power measurement standards, at the time of the teats (May-July, 187h).

The lower helf of Tables 3.1-3.18 titled “"near-rield data presentation’ presents the A-weighted
cound level data from these tests in a format which fucilitates relating level and position. Hote
that levelp measured closest to the ground plane are furthest from the center of the table.
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Table 3.1
A=WEIGHTED BOUND PRESSURE LEVEL DATA
Taat Nusber 1 Compressor Qutput: 185 cim

Engine/Comprensar Typo: ROLATY dcYew, Sum, 3twnoerd
Cowpromaor 8ire: 1,97x1.18xl.én

848  FAR FI1ELD OATA (T METRE RADIUS)
A MELGHTED LEVEL (LB}

ANGULAR DRIENTATION{DEG} [ 30 ag 9P 120 150 180 210 240 270 304 iy
MIC HEIGHT NUM ELEVATION

{MEIRES) IDEG)

«578 7 .t B0e4 Bla5 82,0 800 810 84T B3,0 B4eS B2,4 TBaB 790 BU.H
1.725 1 Léoé Toeh 19,3 79,8 B0.9 BB 82,4 8.5 H2.9 80.6 T7.2 T7.4 T149.4
2. 075 & 2442 THaB  T9.9 THed 19,4 8040 B0 79,4 8247 Hdle0 7.8 76.9 78,1
42025 2 3s.2 9.5 80,0 8042 T9.5 B80.2 82.5 Bled B3al A1.5 Thed T7.2 7941
54175 L] 47.0 THe2 BOGZ T9.2 791 797 02,1 119 B02.2 80.T T4 Toes 7.2
e 375 3 65,7 7.3 TTed TBa0 T8Bud 795 80,7 B3 8047 T8as Tled Tte5 717.0
T.000 & 9040 Toe2 ToeS Thed Theb T6.1 76,2 758 Toas Toel 75.9 T6,0 16.5

FAR FIELD METHUDOLDGY DATA
MIC HEIGHT  POSITION LEVEL

(METRES) {06}

Qe b~lut N 8043

Oali=let E 3.0

OsB-le b 3 82.5%

Qeb-l.b [} T9.0
7.0 OVERHEAD Tou2 tAVGs OF NIC4 ABOYE)
1.0 HAX 84,5

*® A WEIGHTED SOUND POWER LEVEL=105.t DB RE | P{COWATI {BASED UK T3 POINYS)

NEAR FIELD DATA PRESENTATION
JULTAK DAY 144 TEST NUNDER |

ONORTH SIDE®
FL] 1M CENTER 1M 2N
L ] LINE E E
MIG
HEIGHT

¥ 880k G0.8 9lué 0.7 s8eer

1.5 wéu0r 84,3 Bb.4 89.0 ¢ssee

25 008 S5005 04008 BB NANRS
SHEST SIDEe 1.5 sdess LI R TY TP Y TT T EAST SI0Ee
MtC sTOPe
HEIGHT 0.8 1.3 2.5 3.5 3.5 2.8 1.5 0.5
3N NOATH *edan S0804 83004 20088 #4008 SRBIE 88048 SHEAS BEEES 20000 20008
2M NOATH #8488 45008 00468 dbsas 85.2 d4.5 85,3 SRHE0 BIRAE S40ES BINIS
1M NORTH 3.1 83,1 sbess svsie 90,5 02.4 84.53 " 8T.2 92.1
GENTEALINE OBud 05,3 #8880 sesas 03.7 82.0 83.8 Ssoae sd0d B2 92,1
LM SOUTH  09.3 05,8 LU L 6.4 85.3 47.3 ssens S80s 88,0 91.0
M SOUTH ssess dpsee [ IT 1) 99,3 90.4 09.3 SERS 6000 ASNNS SBNNE
IN SOUTH #8688 sss8s SREss 40RNs 8048 24N4E ShRdS SONES CRIRE G0000 S000s

3.4 20388 S80ee Seess
2.8 40088 saane

0.6 92.3 93,2 se0es
S dsdes 3.4 981 94,7 sesen
S0UTH SEDEe



R

2 A

e S

Table 3.2
A-WEICHTED SOUND PREGSURE LEVEL DATA
Teot Nuzber 2 Compreusor Output: 130 efm

Engine/Compresacr TypaiReciprocating ., Gaw, Standard
Compressor Sizet 1.7)x.77xl.47m

¢#ee  Fau FIELD DATA (7 BEFRE WAD[USY
A WETGHIED LEVEL (D)

ANGULAR UHIFNTATIONIDEG) | o 1Y) Ll 120 1 5u lud AN
HIC HEIGHT NUM  ELCVATION
IMETKES ) {DEG}

WH7I8 1 4.7 Bi.% US.2 HS5.5 U4e? BT7+0 daud BH.) BF.5
1125 1 14.4 83e9 bh.0 85.2 ¥4.h dSab ATt u¥.T wod?
2.475 -] PLTY H4 3 d5.0  BY9.2 Hhah d%.b6 Bhgb al.d Ho.l
44025 ¥ 15,2 ASes Bbaw B5.Y HO.o0 Heal dVal UTeT O6.9
S 1Th % 4740 Dbed bbeT H%.,9 Bb.0 B6a3 U7.0 BTl da.s
6375 3 a5.7 ul.d 85,7 B9.8 85,3 09,7 ba.U Hosd doed
1.000 4 90.0 Bbel Bbe) BS54 0%.2 Hbed HO.b 8Bed dbll

FaR FIELD METHULLLOGY 1JATA
HIL HELGHT PUSITION LFVEL

LMETKFS ) i)

UaH=1,6 N Ho. 0

QeB=l. & E b

JeB=1lye 5 G045

Jetimlets W 6.0
Tald ovtenkan 6.} (4VG. OF HICS ABUVE!
1.0 MAX 90,5

s A WHIGHTED SOUND POWER LEYELwLLU.8 DA RE )} PICOWATT [BASED ON 73 POINTS)

NEAN FLELD DATA PRESENTATION
JULITAN DAY 155 TEST NUMAER 2

SNUKIH SIDES
M I CENTER 1M M
W [ LINE E E
114
HE IGHT

+5 BN 05,0 Ga.B 94,0 veee
1oh Se86e 93,0 93,7 3.4 teees

2.5 #sses 97,0 930 92.0 e

*wEST S)DE* Fe5 FONED SANEE S2000 HadbE Shens
HIC *TOpe
HEIGHT (.5 l.% 249 3.5 3.5
34 NURTH #0080 2280t 90488 iy A0 E bbb Bawed YEEES
2 NUKTH #asd® As0ns 40008 R8sy S6P0E 20000 SRS LI XYL
14 NOKTH 95¢d 936 90T eeen Y2.9 9T.b 94,7 LT L]
CENTEALINE 9%5.1 94,3 Ga.2 sveen 93,0 1005 9qu.d LA L
1M SOUTH 949 F4s]l Giah seess 95,6 100.1 9R.3 LEad s
2M SOUTH 22388 2500 a5t Ssd i PRERS 3000 b LIl
AH SOUTH eeadt ssdas Spike Sibes Sdth 4000 S0t TeEed
3.5 %9 s 4esse vaeR ARk NEIMR
2e5 4060 44,0 5.3 95,4 S04em
La ovsee 45,8 Q8,2 Gh,p Geese
«5 eeRee 95,4 GB.3 95,10 Seses
S0uTrt SIOEe
B st s R L IR ELE SRR ST

ralk‘;(;-:"‘“‘"“"g""

FLY] 210

3h,T du.5
[ LTY X P
dheb 13,79
5.7 b0
Bea2 HDa %
B5¢5 dgh8.7
b, 3 db.s

EAST SIDE*

2.5 1.5
EEEES Fbied
LI TITY ]

3.9 %4.2
9544 96.0
Bl uus
LLLE LT Y

(XTI TYYTY

EPI]

35,5
Haad
dé,d
dos7
dh. 7
db.2
bé. !

0.5
+ebed
[ 21X L]

4.2
95.]
93.8
[ 212 ]]

(123 1)

R D)

9.9
444U
3.9
0i.h
ol
baeh
db,3




Tabvls 1,3

A=WEIQHTED BOLMD PRESIURE LEVEL BATA

Tost Nuzber 1

Compraawor Cutputt 160 cim

Engine/Compreasor Typel Rotary vans, Dinssl, Quisted

Compreasor Bize1 1.07xl.14x1,77a

#40  FAW FIFLD DATA LT NETRE RmAOHIS)

AMLUL AR URLENTAT IUNINEG)

A1 of [T MUN
TS
»0Th
14779
2.8 (]
4y 129 2
Yo LY ]
Akl 3
el 4

ELLVAT
{IrG
4.7
Lhe k4
Phe2
33,2
“lets
657
.0

[IPL]

HisT
ke ?
ey
AUl
3.2
LLTY
LY

ED ]

Fad FIHL 1Y METHIHALUGY DATA

MIC nkIGHE  POSITION

CMETHFS

JeH=lad N
Helle]ab F
Cali=]let 5
deti=]et W

T ) OvERHEAN

1.a NA

LEWFL
1ony
"2.0
L TR
nhed
d2.0
A2k
G440

%1 90 12 i %0

Blel d0a7 82:2 n2.8
Ble? AUl dled dldad
HUa% uded bled d3e2
olsth dle% 8240 G2e2
BZ:9 dUe¥ BleY d2eT
B2e2 fled Blel) Hlab
d3s0 42.% B2.8 B8l4)

1aVGs UE NICE AJDVE)

4 A wFIGHTED SOUND POWCR LEVEL®LlUA,o JAd

JULTAN DAY )sa

sREST S1NEe
MIC
HF4GHT (0.5
IM NURFH #eads
2MH NUKTH  u9.8
In MukTH  92.2
CLUTERLEINE 92,2
IMN SOUTH 92,9
M SUUTH 4.8
M SOUTH sesee

Le$
(1113}
%2
204U
90.8
Yiet

0.0

ESER Faba

NEAR

TESY NUMBEK )

FE )
sauts
bta9
bde2
89,4
T

Gdib

38
(ITT1Y
[11T12]
111}
LYY

LIXELY

1.5

2.9
15
]

ELITL)

"henn

LT L)

(11113

LE0

LRI
d2.5
v3.7
1173
B3.J
aleh
dials

A WELGRTED LEVEL tUR)
[t} 21d

dlath
dde2
Bt
Gded
dhl
H2ad
Hea.l

g | PICOWATT IHASCO UN T3 POINTS)

FIELD DATA PRESENTATION

SNURTH SOEe
1M CENTER M b1 ]
L] LiNE F €

Ylel 93sb %13

84,8 GUet Yiul vRNe
Wel 9.9 08,3 sesen
CA4NS FAS0S SANNN Ademe

stupe

VA e wsadS Sanse
1o bl daeks seady
82,6 2.u 4.9
.0 e 90,3
$le2

LIt R

LITT 1]

SRRE RIS EBNEN SRR

4T B9, Q8,6 saess

Fleh HLsd GO0 Péba
Flew W42 91,8 vhvan
SUUTH S(Dee

3.5
LL1 L1

[ZTLT)

(X2 113

240

Bdeh
B0.7
243
b2
a3.2
ale§
A28

2ol
XTI 1]
BBah
Lbab
0.0
89.9
dted

$l.7

W

dler
Tl
494
dde !
dedel
alad
dZ.d

Hiy

e}
Tt
blew
AQe4
Llet
let
nded

EASY SiDEe

142
senen
8744
0% ¥
.1
b
d¥.3

11123

Qb
senes
90.1
9040
91448
L ETL
9.8

(213
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Tabla 3.k

A-WEIOHTED BOUND PRESSURE LEVEL DATA

Tout Kugber b Compragsor Output: 150 cfm

Coxpresaar Jizer 1,71xl.24xl.40m

&#s"  FAR FIFLD DATA 1T METAE RADIUSH
ANGULAR ORIENTATIONIDEGH o 3o 60 90

MIL HEIGHN MM FLEVATION
(METRE S [DEG)
2575 ¥ 4.7 87.8 AB.6 BY.B 81.0
1. 725 l lhon 876 dwel BY.% 67.2
2. HTS b 24.2 87«9 Hsl tTe& 8549
%s02% 2 5.2 H9.3 89,7 47.5 wla7
5. 175 5 LAY} 89.3 by9,7 GBHeH §7.5
he V75 3 64T 9.1 H9.5 dH.2 67.48
T, QUO 4 0.0 86.% g7l H6.B H&.9
FAR FIELD METHOMIWWUGY DATA
MIC HEIGHT BOSITION LEVEL
IMETRES} (ns1
DeB-].0 N 89,45
Qab=let 3 AY.0
Geli=lub 5 4045
DefBi=leb W 4.5
Tel UVERHE AD Hbe 9 lavi, OF MICy asovE)
1.0 MAK 92.0

s A WEIGHTEDH SUUND POWER LEVEL®1l3.1 DA RE ) PICONATY

N
JULEAN DAY 15T TEST NUMAER &

A WEIGHTED LCVEL t0b)
o 2ZL0

140 L 5¢ 18

.3 89,7 A9.1
at.% a4,B 90,0
GTel dBaT U946
88,1 w9l ¥0,0
08.% d%% 89.8
B7.7 dB.2 B%7
UT.1 #6,9 87,1

EAR FLELD DATA PHESENTATION

SWEST SLDE*
MiC
HELGHT 0,5
3H NOKTH tdbes
2M NURTH #0bes
tM NORTH  94.2
CENTERLINE 93.0
M SQUTH  Shab
ZM SOUTH ¢esae

3N SOUTH $¥8ss

L+%
LTTT T
(YT 2L

90,7
91.9
27.0
ey

(L1213

ot bt

SNORTH S{DEe
Fi L4 CENTER M L]
L] L LINE E E
NIC
HE IGHT
A4
o3 G008 4,1 98,3 99,2 tesse

15 wseas 8.4 99:.4 100,] serer

a5 SE00S 20088 S8épa

3.5 S0ED 0400 B0 ES S0040

*T{Ipe
25 3.5
SBas0 SBORS W0NER SPBSE RESMR
[T IT RN YT YY) B8N BEESE B0 ORN
[(TTIT TS Fouk 100.0 et
Seass soRI 6.4 102.1 98.8
IITIT N TYLY] 91.0 1uo.3 97,7
Saaes RN L I TT T N T Y I
LITYT Il Ll] [ITI I ANITIT N ILIT]

Je5 E08E G0INN ek S0 betds

2.5 GB08d S804 4888 AEPL patdd

1.5 eeves 90,7 101.,0 99,7 eseme

+5 Swted 99,4 107.3 90,0 sesse
SUUTH SIDE®*

..... LU S e S U

Engine/Compressor Type: Rotaty screw, Diemal, Standard

(RASED ON T3 POINTSI

240 210 30U

B8.5 do.t dee? doed
dds8  BT.4 8bad db.n
vd.9 HBT.l 83,5 ar.3
B4 8Tes uled uied
9.1 ul.7 db.9 uT.2
d8.5 4%.9 4T« 37.7
HbeS5 B7.3 H0.9 b7

EASY SIDEe

3.5 2.5 1% 0.5
CRNEE BEBEE Bemin

Qed G S3%0% bbb

deser 98,7 98,2

erdnd 98,3 94p.)

eeses dEas 8.1 9T.h
SRR HYEnd HESEE pisNR
SUNEN BUENE SUUNE SeERS

130

biad
dded
ad.7
054
dde &
dd9
obe ?



Table 3,4
A-WELONTED 8OUND PREGBURE LEVEL DATA

Tast Number 5 Compressor Qutput: 200 ofm

Engine/Copresner Type: Raciprocating, Diasal, Stapdard

Cotprasasr Bizar 1,61x.99x1, 30

#¢¢  FAR FIELD DATA |7 METRE RALIUS)
A WEIGHTED

ANGULAR QRIENTATIONIDEG) o 30 L1 490 126 150

MIC MEIGHT NUK  ELEVATION
IME THESIT (OEG)

2 575 7 4.7 05,3 057 84sl dbet 95,8 8.7
1,725 1 ldod 83,4 dbkeb 8249 0243 84T B30T
2.47% & Ahe2 83,0 B4l B2.0 8.4 H)ed Bhed
4,025 2 35.2 02,7 d5s? Heed 83.3 He2 B5,3
5.17% 5 #Tub H2,2 bX1 B4 B3.u BT 64D
4,375 3 uie? B2.4 d3sl 82,4 B82.0 A2} a%)
T.000 4 40,0 80.9 dleh Ble2 41.0 Bled 8.0

FAR FIELD METHOMILOGY DATA
MIL HETGNHT PUSLTION LEVEL
[MFTHES ) 1on)
Oufi=1.8 L H5e4
Ouli-1lat 3 49,0
Qad=lat H 470
Qafi=let W 5.5
T.0 (JVERKEAD 0.9 (4¥Ge OF MIC& ApOVE)
1.0 HAX 87.0

¢ & WEICHTED SQUND POWER LEVEL#104.9 08 RE | PICOWATT (RASED UN T3 POINTS)

EAR FIELD DATA PHESENTATION

N
JULIAN DAY La2 FEST NUMBER 3

SNURTH SIDE®

2n 1A CENTER INM M
L] " LINE . E [
MIC
HE [GHT
o5 HIE 94,0 0.0 b0 veeas
| P ] 4,0 FIel T Hbeee
! B%.3 9.8 90.0 tesee
I 4WEST SI1DES 3.5 G000 SH0E0 GRdEh Hedin S H00R
MIC aTOPS
HE[GHT 0.5 1.5 2.5 1.4
3 NORTH S 8s88 50000 B82S0 Pedes LETTT]
2N NOGRTH  93.0 9344 89,9 sesnn (LTI TY T A YT TTY
1M HURTH  97.4 94,1 B9.9 #ees 90.3 48,3 90.5%
CENTERLINE 94:5 93.3 89,9 *sans 904 89.3 9044
| LM SOUTH 4.8 S4ul 90,2 sseec 90al BTl 9047
! M SQUTH 3.5 92.T 91.0 veeny LTI TT)
i IM SOUTH ®eeer S80ss 08088 S50
3o5 HI000 NAG0E S0REE SEEEL Besss
2e5 #4830 QDB 9.2 §0.3 ekNe
LeB %004 93,4 93,T 93.) sssre
23 Msee 95,7 5.4 0.2 eeeea

S0UTH SIDE+

LEVEL (N8

L 4o 21y 240
Hben H5.4 Hbe#
Bhe® 24T d4al
85,0 d5.3 43.1
83.%  He.3 04,
B3s6  dueb BA.S
H3,1 8)e2 b2.3
dle1 0049 dd.b

A5 2.5

S840 00N

$l.3

91.0

ss 00,9

seers 90,7

0.4

[T

2to

Ab,2
83,4
2.7
B2.8
42,3
42,3
1Y

EAST SIDE*

L.5

L LLLL]

2.0
95,3
3.7
93.9
92.7

300

5.1
dl.0
8l.3
di.?
8lee
dle9
40«5

0.3
A8
94,0
96.7
96.3
e
4.7

(121113

1

4545
d3.7
4.l
dhad
8.0
Hl.h
ala 9



Tavle 3.6
A=WEIAHTED BOUND PRESBURE LEVEL DATA
Gumpreapor Cutputi 100 cfm

Engine/Compreancr Type! Reciprecacing, Diessl, Gtandard
Compresmmcy Biza: 1,5Ix.67x1,42n

Tent lumber &

#es  FAR FIELD DATA |7 METRF RADIUS)

i s

4 WETGHFED LEVFL (DR}
(3.1 210

ANGUL AR ORIENTATINNIDEG) 0 3 60 90 1240 150 240 2to wa AT
MIC HEIGHT NUM  ELEVATIUN
IHETHES) tDEG)
15 1 4.t BesO 84,9 HS 1l Bueb Baal 8543 Bb6.9 BbdeI HALI B3k OT.)l 44,7
12729 1 lé.4s 82,3 83,0 HI.% H2.1 02.7 B4,2 835 HI.Q d4en d)eb BLe5 3D
N 2. 875 [ 242 Bls5 8244 Bled Bls&6 B3e2 b4t B5.3 B85.2 8b.7 8.3 d43.7 03.0
H 4.02% H 3%.4 B3.3 H2.,8 B82.7 H3.0 B3.9 EH 0 B5el B4e9 B4.8 B304 dden H2.9
' Se LTS5 H 4Ts0 8242 B83.2 Blud Héel Bhul d3.9 Bé.l Oae2 dS.2 B4 8 B3.2 B2
i b.178 3 65,7 AY.9 B82.9 05,4 63.1 82.8 B3.8 B4sbh Gh.D 83,5 83,0 d2.9 B82.9
; T«000 4 20.9 822 Bla7 B3 H243 8247 U241l B2:0 Blu) Bl.9 Ble9 92.7 wdel
i FAR FIELD METHOUOLDGY DATA
; MiC HEIGHT POSITION LEVEL
H {METRES) LY
. D=1t L] B5.5
1 Oud=lsts E 5.0
: Duf-la6 H 810
v Jadrlot L] a%.5
3 T.0 OVERHEAD H242 1AVGs UF MIC& ALDVE)
; 1.0 MAX 8.0
i
J ®% 4 WETGHTED SNUND PDWER LEVEL®|U7.0 DB RE 1| PICOWATT (BASED DN T3 PUINTS)
i
{: .
¥ NEAR FItLD DATA PRESENTATION
i JUL [AN DAY Ll6] TEST NUMBER &
SHOKTH SIDE#
H am n CENTER 1IN FL
] W ] LINE E E
& Hic
5. HE JGHT
14
& 5 FO0RE Jh.h Fh.2 Ghel ebees
5
f;: 1e5 ®otns G2.7 Glab Fi.] wosse
)c Ze5  FASES SRR SREAE SRS S0E4a
f! ANEST SIDE® 3.5 40860 RINUE SRERE VERAR MRS EAST SINEe
&
E" MIC aTpPe
5 HEIGHT 0.5 1§ 2.5 3,5 1.3 2.5 1.5 [+ 1]
! A4 KORTH Senss staoe LI COBED ERNE LHNEE BP0
]
t 24 NIRTH ¢0bds wnsis sasds SIEN 40048 BB SOBNE HESES SUNRE HESus
1IN NORTH 9.6 Q4T s00s Sb0es 922 9341 93,9 SEO4L SRS Th.2 G4,2
CENTERLINE 9b40 940 9oass asese 4.5 4.3 9.4 SEBRN MERSR 94,3 91,5
it 50UTH GtaQ  GhaT 26000 3000 G442 95,0 92.1 S04 caRR 93,0 b4
2H SOUTH #8886 S40ss S0l Ssbss soane SHRES JOESE FURES SO R
AN SOUTH 966 S2060 S8808 Seain [ITTY) OB 08 HRNAA KR0S AN
3,5 G0BaE SRR HAEAS B84S Sdse
2.8 SRONE SAENE 2000 20438 Bt
Le5 avtbds 95,6 95,7 Q.4 Gtbanw
«5 wsbde 33,2 9.8 94,1
" S50UTH SINE®
5
]
*
5
H
'_;i:;.,./.‘.;;—;...‘..j,.'.sn-- ""‘““"“‘“"‘“"-"'-m-n-‘-v--n-u'u»ﬂ-e‘a‘»xt-(--‘-..‘-\ru;,r,}i..,-,_,,.._A,...-.‘;;‘».;r,_.‘:.-._‘,mu-_, " PR TN -



Table 1.7
A=WFEIGHTED BOUND PREXDBURE LEVEL DATA
Tast Nusber 7 Compressor Outiput: 160 cfs
Engine/Compransar TypelRotaty vans, 0as, Quiated
Cerprasaor Bizet 2.10x1,20x1.70n
s#¢  FAR FIELD DATA |7 METRE RARIUSI

ANGULAR QREENTATIONIDEG) o n &0 93
MIC HEIGHT WUM  ELEVATIUN

A WEIGHTED LEVEL {D0)
120 10 180 210

IMETHES ) LDEG)

575 1 4.7 Blet dled Blio dla2 Bb2.0 d2e2 817 79.8
1. 725 1 14.4 9.6 dla2 T9.4 T9.s 80,5 HO.4 BOS 80,4
2,818 ] 2h,2 Ale2 8240 B8L.3 A0t Ble8 Bles 80.9 8147
#a02% 2 5.2 A0e2 dlaB Hl.& T79.80 Hl.6 Ul.4 BL.8 82,0
S«178 L] 4Tat 83,% 2.6 B3,6 83.1 0.2 B 83.2 0.8
64378 3 b3.7 B4, 3 Besl 63,3 dled ek H2.9 2.5 4.l
1,000 L] 93.0 Bhot  85.5 84,9 85,5 H9.? A%.4 85,8 Hb.D

FAR FIELD METHOROLONGY UATA
MIC HEIGHT  PUSITION  LEVEL

{METRES]) 1171

DeB=l.4 N 4.5

Qali~l,8 E Ho,0

DeB~1, b H B8l.0

Qed=let ] al.0
Ta0 OVERHEAD 8540 fAYG. UF MICA ABOVE)
140 MAK B2+5

48 & WEIGHYED SOUND POWER LEVEL®1lUn,9 DB KE | AICONATT (UASED GN T3 POINTS)
NEAR FIELD DATA RRESENTATION
JUL TAN DAY laé TEST NUNBER 7
*NURTH SIDE*
N N CENTEA M 24
L] L] (9114 € E
114
HEIGHT
o3 teded Qo.p Wl Fl.b teemn
fe3 osmee 90,0 89.0 90.0 *é00

225 0vees 90,4 0.1 B9.) A00m

eWEST S1DE® 3.5 s60s8 S00NS 000G 94400 S04
L1141 sTOPe
HEIGHT 0.4 e 2.4 3.5 3.4
N NURTH ®e080 28808 svess saoss YT TY T T ST YT T
ZM NUKTH  B044 089:.9 88.1 sesen SESER $4000 BaNER [TTT1]
1M NORTH 8949 9l.0 91,2 sesee 2.0 93.5 90.9
CENTERLINE 9044 90.T7 91,4 seses 3.1 6.9 92.0
1M SOUTH  %la7 89.7 §0.1 seeae 0.5 %0.1 90.9
2 SOUTH  B%.2 90.% &aT.4 sones [LIT T T YUY YT

I SOUTH S5 #0884 40088 34esd SHENE S000 SR00E LI
3.5 40808 SENEE SN0 S8000 PeRes
‘205 sabis 5,2 88,6 69.) *ewe
1e5 #0840 90,8 90,8 89,9 *eses
5 Memes Wi.l §3.2 90,9 tetes

S0UTH SIDE®

240

93.0
4041
Hle@
80,9
82,0
833
Bbel

243

210

Blad
19.1
d2.8
Blad
4244
A2.2
A5.8

300

:F )
Toen
Blad
ada4
dz.1
8,0
83,8

il

8245
4.6
Bls9
dlel
8.2
BT
055

EAST S51DE®

1.3

0.5

BEREL S00NE BEREe

091
8949
a2
0.1
8.1
[T

3.3
90. T
4%.9
90.8
09.1

2744
9.0
89.3
1.0
89.3

[TTIT 7T ]
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Table 3.8
A-WEIGHTED BOUND PRESSURE LEVEL DATA

Tost Number 8 Compressor Qutput: 125 ¢fn

Englae/Corpressor Type: Rotary vana, Gas, Quisted

Compresaar Bize1 ), 7Hx1,30x1.851

#»s  FAR FIELD DATA [T METRE RADIUS)

AMGULAR ORIENMTATIUN{DEG) 0 ED] [T 40

mIC HEIGHT NUM ELEVATIUN

{METRES ) {OEG)

515 T 4T 14,5 15,3 Taeh Toab 9.3 THeB
1e 725 1 14,4 Thel Thit Thed Ved Toel TTad
24875 [ ko2 T TTet TT.0 Toe7 T7.0 lHaO
4. 025 2 35,2 5.4 Toeb T&e9 Tha? T7.9 19.0
$.17% Ed 4Te0 T8 1908 T9.2 78,1 7T8.0 T%.2
62379 3 85.7 .5 19,80 80.2 680.6 00.3 TR
7. 000 4 0.0 8149 ale5 8l.o dleB 82,0 82.1

FAR FIELD METHODOLOGY DATA

MIC HEIGHT  POSITION LEVFL

(HETRES) toa}

Qalelots N T6.0

Gal=l,t E T9.u

Qat-1eb H 19.%

O.8=1.6 L] 7.3

1.0 OVERHEAD Bl.9 [A¥Ge OF MIC4 ABOVE}

Le0 HAX 80.5

A WEIGHTED LEVEL (0B8]
L20 t20 180 219

TTey
To.d
17.8
TTsb
9.1
Ta.7
82,0

*® A WEIGHTED SOUKD POWER LEVEL®104.) DB KE 1 PICUWATT {BASED ON 73 POINIS)

HEAR FIELD DATA PRESENTATION

JULIAN DAY 165 TEST NUHBER 8

SNORTH S1DEe

M 1M CEHTER 1M P,
W o LINE E [
MIC
HE {GHT
] 852 4.l 85,7 seaen

1a5 ed0ve 55,8 3b.2 B5.4 seeer
2.5 *0d0e BT.8 fAd.]l 87,3 sesae
PWEST SIDE® 3,5 est00 FRSRE 0000 SURAS HONNE

NIC 0P
HEIGHY D45 1.3 2.5 3.5

3N NORTH &sisa [TE11) [TITTRFTIY 2]

2M NOATH S0003 20848 23058 20088

LILL L T T2 T)

14 NORTH 6543 db42 87.9 ress 0.0 802

CENTERLINE 8540 8b.53 088.2 #480e 9le8 B%.4

1N SQUTH B88.3 83.9 85«7 0b6.9 Db.3

2M SOUTH #8sme sbees (ITTT YT

3808 B8R

IN SOUTH weess sedes

o5 SNBSS SEAES SAERE HSREE Binke
2.5 eeser 06,1 BH.2 85,4
13 080000 34,8 B4.8 8.4
o3 s §5.5 09.6 B7.3 senss

S0UTH SIDES

T P TR e P AL Y o 1y
e bomit e el il b e s B

[

AEs SRR PARERNE

240 270 300
7.1 T8} TI.T la.2
Tou2 Theh Thet Thab
Toed TTl TTe) 1741
Ttek TTe9 T8ad TTel
TRed 790 T9.4 824l
T9.2 80.2 d0.7 dl.0
82.3 H2.9 82.0 82.2
EAST SIDE®

3.3 2.3 1% 0.%
SHRES HEPLI BONE VBN
SHUBE SUKAS S0BUN RS
doane BL,9 85.9 B5.4
sessn 3t,| B85.6 85,2
ssade 43,2 fb.0 Bo.S

SR80 S0F00 POERE E0hAD

QOARS 0N SAIRE SRR

i

T6.4
To.l
T7.7
1.1
T34
Bo.2
Bl.b




Table 3.%
A-WEIGHTED BOUND PRESSURYE LEVEL DATA

Test Nuzber 9 Cozpresnor Qutput: 363 cfa

Engine/Comprassor Type: Rotary vane, Diseal, Quiatad

Lompressor Size1 ), 56x1.02x2. 140

*e%  FAR FIELD DATA {T METAE RADIUS)

ANGULAR ORIENTATIONIDEG) 4] 10 &0 99 120
HMIC HEIGHT Kum ELFYATION
{METRES) 1DEG)

« 573 T w7 Tha 7343 TILZ TR,T 2.4 T3,
1.72% 1 Lheh T2e0 T30 T4.) Thé Tadl TH0
2.473 ] 2442 T2u1 T34) 7248 T40 3.5 7248
%+ 02% 2 3%.2 M7 13.4 Ti,.b 43,5 13,7 72.9
.18 ] “tet Tlel Tla3 72.0 T2.3 72,3} 7l.7
ha 378 3 &5.7 101 TCe% TlL.d Thes 71,9 70,4
7.000 L] 90.0 600k BY.h 89,3 68,0 GB.% B T4

FAR FIELD METHULOLOGY DAYA
MIC HEIGHT  POSITION  LEVEL

{ME ThES) 10B)

[ 2. 0 1Y 1 ] 15.0

GuB~lib £ 73.5

0. 01,4 5 770

Oab=lsts W 8.0
T.0 OVERNEAD thed (AYG, UF HICH ABOVE)
1.0 MAK 5.5

Thet
13.%
13.7
3.7
2.6
9.7
0.2

A WFIGHTED LEVEL (08)
15¢ 180 210

Tés8
1%.0
7.2
1deb
18,4
Tleh
6eT.7

¢ A WFIGHTED SDUND POWER LEVEL® 9H.T7 DB RE | PICOWATY {BASED ON 15 POINTSI

EAR FIELD DATA PRESENTATION

N
JULTAN DAY lat TEST NUMBER 9

ONOATH S{DEe
HL 14 CENTER 1M 2n
*® L] LINE E E
111

HEIGHT
o8 st gl 0 Ll.b 82,1 #eeee
123 tede TR.2 TB.4 8.4 0808
2:5 03888 3.8 TasT Thel s80es
SNEST SIOEe 1.5 000 0ENE 20000 S00EE HBEPN

ML srivs
HEIGHT 0.5 1s5 2.5 TS )
34 NORTH @ee8s seser ssees [TIT T TY YT Y VT
2M NORTH  Bl.0 #2.1 78.35 T8 T15.9 1.7
LM NORTH D22 BlaT 00.2
CENTERLINE B82.2 0L0s1 78.4
M SOUTH Alad 79.9 1B.2

ZM SOUTH  DDal 7943 T8.0 sasss Toud Tbe® Tbal

Téats 17,0 777
7941 80.06 T80

19.5 B8l.0 %6

AN SOUTH Sesss 9888 20000 33008 [TITT YT T T TS

3.5 SSSN FENRE A0EEE B004S $84S

2.5 #8088 77,8 T9.3 11.8 vesen

1e5 sanée 7a.3 19.2 10,0 ssenn

5 saees 00,9 3.6 Olok Seses
S0UTH S1DE#

1.2
L1211 ]
LLLL]]
Seber
Lii])
0082
(22111

&40

BZsb
T2.3
8.9
13.0
80. 1
TQa3
6845

243
(11 Y]
9.0
9.0
T8.3
Thad
Tt.2
asdne

271

T34
Ti.e
3.2
3.5
12.2
TU.8
68,9

EAST S1DEe

1.3
L1112 )
0l1.9
a2.1
9.5
80.1
19.2

[LI L]

300

1.7
T2.7
1340
Tie?
T2ab
Tue3
6.9

0.3
LI
[IRY]
8249
#3.0
41.0
T%.9
sonns



rEatIentr. Taet

I A P TOA my TR TR UK ST SR A XD S 0 ARP

G e

Table 3.10
A~WEIGHTED SOUND PHRESSURE LEVEL DATA

Test Kumbar 10 Compresaor Ousput: 900 cfm

Engins/Conpresnor Type: Rotary vane, Diessl, Quietad

Corpraaaor Blze: 4,2x2,19x2.51n

*¢¢  FAR FILLO DATA (7 METRE RADIUS)

4 WETGHTED LFVEL {D8)

ANGULAR DRIENTAT [ON{DEG) 0 0 60 90 120 150
MIC HEIGHT NUM ELFVATION
{MLTRFS) {EG )

-3 4] T aui 12«7 14,9 ToeO Téets ToaB T7.3
1.725 1 144 19a2 TTe2 71,0 T7.4 I7,2 I9l
2,875 & 2442 Toe2 T7.2 75,9 Toul T9.6 8L.7
4.02% 4 35.2 B0+ 5% 79,5 T9.1 T%.&6 bl.2 83.8
5.17% ] 470 19,59 Tded TH.0 THe2 8241 6507
ba 375 3 65, 7 Hle7 81.0 8l.p 79.3 749.5 dl.%
T.000 & 900 TTeu TT:e% T7.3 1.1 ¥led 1T

FAR FIELD METHUDOLOGY DATA
MIC HFIGHT  POSITION  LEVEL

INETPFS } 108}

Cali=lat N 75.0

Ou8l.b E 8.0

GeB-lets 5 81.0

OQul=lsn ] The 5
1.0 OVERHEAR TTe4 {AV¥G. NIF MICe ARQOVE)
t.0 MAX Bl.0

180

1.9
T4
83.0
89.3
LERY ]
4245
T6.8

210

Thed
TT.1
40+0
82,7
L]
dded
To.8

o8 A WEIGHTED SOUND POWER LEVELw 04,8 DB RE 1 PICOWATY {BASCD ON 73 PUINTS)

EAR FIELD DATA PRESENTATION

N
JULTAN DAY 169 TEST NUMBER L0

SNURTH SIDEs
2K L CENTER IM 2H
W L] LINE £ E
NiC
HELGHT
+5 04008 B0 Ble3d TT.0 ehbee
1e5 oobos Th,4 Thad T7.h #8ees

2.5 tsses 18,0 T8.5 80,2 edtesn

*HEST SIGEs 3.5 sdess 82,1 19.9 B3 dheen
MiC $TOPe
HEIGHT 0.3 la% 2+5 3.5
IM MORTH  T9.9 9.1 80.0 @i.2 LLITTIN T YT TTT T
28 NURTH 0l.& AD.2 B1.5 82.0 03.3 84.l B2.8
1M NORTH 3.1 282.% 8).0 82,8 856 Hba9 B83.3
CENTERLINE 02.T7 81.9 84,7 B85 F0.3 89.3% 91l
IM SOUTH 82.3 B2.0 DBb,d 8044 90e2 U742 90.8
2M SOUTH B2.2 B0.8 Hb.1 88,7 9.4 9l.8 92,3
AN SQUTH T%.6 Bled 85,0 B8b.s WEEEE AOERE AEENN

1,5 #sess 90.3 904l 90.5 sedan

Zo5 4004 §5.8 BT.5 B5.9 4eees

1.5 80,6 8l.0 Hlel eares
o ke (0.7 Hle9  Ble2 weeee

SOYTH SEDEe

J Smibaa i S e A L
A iz

PRI SR,

3a5
B80.9
Hla®
4.0
87.7
87.7
Bo.b
7.2

2.8
80,7
82,3
43.4
1
B8Te4
85.0
3.2

21a

1.3
T
7.9
7.2
T4
Tiad
Tha

EasT

1.5
T9.5
404
81.9
8l.8
Bl.0
Al.4
46043

320

to,d
1.9
Tha.9
T3.2
Td.3
136
Td.¢

SLOEe

0,5
19.8
Bl.d
8245
8.1
B2.0
al.7
0.7

30

Thed
To.4
T
T%.%
4.8
a2.%
T3.3



Table 3,11
A=WEIONTED AOUND PALSBURME LEVEL DATA
Compraaweyr OQutputt 100 ofm

tngine/Cogpresser Type) Rotaty sciwed, Cap; dtandsrd
Corpranadr Bimel 1,78x1,238%1,27=

Tont Huober 11

*#s  FARN FIELD DATA (7 METRE RADIUS)
A WEIGHTED LEVEL
150 140

1081
ANGULAR QRIENT AT [ONIDEGH ] 10 at 90 120 1]

21

MIC HEIGHT NUM ELEVATIUN

{METRES] {DEC)

378 ? 4T 80,6 80,% Blel H2el A3 B3.2 B840 831
1.723 1 [T 8045 Bla)d BOJ4 Hled HI0 A28 d4ed 832
2,873 o 24,2 Bleb B82.3 81.) 8l.2 82,7 BMNd 838 8348
4,028 2 35,2 B82.8 02,7 02.) B2.% 82.9 H#X] 434 8db
5,175 -3 ) 83.4 083.0 82,3 8.4 HhsD H4ed 4.4 83,2
6,375 3 457 84,7 04,7 Ba) 84.]1 4.0 $aibd BT B
T.000 4 90.0 83.7 640 B3.9 04,0 83,5 8NH 3.4 83.9

FAR FIELD METHODDLOGY OATA

MIC HEIGHT POSITION  LEVEL

{METRES |} 108}

Oul-1lsd [ 2.5

OuA=148 E 81. %

Cal=1sb H 6.0

Ceb=lad ] 03.5

1.9 OVERHEAD 83.7 [AVG: OF MIC4& ABOVE)

ls0 MAX 16.0

#8 A WFIGHTED SOUND PUNER LEVELeLlO?.7 DA AE | PICOWATT tBASéﬁ ON 73 POINTS)

NEAR FLELD UATA PAESENTATION

JULIAN DAY 178 TEST NUMBER 11 '
SHOATH 5(DEe

CENTEA 1A M

LINE E E

FL) in
L] W

MiC
HE1GHT
o5 eeass 90.2
89.2 %0a4

245 SHR00 2004 0008 H3082 AN

49,4 80,9 #00dn

1.5 eesse 90,2 nesse

CAREE BESER VEBEE SENNE 20008

OMEST 310K 38

*T0Pe
3,8 3.5

MIC
HEIGHT 0.5 Le3 2,5

34 KORTH 2008 SR0EN 48000 S8des PRk S0000 ANR NS

2M NURTH 68030 00880 00000 s0ase 91a0 9.0 909 [TT11Y
1H NORTH 9043 9045 8000 sasee 927 935 b [1T11]
CENTERLINE 90,06 9040 #0065 nanes 94l 98.9 4.8 [TTTT]
IN SOUTH 9140 9146 00980 seees Dhad Tel F4od aee
20 SOUTH #0080 aasis s20sn Saser Ylell 4.0 92Ll.8 "o
34 S0UTH  S8ene oelis 10008 Seass 29844 LERES 00INs "

el POOR 20000 32404 ShANs

2.5 04430 S8NeR 43045 B40
T 92.1 4.5 91,9 wesss
5 919 94:0 9Le2 wstee

SOUTH SIDE»

240 T 00

42,0
8200 ¥0.5%
8la0 sl
4¢3 Bled
Bla7 2.2
63.0 439
81.7 2.4

12,8 BL.3
80.5
31.7
a2.1
831
4.0
33,3

EAST SIDEe

23 LS 0.3
(LITL YT TT )
S2000 24300 V0BG
aser 90,4 0.4
el 9l.2
0.0 9141
02880 BNINE BSSSR

TEE0R PENON PIOMR

parite T

XD

H0ad
To. 7
al.?
2.2
831
43,9
§3.7



Table 3.12
A-WEIGHTED 5OUND PRESSURE LEVEL DATA

Teat Number 132 Compressor Output: 175 cfm
Engine/Compreasar Type: Rotary serew, Can, Quiated
Comprapaor Size; 2.70xl.29x1.43m

*08  FAR FIELD DATA {1 METRE RACIUS?
. A WEIGHTED LEVEL [DH4
ANGULAR ORLENTAT LONIOEGE O 30 40 90 120 150 80 210 240 270 300 433
MIC HEIGHT NUK ELEVATION

IMETRES) 1DEG)

. +515 T .7 ThuB 77,2 715 T4.7 7&a% 7B+5 78} TH.8 6.3 Téa3 Too7 Td46

. - 1725 1 Lé i T4.9 7800 Toud V742 7152 T8.2 718 T6e3 T6.3 T5.4 [Be3 1809
: 24875 & 24,2 Thed Tou3 T8.2 V5.3 T5.4 ThY 76, P5.T 4.8 15,7 5.4 1.2
i 4,025 2 35.2 9.8 T6,% T7.5 5.4 T5.T The7 78U 7740 Tl 5.8 Touo It.2
. 54175 ] 4T T6a3 TouB THT 75,7 Thel THad 75,9 Thel 75.0 Thes Tu.0 Toe2
: 6,375 3 65,7 72,8 75,1 7.5 TheH  Theb The2 V52 T5.2 The2 T4a9 T5.2 124
T4 000 L) 90.0 Thah  T4e3 7309 Thal 7349 Thal TheD Téo5 74e6 151 75.3 15.1

i FAR FIELD METHODOLOGY DATA
: MIC HEIGHT  PUSITION  LEVEL

’ (METRES ) 106
; 048-1 46 N 18.0
. Qebi=lad E 80.0
: Q.b=1.8 s 79,0
; 0.8=1.4 W 79.0
: 1.0 OVERHEAD Thak  (A¥G. UF MICA ADOVE)
. 1.0 MAX 80,5

4% A WFIGHTED SOUND POWER LEVELSLO)el DB HE | PLCOMATT FBASED DN T3 PUINTS)

AR FIELD DATA PRESENTATION

NE
JULTAN DAY 174 TEST NUMBER 12

eama

! #NORTH SIDES

: M 1M CENTER 1M 21
v w L] L ENE 3 E
o Mic

HE IGHT

o5 #sese BS54 Bh.4  B5.5 Sesse
1.5 srses 24,2 85,1 83.9 ssses

2.5 000U SE00E 20008 40000 S420s

MNEST SIDES Je5 NB0ES S804 0080 B0eR G004 EAST SJUEs
H Mt ‘ *TDPs
‘ HEIGHT 0.% 1a% 2.5 3.5 3,5 245 145 de5
3{ IN NURTH 0888 00200 20088 sssss LALIT T YT T Y YTYY (LTI AN LI YYTT O Y Y TY
El 24 NORTH B5.5 83,4 vo0nn e 44,0 83,2 33.8 LALLLEE LIS DI TS N T ]
\7 IM NORTH  Bbad B4.2 4844 sssse 83,9 B4.5 84,3 LLIXT I YT
3 CENTERLINE 85400 B4.2 sesds sasns B4 04,7 B4,] eeper §p.9 88,9
E ) 1M SDUTH  85.5 8442 80ees seses Bl.2 82,4 82,8 #800s 45.2  Ba.0
; 2N SOUTH B3.5 0243 etsse svsae 82,2 A2.4 82,5 Shbbe 20000 2.5 B4,
3 . AN SAuTH [T I AT YT Y TT O Y TY Y FERED SRORE A0 0S (AL LTI A P Y T T YY Y
;
é 3.5 000N FEREE 20008 SR80 S0
E 2.5 00008 S5000 P00 BRRNE HRsae
g le3 #0ess 83,7 53,4 8k, Seass
g <5 WEERE 84,3 B5.9 85,2 seees

5

SOUTH SIDEe

b - T A At g R :
v S i st

TR Tl L S et 2 4 i




Table 3,11
A=WXKIORTED BOUNT PRESOURE LEVEL DATA
Test Hubbar 13 Compransor Outputi 173 ofp

Engine/Compreasor Typel Rotary mavaw, Dissel, Quintad

Compreamor Birer 2,70xl,.29al.é3

w08 FAR PLELD DATA (T METRE AADIUS)

ANGULAR QREENTATIONIDEG) [} 30 60 [
MG HEIGHT NUM  ELEVATIUN

[METRES} [DEG)

373 1 [ Th 70:3 TTed 750 Tos5 H0Qeld
1.72% 1 1444 Tl Toud Toeh T8.2 THT THe9
24873 6 FITY Toe?  ThaS T0.9 1648 8.0 HQwa
4025 H 3%.2 TThd Tl 715.7 5.0 13 78,9
5,173 5 410 Thl 159 Taed 15.2 6.0 78,1
6. 378 1 3.7 The8  Taub  Thed 73,7 Tba9 Th4
1.000 L] LY T2:9 73.0 7)1l 131 T73.0 72,8

FAR FIELD METHODOLOGY DATA

RIC HEIGAT  POSITIUN  LEVEL

I{METRES ) [{:L}]

Geli=1ab [ 1.0

Oeb~1.8 £ 7.8

Oud=1eb [ Ale%

G 0=1le L) Tl
1.0 OVERHEAD T2 favOs OF MJCh AbOVED

1.0 NaX 8140

** 4 WECGHMTED SOUND PONER LEVELALQL.% 08 RE 1 PICOWATT [BASED ON
NEAR FLELD OATA PRESENTATION
JULIAN DAY 183 TEST NUNBER 13
®NURTH S1QEe
] 1M CENTER 1M 2M
L} W LINE € E
LI

HEIGHT
W3 Se0de B4l J0.b 859 shene
143 so0ta 34,9 03.0 3).9 daay

245 S0MNR A8250 KINEE AMENE Sipas

SNEST SIDEs 245 GU0AR BBESH A4S RS0 FEeeS
114 «TOPS
HEIGHT 0.5  1+5 2.3 3.5

34 NORTH #8080 sesee Sg0ss 2sas (YT TYIY A YTY Y}

#M NORTH Doeb  Bhud S008s siea 24,0 03,3 2.3

1M NORTH 079 03.9 #8208 sthen B2+8 B4 2.5
CENTEALINE Q6.2 332 08002 ssien 8l.9 dle3 00.%

IN SOQUTH  07.2 dQdel usie nodga B2.5 19,9 0Al.3

24 SOUTH O4ad 0.1 99088 s0bea 8l.9 9.1 Al

IN SOUTH 20008 05908 20088 Bebed SRS S400h Sabde

345 G008 SHNE GLAEN WSS SiESE

245 GFLRE SREEE SRS 20088 SR0Ns

1a% wdden f).0 02.2 83,1 ¢oead

5 ek 83,1 Bb.l  Dbe2 esNe
SOUTH SLDEe

A WEIGHTED LEVEL (DB)
l20 1% 180 210

194 79.9
T8ih T4

3,1 Th,1

T3 POINTS)

3.5
L L111]
[IT111]
(13111
[ 1 11])
[TL11%
[IT11]]

(11113

2%
L1 21 1)
L 11T 1)
[L11 1]
(1113
shene
(1111}

EAST SIDEe

1e3
ITTH]
4.2
83.0
LE L]
[ LY
8).8
[TT1])

Joo

bEIT ]
T ?
Tt
el
1449
e
2.8

d%
(LT
Ba.7?
as.0
Ble4
a8.0
83,0

330

B0.%
1742
171
7.3
1oy
Taed
13.0



Table 3.4
A=WEIGHTED SOUND PRESSURE LEVEL DATA

Teat Number lh Compreanor Qutputi 1A% efp
Engine/Corpressor Type! Rotary scraw, Diesal, Standard
Comprennor Bizar 7,70x1,29xt.43m

. #es  FAR FIELD DATA (7 METRE RADIUS)
’ A WEIGHTED LEVEL (DR}

ANGULAR ORIENTATIUNIDEG) 0 30 .14} 99 120 150 LBu 210 240 Ex{ R4 L]
MIC HEIGHT NuUM  ELEVATION

I ME TRES) tDEG)

i =575 ¥ “,7 T3.2 o2 13.8 M.l 79 758 Tl.d 790 74,0 T2.1 Thad Tha
La725 1 Lbad T3,5 79,7 Taed 7303 Thed T5.5 TSa% Thel Tk T2.2 73:% 1329

! 2. 015 ] 24.2 Thal T5e8 Té,ed 3.1 Tdit Téet Thes Thal 732 T2.% Tha2 Thet
: 44028 2 35.2 5.8 Ta,8 75,6 Tée2 T5.5 Thea Tbad 5.5 T3,2 3.3 73.2 14,8
5. 175 5 470 7506 Tbe? Tée2 T3ed 7148 Téud T5.3 7400 T2.8 T3l T3 THS

: L PRI 3 65,71 5.1 T34 Téed 7400 Thed T4l 7249 740 3.0 72,5 72.4 T4
: 1,000 L 0.0 Tled T2 7L Tle8 Tled Tiat T1ed Tlak Tlebd Tlad The2 7l

FAR FIELD METHODOLOGY DATA
MIC HE LGHT POSITION LEYEL

! IMFTRES) [LT'L

! Defi=lsts N 18.0

i 0ufeled E 15.0

i O.0=1:0 5 71,5

: Dali=let % T4.0

P Te0 OVERHEAD The® (AVGs OF M{C4 ABOVE)
; ta0 MAX 19.0

% A WEIGHTED SOUND PONER LEVELw 9943 08 RE 1 PICUWATT (BASED UN T3 POINTS)

i
¢ NEAR FIELD OATA PRESENTATION
H JULTAN DAY 184 TEST NUMBER 14
: #NOATH S IDE#
i N 1w CENTER IM N
v L] L] L INE E £
% MIC
2 HE IGHT
' a5 0000 BaLh Bbal 85,2 eeees
5 1o S400d B2.4 84,4 Basd ssee
?; 2.5 U004 45808 40008 SPSEe
]
‘i SNEST SiDEs 3.5 A0S B0ess F5000 SRR EAST SIDEw
14
3 ML *TOPA
¥ MEIGHT 0.5 1.5 2.5 LY ] 1.5 2.9 1.3 0.5
34 NDRTH S%88s S8045 sesds &dens SRS 1080 BebbY CIREE BRARE S 000 eabs
3 M NORTH 82,9 Ol.2 8088 2asas 63.3 fB4.s 83.0 4a80e 3000 H4.0 AC.O
13
i IM NORTH Bled 01.9 ssets sssae HZe.d 0Bl.8 82.9 ashne sa0ar 85,1 @5.5
CENTERLINE B3.4 82.3 #0808 sssan Bl.b 82,0 8l.8 #9450 Sunas B3,] Yl.G
IM SDUTH 83,9 8L42 s0abs b3ine 80.T H0.5% BO.9 seser spes B2.5 8442
2M 50UTH 83.3 80,5 9esde sbiee T9.8 8]«5 HO0.S ssses 2oaed Bl.3 83.4
. 4 SOUTH 8088 #0088 44sls Se0as LY TYTY ey t 1 SEPAN S0Ese F08T P
‘ 3.5 sviee YT TI Y TS TYT Y
245 S0U0L N0AEY VHESS S0REE bovss
1e5 #0008 83,5 82,8 B2.7 vesae

oF W8N Hl.l BAb Bheb ®S0ee
SOUTH SIDE#®

L b el S A st

iy ;.1‘-".‘ i R
A




Towt Nuaber 15

Table 3.13
A=WEIGHTED GOUND FRESSURE LEVEL DATA

Compresnar Outpucr 173 &fm

Enutne/Compransos Type) Rotaty screw, Gan, Standagd
Comprewsor Sitet L.9%a0, 301, 4im

*8s  FAR FLELI DATA [T METRE RAQIUS)

LY

82,7
42.9
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[MFTRES) IBEGH
oT5 T LT 82,2 80
leT28 1 L1444 aldl B2,
2.AT3 b 242 8l.1 B2l
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1.000 4 90.0 83.0 b2.9
FAR FIELD NETHROOLNGY DATA
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Table 3.16
A=WEIGHTED BOUND PRESSUNE LEVEL DaTA

Test Number 16 Compronsor Output: BS cfm
Engine/Compressor TYpo: Rotary scrow, Gas, Standard

Compreasor Glee: 1,96x1,10x1. 34m
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Tsble 1.17
A=WEIOHTED BOUND PAXGOUHE LEVEL DATA
Teat Nupher 17 Cogpressor Cutput: 130 cfm

Zrgine/Corpresscr Typet Rotary acresw, Oss, Sctandard
Compressor Bise! 1,9)x1,24xl,36m

wsw  FAR FIELD DATA (T METRE RADIUS)
A WEIGHTED LEVEL {DD)
120 180 20

ANGULAR UREENTATIONIDEG) 0 30 40 90 150
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Table 3.18
A-WEIOHTED SQUND PRESSURE LEVEL DATA
Tent Nuzber 18 Broad Band Hefarence Sound Source

"o FAR FLELD DATA (T HMETRE RADIUS)
A WEIGHTED LEVEL (OB)

i ANGULAR ORIENTATIONIDEGH 0 30 66 90 120 I50 180 zLe 240 270 100 3@
! MIC HEIGHT NuH  ELEVATION
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Tabla )19
A-VIIOHTID BOUND PARAAURK LIVIL DATA
Teit Muber 1§ Mupe=Tone Loudspeaker Boures, 300 Hr

d4%  FAR PIELD DATA (Y HETRE KiDJUL)

ANGUL AR DRLENTATIONIDEGH 0 L i 90
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]
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tio  l%o ] 210 %0 I W0 310
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A=VIIONTED BOUND PARAJURE LEVEL DATA
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Tabie 3,21
AWETQHTED SOUND PRESEUKE LEVEL DATA
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3, @0UND POWER LEVEL CALCULATIONS
3.1, Far Field Bound Pover Caleulation Procedures

The eatimate of dound power {W(r)) from samples of menn squure presaure on a measurement surfuce
in of the forni
n

w(r -Z pf {£) 8y/pc {3.1)

where W(t) in the estimata urigaund power (watts) at the frequency f

921(1‘) is the time-average nQuarsd presasure at poléticm i on the
measurament murfaoe at the frequancy ! {pascals®),

[;E () n loﬁu't”m where SEL(L,f) i the time aversge sound
prgaau.re level at position i and frequency f.

B is the area sgsociated with the ith mesaursment pnuitinr‘:
{oquare petres).

pe 18 tge charasteristic impadmnce of the medium {p is tha denalty
ka/m>, ¢ a the velocity of sound m/sec). )

In the event that the microphene positions are chosen to reprament equal aress of the meadurenent
nurface, then equation 3.1 reduces to: )
n
5 TF ‘ : {3.2)
wie) = o (2 pilt))
whera: & is the total ares of the nena{iﬁment surface (oguars metres).

The far-field measurement array was deaigned with this latter equation in mind, At each location of
the srray, each microphona, except the top one, samplea n sgctor of the hemisphere from ¢ ~ & to ¢ +
44 and from 2 %z, - _f2 to Zez, + Az [vhere 4¢ = 15%, Az = 1.15m. ],

2 2

The arsa of o segment of a spharical nurface betwveen Ty and L) is 2rrdzg thua the area rapresented by
each microphone position dm:

a8, = an(7.0)(1,25}{20/360)

= 4,2 e

The ares gampled by the top microphone ds¢
4
ABgy ¥ 2my” = m(ABij
= 1,3 n?

For the purpose of cound power caleulations in this report, these arsas vere treated as equel;
however, 1t should bte noted that the areas involved sre hot ldontical in shape, This is a conceptual
disadvantage, since 1t {5 not entirely clear thut the sample from the conter of a long narrow
rectongular shaped aves will be ms represantative of the averege level aa a point which is et the
center of a cirele of the same ares, Such conniderations are, however, beyond the scope of this
atudy.

3.1.1, Bysts [ or in the Pa 2 £

The array chosen prassnta anothar difficulty for the measursmant of eaund rower level, which hes
been previcusly noted by Baade[T], This has to do with tha fast that o compact {ka<<), k=wave number,
ae source radiun) omnidirsctional aocurce at a height abeve the ground nplane produces an interference
pattern on a hemiaphere above the plane which in the far rield appraximation is of the form [7].

pilr,2) -pi -1-5*' !-.a.,._.[_lzgg ) ' (3.3}
“J. “2 12

where:

patr.l) i3 tho mean square pressurs at height z on » hemisphere
contored over the aources, of radius »

ar
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paa i1n the mean squars pressures from the source in frae space
at the radius rj

{8 squal to the ratio of path length for direet aound
to radius ri

By

2

Ri w (rPn 2%) + (0 - 2)2 wrPonz +
2 2
r r
H2 i equal to the ratic of path length for reflected aound
to radius r;

RE 0 (P 2®) a (he2)® m P ony e nF

r2 , r*
h is the helght of ths mource center above the ground plane;

R{t) ia the auto correlation function of the souree radiation,

For random noise;

it} = con (2n7,1) Bip (anafr]

ansft

ru is the center Iroguancy of the kend, Hz;

4f im the narrover bandwidth of the aignal ar the analyzing filter;

T is the time delay between direct and reflected mound {1-!'{31-32”61
¢ = apaed of scund in the propagation medium;

For pure tones, Af » O and ainx» lwhenxm@

a0, R{t] = qoo 2nft ™ cos (En;rtﬁl-nz)/u). For r*/ha»l,

By/R; 1, mnd £r{Ry=Rplfe  2fhalre,

For tonea or bands of nolde tEin expredsion prodicts minima in the sound fleld at helghts which
are pdd multiples of fhz/rc when r™>»hz.

Thus for a emal] fixed haight source, superizmposed on ite inherent direstivity, interfersnte
minima will occur at microphone heights ¢ which are multiples of odd integers due to the n ground
plans reflection. Fortunately, cur micrephoha array is sufficiently closaly spaced so thot minima
will not ccewr at all microphonea aimultenesunly, for & che metrs sourge helght, unless the conditions
f> 1000 Hz and Source radius much lesm then 0,053 m are met, At lower fraquencies, the fact that
maximg will oceur at some microphone pomitiona which will compenoate, to soze dogres, for minima ot
cther locations, Presumably will tend to minimize this systematic error. Murthermore, for this
description to apply to s minimum at the top nicrophone only, the frequency oust be grester than sbout
300 Hz with a source radius much less than 0,16 m, Thus, the fact that the typicel component pource
size of a compreseor im considerably larger than these diwensionn, exeept posaibly for engine oxhoust,
suggests that the exlatence of interferance minima should not create & serious maasutemant problem for

this array.

An estimnte of the possible orror in the far field messurement for an cmnjidiraectiocnal pouroe cen
be obtained from Eq. 3.3 ss follows,

te that an estimate of sound pawer output without sampling error, for a fixsd acurce helght

We no
is given byﬂl

'ywe note thet while the true pawer is analyticelly avalleble by simpler mesns, at this Juncture
our purpese is to evaluate only the sampling error, uncluttered by other error sources.
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ATSTEHATIC ERROY N ESTIHATION NF SQuNp FOei® FRAOA 4 CUNPACT SOUNCE
Tatla L USING $PL WALUES FADF & 1) POINT AHNAY 08 A 7 MITEW wEMISPRENL

SAUMCE = PURE TOKE AT £/) wi CINTER FALJuLwCY
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Te opproximation obtained from the far-fisld array ie
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aince pa(r.zi.ail is indepandent of 8 for an omnidirectional source, eg. 3,3 reduces to

T
2 2
Wit w E;..:..LZ 5 b (rﬂ-i, {3.8)
im)
{lEITE. imlteb
Plama, et
s = (21 -~ 2} sh
i 2

The error in sound power level due to sompling (ALv(uD i3 glven by

vwheret

tr

AL, (8) = 20 Logy ) B o (3.7

The results of this ealculation, using eq, 3.3 for pz(r.zl congldering ten different source
hoighte for the far field srray with the sources radiating either a pure tons of ona=third octavs
vands of noiss, are shown in Tables &.) and 4.2,

3.1,2. Far Field Sound Power Calculations

In performing the sound power calculations, the significance of the amblent corraction wan
retained in terms of a signal quality code, As noted In Section 2.3.5, the average scund pressure
laval valus at & measurement ponition in each Craguency bend wae coded to indieates one of the
following typea of data quality:

s) normal data {greater thap 3 dB abave azbient};

b) upper bound data {(date within O to 3 dB abovs amblent, and corrected
for ambient);

¢} no useful data {dnta at or below ambient, or at or below instrument

base line}. Data value replaced by higher of apbient level minus 3 dB
or baseline lavel.

In using these data in o sound power level calculaticn, the first stop is the computaticn of an
avarage souwnd prassurs, The dats were summad in three comporents of the average with w breakdown
sinilar to the above, 1.s.

a) sum of normal deta, and number of points

b) sum of upper bound date, and number of points

t) sum of no-yseful-data values, and number of polnta of no usafyl data,

The average sound pressure was determined by adding these sums togethor and dividing by the total
nuther of points, The power leval computed using thin everngs sound pressure was assigned o quality

code according to the ralative magnitude of these sums and the number of pointas involvad as deseribed
balow: :
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povar level quality of dats
quality code

1 ull data type-a

2 seme type-~a, no type~c, aome type-b deta vhich contributes lens
thun one-twentieth (0.2 dB) to the totml power In the band,

3 nome iype-u, some type=b and -¢ data which cantributes less
thun one-twentieth to the totsl power.

4 some type-a, ho type-c, some type-b data which contributes
between one~twentieth and one~half of the computed pewver
{-0.2 dD %o -3 dB).

5 fome type-a, sore type-b and -¢ data which contribute
between one-twentieth and ohe~half of the compuied power.

& some type-a, no typs-c, type-b data vhich contribute more
than half of the computed power,

T some type-a, type-h and -c dota which contribute mere
than hulf of the computed power.

Investigation of the data indicated that in the frequency range 25 Hz to 10 kilz, there was alWwayn
some type-s dats 8o the above classification is complete, The data of code L through T are upper
bound sound power levels, ainee the estimate of true power level will be less than ealeulsted,

Data of code 1, 2, end 3 was further claspified according to the magnitude of the pooled value of
temporal variance according to the follewing scheme: .

a. 1f the variance of the signal is less than thut of electrical ncise at the 99% level of
confidence, then the signal is called tone—like.

b, If the variance of the mignal is within the 9%% confidence interval of alectrical pink noise,
the signal {s called noige=like.

¢, If the variance of the signal ip nignificantly greater than that of electrieal pink nolse ut
the 99% level of confidence, the signal ias called fluetuating,

The data in each band whers the quality code is less than or equal to 3 io glven a letter code T,
N or F correspotiding to the above clpssification -- tone-like, noise-like and fluctuating,
reapectively,

3.2, Hear Field Sound Power Calculation Procedures
The sane general and specific forms of the far-field sound power calculastions (eg. 3,1 and 3,2)
alpo Apply to the near-field caleulationa. The same order of magnitude sound pover value will result
since the value Ior mean aguere sound pressure will incresse nominally inversely in proportion to the
change in 8 (as a consequance of the Lnverse square law of sound fleld spreading).

The calculations reported here were parformed for two different measuremsnt aurfaces and thyee
different subsets of the mensured data ng follows:

Near-Field Caleulations

Caleulgtion Proeedure

NF 1 Conformal surrncey (@afined by Fig. 8) -~ all appropriate peasurement positions {see below).
NF 2 Conforpal surface — engineering rethod, 8 measurement positions.

NF 3 Conforpal surface ~ survey methed, 5 measurement positions

HF 6 Rectangular surface = all meagurement positions,

-h-/The eonforpal surface of radius r s that ourface which is defined by being everywhers a diotance
r from E:)m hearept point on the envelope of the principal radiating surfaces of the source. (See
Figure 8).

151

per : .
. el d T
RE TRt S LR



A ) A
A W =1}
L
r
i [}
SECTION BD
PLAN

SECTION AA

Figure 8 Conformal surface at & distance r from a rectangular box

KPR 7 Rectangular surface - engineering method, § measursment pesitiona.
NF 8 Rectangular surface - purvey method, 5 measurement positicns.

The label above refers to the lsbel of the caleulation procedure as it appears in Tables 5.1-5.17
and Table 6. The raferences to angineering and survey methods refer to IS0 Draft Internstional
Standsrds[2} For Sound Powes Leval Determinatien {DIS 37LL and DIS 3746, respectively). The data
were taken on a rectangular messursment surface (e.g., with square cornera} rather than a conformal
supface, therefore some modification of ths/dnca pet was prequired for the conformal surface calculm=-
tions, The modifications were as follows:

NF=1 =~ Data points near edges and corners wers included if the data points were with tha surface’s
corresponding distance from the source surface Ty auch that:

8,(1) 28,{r ) £1.125 8,(1)
(8o(r) = 2h{s + w + wr} + v + nr (L 4 w) + 2ne®)

This results in retaining some measurement positions (near edges and cornera) which would be

ﬂslncu all of the compreasors in this study were contained within rectangular shaped enclosures, the
snvelopa taken for the source was also rectengular in shape, and of dimensions £, w, h where L and
w are tha length and width of the enclosure respectively, and.h is the height of the top of the
enclosura above the reflecting plane.

- .



as much a5 0.5 dB below the the expected value If inverse pguare spreading applies on the
meusurement surface. The actusl number of mensurement positions used in each NF-1 caleular
tion are identified !n the dets tnbles. It should be noted thot moat of the measurement
positiona de lie on the measurement surface. An eatimate of the maximum downward bias
(4L{P)) introduced by including thooe points not on the measurement surface is -0,2 df <Al
{P)<0, with the maxinum error decreasing as source slze increases.

; llF-2 =  The I80 draft etandard engineering method prescribes an eight point measurement array for
use with a conformal murface. Theae elght points have positlon corrdinates as follows {for

8 pource of dimensien £, ¥, h):

T Poa, No.| X ¥ )

“ b o 4] hl
Lo 2 9 b hy
3 - 0 hy
I 0 -b By

5 a/2 by ) h,
‘ & -a/2 by ny
; T -a/2 b By

§ aja b, kg

Where: a=1/21 + r

L bRlfay ey :
e=h+r I
; ny= k(b ¥ - r)

77,‘ hy=3/k(b+e-r)se

; blllla(h+c-r)1b

g ® The origin of the toordinate pystem ia on the reflecting plane under the

center of tha compressor.
The approximation of these positions used in the calculation in thia study ere; )

positions 1=k (x, y dipenajens as indicated, hl nearest half integral value
in metres to caleulsted valus)

poaitic)ms 5-6 (x, y dimenasiona, nearest integral values to calculated value.
hy, = ¢},
2

NF-3 & =8 The five positions used for both ealculations are the pasitlons 1.5 m high, at the genter
of each side, end the poaition on the center of the top array. The only difference in the
ealeulation ia the difference in the arsa 5 used for the measurement surface.

RF=6 All pointa and rectangular surface used.
NF=T The nine pointe required for this calculation include the five positiono used in NF-3 and
- =8 plus four additional points at the carners of the measurement surfaces, These four

pointa were approximated by the nearest measurement points,

The affect of these approximaticns may be treated as equivalent to e positioning error. The actual
error introduced is a functicn of the directivity of the sound apurce -- mest of the positioning error
in a lateral displacement on the measurement surface, as opposed to a "radial" displacement off the
mandurenent surface. Therefore, the approximations, in general, represent non-~biasing errors which
moy or may not contribute to the imprecision of the mensurement, but will not tend to produce
systematic bias,

b3

- e P2 ek e . e e R R b £ e it e oty b s e 1 g evnd o e b s g 5 e ey e T .
ki gtatre e SR 4 - N A e e g et




3.3. Sound Power Level Data

The results of the sound power level calcultaticns for the 17 compresaora are pretented in Tobles
3.1 to 5,17, [Pach table conaists of five parts including: & plot of far-field power level, a toble
of nignel quality for far-field end near-field dota, & table of fapr- and pear-field power levels and
diflerences betwean near~ shd far-field power levels, and a table of far-field methodology power
levela and the differspce from far-fiald power level,

The top of the table is a plot of the 1/3 octave band, far=fleld sound power level vs freguency,
Underneath the frequency scule in the signal quality code for both far-field snd near~rield (HF type
6} gound powsr level dats uping the same frequency Scale as the plot. The next entry in the teble is
the sound power level data for far-field and aix different near=- field caleulations as described in
Sections 4.1 and 4.2, The data ara presented in & two line format with the firat line containing
A-welghted and linear valued plus the one-third cctave band sound pawer lavel for band center
frequencies frem 25 Nz to 10D Hz. The second line of each entry is the one-third ectave band nound
power lavel for band center frequencios from 500 Hz to 10,000 Ha.

The neccnd group of entries in the data table give the deviations of the various near-field
calculation precedures from the far-fiald sound power level. The sign convention is such that
positive valuea imply that the near=field power leval is higher than the far=field power level. The
significance of large individual devistions at lov frequencien should be evalusted in the context of
the magnitude of the aignal quality foctor, mnd the fact that large values of this factor (greater
than 3} indicates a serious ambient noise problem (which typically caused an over estimate of the far
rield pover level).

The far-fieid methodology datn iz presentad in octave bunds, and A= and C= weighted levels since .

the data were recorded in this format. For comparlson purpodes, the octave bapd apd C-weighted
far-field pover level ware cotputed from the one-third octave band data.
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L, DISCUBSION OF EXPERIMENTAL RESULTS
4,1. Bound Presoure Level Data

There &re two Ropects of the ssund prefsure level data which are worthy of note with respset to
compreasor noloe memaurement -- &) directivity of compressor noine, and b} syutematic variasion of

noise with elevation above the reflecting plans,

4,1,1. Dpiresctivity of compressor noise
A directivity index for s sowrce may be defined aa[8)

pIfe) = Lnfel - L
where DI{e) 1 the directivity index at the angle &
Lp(e) is the sound preasure level at the angle @

'fp 15 the average scund preasure level over the hemiaphere

['fp = L, -2k.9 4B for the data in Tuble 3)

The range of maximur values cf directivity index for A-welghted sound level for all tests was 1.8
dB to 7.6 AR,  Ae might be axpected, the larger values of dirsctivity index ware those associated with
the larger machines. For comparison, the maximum directivity index of A-weighted lavel for the
reference source was 1,5 dB while that for the tone source ranged from 6.9 to 1.1 dB. The average
value for the maximum directivity index of A~ veightad level was 3.4 dB, indicating that cosmpresscra
as & group are not subatantially directive sources. Furthermore, hecause of the relatively small
directivity of compreasors in comparison with topel sources, we are lad to suspect that the A-walghted
lavel of comprensscr nelse is not atrongly dominated by tones. Ap & result, it is expected that the
average of A amall number of measurszents fa likely to give reasonnbly good satimates of the %rue
sverage lavel ovar the mansurement surface, For 12 of the 17T samples the aide exhihiting maxinum
noiss lavel in nesr-field data was in the sape direction as the dirsction of maximum level in the
far-field, For two compressors, the directicn of tha far fisld maximum was within #L5° of the
direction of the alde with maxinmum lavel. For three of the compresnora == those with low directivity
indax =~ the naxima of aound pressurs level in the near and far field data cecourred on differant
aicdes, Thia pmay hbe reascnably attributed to seccnd order effects dus to the aize of the di1fferant
sides as well am the typical interfersnce patterna in the near-fiald for theas sourcassa. In all thras

-cages, the maximum directivity index occours close to the ground in the region of the firat

interference maximun, ao that amall elevation positioning errors may contribute to a false
ddentification of the side with the maximum noise. Furthermore, for compressors, the near<field
waxipum typieally occura on & short elde and the increased aree asacciated with a long side may in
fact lead to larger intensities In the far=field for the side with the higheat value of average sound
level timea area., It ig for these reasons that directivity patterns are only defined in the far field
of the source where the directivity pattern ip independent of meastrement radius [8).

4,1.,2 Bystematic veriaticn of noiss with position

It should be noted that both the far-field and near~rield scund prasaure lsvel datae axhibit
stronger variation with height sbove the reflecting plane than with change of lateral position on the
meaawr'enent surface., The effect is larger in the far-riesld data then in the near-rield data. This ia
a direct econsequenge of two facts: a) interfersnce patterns are o result of the radiation from two or
more coherent scurces spaced some distance aport and b) the principal cohersnt sourcea are any
position on the coppressor and its mirror image on the other slde of the reflecting plane. This may
Yo predicted if cne asaumes that 81l the principal radiators of sound are amall and not strongly
correlated to all other radiators.

This factor 1s important for a msasurement methodology since it implies that averaging in the
vertical direction in the far-rield will be much more important than averaging in the horizontal
direstion, and alas more important in the far field than in the nesr-risld.

k2. Bound Power Level Data

Beveral noteworthy conclusions can be drawn from the sound pover lsvel data [Tables 5,1-5.17],
The first is that for each Individusl test, for the frequency range above which the aignal quality
indicates no background nolse problems, to an upper frequency limit of sbout 2.0 kHz, the deviations
of' the near field ealculations are predominantly positive and small, One means for summarizing thiam
result is shewn in Table 6 whers the averages of theme deviations for 17 compressora are shown. (Notet
points corresponding to signal quality greater than 3 are sxcluded from the average), Also shown are
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the computed stundard deviations of thepe deviations. The average devistion tay he interpreted no an
eptimate of the avernge bimg of the mengursment methodology, while the standard deviation can be
interpreted as & meagure of the pracision of the methodology. These results will be more fully

discusaed in the next section.

Second, the signal quality code, which classifies the variance of the aignel as tone-like,
noige-1ike or fluctunting, generally agrees with an estimate of the presence of a tone from
qualitative examinaticn of the spectrunm {1,e., peaks in the apectrum correspond to T's in the pignal
quality) exeept at requencies above about 500 Hz. Also the elassification of varisnce in the
near-field data typlcally indicotes the same or lover varlance than in the fay-field dnta. These
okservations are interpreted as indicating thot the prapagation medium is not uniform during the
pericd of obeervaticn at o aingle poaition (30 gecends) causing the interference pattern and thus the
variance of the signal to change significantly during the observation period, The cause of uniformly
high variances at high froquencies la probably due to the fact that tones, when they are present, ure
not asteady, but rather, shift due to changes in acurce rotating speed, This change in frequency leads
to significant changas in the interference pattern &t h{gh frequencies, which can produce lerge
fluctuations in mean squars pressure at the cbaervation point. Alternetely, unsteady propagatien
conditions over & reglon of s few wavelengths in dimenaton, cavsed by changing thermal and temperature
conditions or changes in their gradients, can lead to the same effect,
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5. ANALYNIA OF MEABUREMENT ERRGR
5.1, Introduction

The arrora aspociated vith a messurament procedure may be Lroken into three major components an
Tallgqua!

1, Error assoociated with the teat methodology)
2, Error assoviated with the mesaursment instrumentation;

3. Instrument operator error.

In this seotion we will discuss eptimates of errcr for vearious sourd pover test methodologies on
the basle of this expariment and attempt to put some bounds on the first two components of error,
within the field test enviromnment. We anticipate that the fleld teat envirenment will include s vest
oite and inatrumentation Meeting minimum requirements of the propofed IBC Draft enginesring
stondard(2),  This implies a flat, hard-surfaced test cite, and a commercislly aveilable, portable,
precinsfon sound level nmater, opsrated undar the supesrvision of a trained test engineer,

5.2, Erroy in Bound Power Measurement Methodologlen

The deviation of sound power level eatimates using near-field pressurs levels from satimatas
using for-rield pressure levels aa prasented in Table 6 and plotted in Figure 5 are suwrpriaingly
amall, Further, they ara consistent in suggesting that the estimate of aound pawer Irom near-rieald
prespure measurements is higher than that of eatimatss from far figld measurements, within the limits
of gamling errcr. This consimtent behavior of the data leacds us to question whethar or not an
upderlying phyeical principle in fast forces this behavior. A cursory reviev of the Miterature
[3,9,10] {ndicates that the topic of abalyticelly relating near-field preasure to sound pover has

——  Uncommeetod + =—— - With Micraphona Oireetionsl Response Corrmction,

6.0 55
-

I

DEVIATION FROM FAR FIELD SOUND POWER LEVEL, dE

PR O T T N T O T Y O R YO A N OO0 N0 Y BT IS ST WS B R
b 83 125 250 500 1000 000 Ll 8000 AWT LIN

DNE-THIRD OCTAVE CENTER FREQUENCY, He.

Figure 3 Plot of average deviatlon of near field from far field

sound power leval
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reooived little or no attention, While a detailed unalytic desaripticn ie beyond the acope of this
work, wa are compellad, based on the atrangth of the datu, to ndvance nome hypotheaes in this arco
both to aid in the interpretation of these data, and to suggeat directiops for further resecarch,

Wo begin by introducing the true sound pover, defined as [b]

w-fyz).ﬁ(;: a8 (5.2)
s
where W im the acoustic power radiated by all sourcea within 80.
I{r} 4a the time aversge intansity vector at a position r.

fi(r} is the unit veator normal to the surface §, &t the point r.

An ideslization of our measuremant is given by

W o EJ_la r)ds {5.2)
[21+4

3
where pe im the time-average nqun?ed pressure at the positien r.

Gince tho squered presswe ia a scalay fleld, we introduce a third estimats of power for comparison,
i

W= f |L(x)| a8 ' (5.3)
So '
where |Z} is the scalar magnitude of intensity.
Binem  |L{r}} 2 Z(ednln),
It ia clear thot
oo w (5.1)

How, by analogy with the esse of geometrical optics, wa havejn the geometric ncoustic limit
(i.0., vanishingly short wavelengths foy 1n:o§urent. noine sources? ) we have that [11}

(r}
[2e)] —E (5.5)
kres pe :

whera ka2t is the apoustic vave punber {» in the wavelength of soupd)
A
r is the distance to the Rearecst acurce

Thus wo oy write
W e s W (5.6)

Where » indicatam asymtotically tqual to. Thus at least in the geometric acoustic {high frequancy)
limit, the near~field ard far-fisld sstimates of power for incoherant noise sourcee are asymtotic to
an upper bound sstitate of the true power. The degres of oversestimation is determined by the degree
to which the shape of the meagurement surface So sonforms to the surfaoce of wave fronton from the
nource.

Qur concarn of course is hLow thia description halds am wavelength increases. A cursory review of
the date suggests the hypothesis for fras field over veflecting plane determipations that

AR (5.7}

-/By inconerent we mean (in analogy with an inceherent or white light source) that the radiatiecn
from any point on the source has vanishingly mmall temporal correlation with that frem any other
source point, and its temporal auto correlation approachea a delta function in time, sueh limiting
pracosses being taken in a mapnur which yilelds a finite power output.
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throughout the frequancy range of mekourement, but we must emphasize that thing hypothenis 1a without
an nnalytic besin, for measurementn in the acountic near-field. It 18 tempting to neek on analytie
Juntification ter this hypothenis bamad on n comparison of mean squarsdt pressure with the aeslar
ragnitude of intepalty, but we must add that auch attempta are met with considerable anslytie
diffloulty fap all but the simplest sources. For axample, conaideration of the simple monopole and
dipeln asurces in frae space yleld

]
Pl 1) (5.8)

pec

for all frequencies, but a mimilar relatlonship for more complex sources has not heen ideptified.
Thus, though gur data are very enccuraging, we must smphasize at this point that there is no firm
analytic baals for near-fisld sound powar determinaticns,

With this preamhle, let us naw turn to the question of differences hetwean an astimete of powar
and true power, Equations 5.4 through 5.6 suggest the following partitioning of the error (as
diatinet from that proposed by Hubner [3])

wll
" d.ﬁn(kr) (5.9}
- W
vhere 6a £
N"
b ler) 3 gr

The term Ga is pasociated principally with the shape of the reasuremsnt surface relative to the
time-avorage vavefront shape, Pasged on Huygens principle, we expect this term to be nominally
independent of the "radfus" of A mempurement surface, &t least for nearly confoymal measurement
aurfaces, The term 6_{kr) ia a frequency dependent term which fs a measure of how the change in mean
BQuAare preasture due to apreading differs from Inverae square lav, Thua, 1f the source Jdoes produce en
acoustic near field, ite contributions will coewr principally in thia term.

From equation 5.4, the term §_ is seen to be alwaya greater than or equal to unity. An sstlmate
of the magnituds of the tarm J_(kr] L& unavailable ot this time except at high frequencies whera eg,
5.5 indicates that it usnymtot?cally approaches unity.

Until this point. this discusaion haa ignored the effect of spatial sampling on the meagurement
result. To coppider its effect we 1ntrﬂduce a third estimete of scund power defined aa

2
grr -Zsil?—%}- {5.10)
=1

where 8, i the element of measuremant surface arsa associated with the ith measurament of mean square
preum‘i. If the meuasurement 1a designed so that tha areaa B:I. ara aqusal, then

E, =k 5

g N
o IS )

In this form it im clear that the intaﬁilor the spatial nempling should be to produce an unpbimsed

and

"antizate of the averaga moan squared pressure over the Deasurcmant surface, Thus the axpectsd valua

of W' which results from sn unbiased sampling plan will equal W". Thus we are led to sxpset that
the offeot of point aampling will be to introduse an imprecision in the meassurement rather than & true
bias, Further, the magnituds of this imprecision should be diractly proporticnal to a function of the
varianco over the messurement swrface and inveraly proportional to & function of the number of
wcorrslated msagursment points used,

Returning to the data in Table 6, we note that all of the above comments are supportad in detail,
First consider the comparisen between NF 1 compared with NF 6 which represents the most sensitive test
of the 2ifference between a conformal versus a rectangular awrface, Above 250 Hz, NF6 16 a very
consistent 0.9 dB high with a standard deviation of ©,B &B or less through most of thia range, A
t-tent indicates that thism differance is aignificsnt at or above the 99% lavel., Thus we conclude that
the diffsrencs between the procedures io statisticelly aignificant with the nonmconformal surface
producing the higher estimste, and thus that the term §_ is greatsr than unity as expected. In Figure
10, the data for NF1l is plotted versus froquancy includ!ns the micropheone directicnal response
eorrection suggested in Section 2,3. Hare we sao a trend foy the near fisld sound power estimate on
the conformal surface to asymtotieally approach the far fiesld power with increaning frequency aa
suggented by eq. 5.8, but further, moving toverd lover fraquencies, the upward bims bacomes
atatintically significant.
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Thus we are led to a corollary of the hypothesin of #q. 5.7, that
(W) W {5.11)

{,9., the axpected value of o ncund power estimate based on sound prescure measuremants is greater
than or squal to the true sound power within the limita of sampling error for free field over

reflecting plane measurements,

We also note fyom the data in Table 6, that decreasing the pumber of measurement positlons
generally does not alter the mean upward bias, but does significantly {ncreass the meapurement
impraciaien se suggested by the error model. This effect is emphasized in Figure 10, vhere the
average deviation and stendard deviation datas of Table 6 are plotted vs number of measurement
pooitions for the A-weighted data, One notmble exception to these trands ia the result for NF-T
caleulation procedurs (nine measuremant peints, one op esch of five pidee, cone at each of four
corners, rectangular meesurement aurface). Here, the aelection of measursment positicns has been
eptimized to minimize bies on the average for the rectangular surface, but with the result thet the
increcred numher of measursment points doea not significantly improve the precision of the measurement
aver that for five measwrement positions {for this sample of data}, From this we must conclude that
the acund pressure level at the corpar positions ia correlated with the center polnts in an average

pansa.
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Figure 10 "Bins" and "pracisicn of A-weighted sound pover level vs
nunber of mensurswent positicns (17 compressors)
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O HUYGENS SURFACE (NF 1)
[ RECTANGULAR SURFACE {NF 8)

FROM FAR-F!ELD POWER LEVEL {d8}

DEVIATION OF NEAB-FIiELD POWER LEVEL

- [ 1 2 E] 4 [

10Logs =5 Log{S/2er)

& {inatres)
1 1.25 1.6 20 2.5 12

Figure 11 A—veish{:ad sound power laval deviation vs eource alze

Another possible type of blas in-the msasurement msthodology is systemstic variation as a
function of machine alze. Pigure 11 shows a plot of deviation as a function of machina siza for the
NF-1 and NF-6 A-weighted ssund pover data. This plot indicatas that both measurement mathodologles
hove 8 significant tendency to overastimate mound power for smuller machines, Thie is indicative of
the depundance of tha deviation from true sgund pover on meapurement radius. However, it is probable
that the microphone angular responsa Problem is a factoy in these data as well. Unfortunately, the
datu for larger machines 128 too sparse to provide scourats estimates of trenda of deviation for very
i1arges machinea, but eq. 5.6 auggesta that both curves will hava horizontal asymtotes at or above 0 4B
deviation, '

5.3, Innrument_u.tion Accuracy

The analysie of meesurement procedure error btosed on experimental data, discusssd above, in
effact eliminates instrumentation error wxcapt for microphone angular reaponse, aince we deal only
with diffsrences in levels heagured with the sams cquipmant, Errors dus to blaa from meamurement
asyotem drift are minimized with frequent calibraticn, while bins from detection of slgnala in
eliminated by using the apme system in both mensurements, etc, For mensurement in tha field
environment howaver, thess cancelaticns of error do not occur and must he considersd in the estimate
of total measursmant arror.

Table 7 provides.s listing of pertinant sources of instrumspt error, thelr apscified valuss for
preciajon sound level meter and the range of expectsd error for presently available equipment.

The largest single source of errcr is tolerances on the A-weighting response, when that is wied,
sinae with proper micrephone size, the error due to angular recponse can be minimired. Combining
these errors leads to a total instrument imprecislor (two standard deviations) on the order of 1,2 to
1.k 4B for tests made over a small terperaturs range from the temperaturs at calibration. (For
calouistions of total arror we will use e valua of 0.7 4B for one standard deviation (908 cenfidence)
for the inatrument error component),
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Table 7. Inatrument Imprecision (two Stondard Devinticna) Associated with
Cormercially Availeble Precision (Type I) Sound Level Moters

Property Standard" Liplts Typical Limlits
Level Calibration + 0,2 4dD pAmE

Fraquency Hesponae

(et each cne-third

octave center

frequency

A-welghted +1ldd 41 48+

Linear + 0,5 dB +0,5 4B
Attenuator Accuracy * 0.5 4B + 0,5 dB
Temperature Stebllity

10°%C to 60°C + 148 aane

=10°C to 60°C + 1 dB to -5 dB Bame

Detector Linearity

Crest Factor: 10 - +,5dB to + 1 dB
Crest Factor: ~ 1.7 + 5 .t Bt
Angular Rasponae®®

(+50°, 50 Kz - 10 kHz) _

One inch microphone +2,1 to-ian +'1to -9 dB
Cne~half inch microphone + 0,5 ta =h,5 &8

» IEC 179, ANSI 81.L - 1972 [12]
+ Assuming Spectra Similar to thobe meapured

##% For ppectra mimilar to those measured spd allowable standsrd tolerances va,
Frequency.

S.hk. Total Measurement Errcr

The total imprecision in the meanurement procedure 15 equel to the rug total of t.he error
components when they are uncerrelated, .

)1/2

2 2
%tatal © (e Meth te Instr te Operatar

The methodslogy imprecision muy be sstimated from the atandard devistion of the difference
between the two procedures. {Ignoring the contributicn of variance of the far fisld measurements, if
it is not in faot negligible, contributes to make the entimate more conservative.) The standard
deviation of tho daviation from the far field procedurs (Sigma Dev., Tebla 6) is a nearly unblaned
estimate of the standerd deviation {0} of the methodology, assuning that the errors are normally
diptributed, Examination of the cumulative distributions of the dote indicate that this norwalivy
apsumptlon 1a & reagonoble approximation. However, because of the amall number of testa invelved,
there im uncertalnty asmporinted with this estimate. To be conservative, we choose to eatimate the
methodology imprecision as the upper end of the 95% confidence Interval for o.

Neglecting cperator errar, and using a value of T 4B for one standard deviation of instrument
error, the runge in achisvable procedure error for the measurement of A-weighted gound pover level io
estimuted to be in the range 1.1 to 2.4 dB depending on the number of measurement positions used, as
snown in Table B,

The fact that the achieved precision of 1.5 dB for the NBS Far-field Methodology (see Toble &)

{using a hand held sound level meter, and six measurement points) sgrees reasonably well with the
cowputed totel precision of the swrvey methods, repressnts some confirmation of the preciaion

analysis .
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Table G, Estimntod schiovable measurement aprror (958 confidence) for meanuroment of
A=woighted nound power level of portabls air compremmern in a field tant
alivironment using & measurement npurface 1 mesre £rom the nource surface
oxeluding sperator errsr[l13].

Monaurenant Methodology Methodologyt Instrumant® Total Probable Inter»
Prectsion, dB| Precinion, dB | Preciaicn val of Biaa#¥
{1 standard {1 stendsrd {1 atandard (908 Confidenca)
deviation) deviation) daviation)
Conformal) Burface
Laboratory grade .B .7 1,1 -3 tol.l
(1 measurement per
sQuare tetre of
measurement surface)
Enginsering grade 1.5 T 1.7 =1.6 to 1.2
{eight positiona)
Burvey grade 2.3 T 2.k =1,5 to *2.5
(five ponitions)
Rectangulay Surface
Leboratory grade 8 7 11 +.6 w0 2,0
{1 meagurement per
asguars metre ol
maasuremont surface)
Enginmering grads 2,1 T 2.2 =2,0 to +2,0
{nine positions)
Survey grade 2.3 i 2.4 2,0 to +3,0
{2ive positions)

+ Istimated frem data of Table & using the expression (see taxt sacticn 5)

.t

g = 1,52 8{Tatle 6)

where 1,52 is the upper Mmit of the 95% confidence interval for o/8 tased on 5
vith 16 degrees of fresdom (1k).

*  jssumes Type 1 gound level meter (ses text, Section 6),

##% 3se reference 13, paragraph 3.
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6, CONCLUSIOHS
The saperimental deta snd snalyels provided In this report support the following conclusions:

(1) An estimate of the "far field" sound powsr level output of a machine of a typs similar to
the compreasors studied can be mccurately inferred from sound pressure level measurements taken

on 4 measurament surface close to the sourse 1f

(e) the memnurement surface conforms to the mource shape;

} .
H (b} o aufficient number of meapurement positions ere used consistent with the preciaien
d requirements of the mensurement;

{e) a microphone 48 utilized which has uniforn response to sound, incident over any
Adrestions in front of the nierophone over the fraquency range of interest.

(2) Generally, the more measurement points that are used in a sound power lavel measurement the
mere precise the value of eatimated sound power.

{3} Conaidering total invested memsurement cost, ipprecision of the results, and esae of
mierophone placement, the IS0 Draft Intarnational Btandard (DIS 3744} engineering mathod for
sourcas using & conformal surface repradents &4 most reasonable balance of these factore for
making nolise emioaicn measurements for regulateory purpases.

{4) For the semple of compresmsors tested, the overall meapuremant precision (ons standard
deviation}, in the field onvircnment uaing the methodology of conclusion (3}, 18 astinmated to be
+1.7 48 (95% confidencs limita 3,4 dB) ignoring instrument operator arror,
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This report deccribes investigations of the accuracy and precision of various
measurement methodologles for deternining the estimated sound power output of “large"
machines in the free field over s reflecting plane. One purpose of this investigation
is to place empirical error bounds on many of the free field measursment procedures
currently proposed or in use; and in particular, compare the reasults of "near-field" and
"far-field' measurementa, The sources used for the investigation included 17 portable
air compressors of various types (powered by internel combustion engines), a "reference"
sound source, and a loudspeaker driven by a pure tone source, The data recorded include
sound pressure level (A-weighted, linear, and 1/3-octave band) on an 84 point hemispherit
cal array of seven metre radius, and "nesr-field" peasurements, sampled every square
metre, on a rectangular surface one metre from the machine surface. These data were
reduced to provide information on the deviation of 'near field" sound power determina-
tions from "far~field" power level (vaing subsats of the data as appropriate to various
methodologies), The measured dots for seventeen sources suggests that the value of a
sound power estimate based on “near-field" sound pressure level measurements may be an
upper bound to the sound power level eatimated from far field measurements, subject to
the limitations of sampling error. BPstimates of total achievable measurement errcr of
A~welghted sound power level of near fleld determinations relative to far fleld de:erminJ
tions are made for several measurement methodologies, based on the experimental data.
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