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PROCEDURES FOR ESTIMATING SO,lIDPO%_ FROM
MKASU_KNE_ITSOF SOUI_DFRESSUHE

An Experlment_l Inves_igstlon w_h Appl_cat_on
_o No,Be F_om Portablo Air Comproasors

Curti_ I. Holm_r

A_pl_ed Acoustics Se_tlon
Mechanlcs Divi6io_

_- National BUreau of S_n_r_

Washington. D. C. 2023_

-_ _88THACT

This repor_ describes inves_ion_ o_ the a_ura_ _n_ preclslan of V_o_ ma_sur_m._
m_h_dol_Eies for d_rmin_n_ the e_ima_e_ so_n_ power outpu_ of "lJr_e" m_ch_ne_ in _h_ fr_ flel_
_ver a refle_in_ plane. One purpose of _his _nve_i_a_on _ to place empirical e_r _ound_ on many
cF _h_ free fi_l_ _e_suremen_ _roce_ures c_ren_y propose_ or _n uae_ _nd in p_t_oul_. ¢¢_p_e _he
results cf "near-fi_l_"_nd "_a_-f_eld" m_surem_ts. Th_ _o_Y_s _e_ for _h_ _ves_a_o_ _c_d_d
17 p_rtable a_r _cmpres_ors of various _ (powere_ bY _ern_ _omb_t_on en_i,ea). _ "_eferen_"

_o_nd sollr¢_._n_ a _oudspeak_ d_iv_n by a p_e %on_ sotlrc_. Th_ _ p_¢opdm_ in_lu_ Bo_
pr_s_uxe l_wl (A-wei_e_. 1_ear. and i/3-o_ave _an_) on an 8_ po_n_ hemlup_ler_cal_r_Y of _even
metr_ radius, and "ne_-flol_" meaD_em_%s, sampled evez_ _q_ _i On • _t_n_u_ _llTfa_ o_e
me_re from _he machl,esurface. These dat_ were re_u_ed to provide informatlon on _h_ d_vlatlon o[
"n_ar flel_" _oun_ power determinations from "far-flel_" powar l_vel (u_n_ SUbsets Qf the d_%_ u
_pproprla_e _o v_iou_ m_hodOlo81es). The m_ed d_ta for saven_ee_ _ources m_Sest_ th_ _he
v_l_e of _ Bo_n_ paw_re_Im_to based on l'_ear-f_eld"_a_ pr_om_r_ l_v_l meu_re_n%_ may b_ _n
upper bound to _h_ Moun_power level estimated from far f_el_ m_a_u_ement_, subJe_ _o _he l_mi%a_ions
of s_plln_ err_ E_ma_es of total a_hlevable _e_suremen_ e_r of A-woi_h%e_ sound _wer lev_l of
n_s_ flel_ d_rmln_t_ons relative _ f_ f_eld determln_iohs _xe ma_ f_r _ver_l m_em_n_

methodologies, basedon _h_ e_r_mental da_.

I

_ i. INTRODUCTION

Th1_ _por_ presents _he re_Its Of an experimental Inve_tlon _n_F_ken b_ _he _a_a_al

_i The_e reou_, are pr_l_mi_ in _h. B_ns_ _h_z _he pot_nti_ Informa_o_ _va_l_ble _rom the d_ta
_ank _bl_he_ _, t_ measurement program ha_ only b_en par_v av_lua_ed. Much add_t_on_

!" infor=a_on re_a_n_ _ b_ r_ri_v_ f_o_ _h_ da_a. The co_¢l_on_ reache_ _o_e_n_ th_ _ccur_

•n_ precision of "_a_f_id" so_ power _a_ur_ant_ ar_ _la_ a_ f_T M _h_ go. _owev_r.
i additional _nalys_m of _he dat_ may l_d tn r_,_e_re_a_ion of _h_e flndln_.

Th_s s_u_y v_ _o_n_].Yf_e_ by _he U. S. Envlronm_n_al P_o_ec_ion Ase_ Oftlce of _Io_se

Ab_em_n_ _n_ Con_1 [EPA/OIIAC)_a_ Zhe _ioaal 2_e_u of _n_ar_ (N_) to provld_ background
_nfo_aa_on for a _a_emen_ m_h_lo_ approp_lato for _he re_ul_Ion of _oi_e emlaJi_n from ne_ly
m_nufac_u_d portable _r compressors. EPA supporz_ th_ ¢o_ of d_t_ _ollec_on an_ NBH _he cos_ of

Tr_ _o_n_ powe_ou_pu_ _m _onven_nally define_ _s _h_ _ntesral Of th_ normal ¢o_onen_ of _Ime
aver_g_ a_ou_ti_ in_e_s_y over a surface _o_le_ely en_loslnE the so_. {See dlsc_n _n S_c_on
_.2. ) Since _he a_u_l _ea_ure_en_ proceBa _uB_ _nwlw poi_ m_l_n8 o_ _he soun_ fi_Id du_ _o _h8
_ou2ce. and _o bo widely useful m%m_ employ ¢o_r_i_ll_ available in_;_m©n_on. _uch meu_zeman_s
_an only y_id an e_m_e Of _rue saund p_wer. Presen_ co_mer¢1_ll_ av_llabl_ _nstr_n_a_on

the _on Of _o_d powe_ e_gloy _asu_e_ts of soun_ p_a_e _er p_4_i_l_ ¢ontrolle_

s_ua_ions wh_re th_ _e_r_mentB provide da_a which _s know_ to _ l_u_ a_ym_o_i_al/_ approach (in
_he l_rg_ radl_ li_) _he sQ_l_x ma_nlzu_e of _rue intensi_.

P_e_e_ ISO and ANSI s_nd_rd me_hoda[l]I-/ of _e_ermln_ion of so_m_ powar in the free f_el_ _ver
refl_¢_i_ pl_na _nvolve me_s_e_en_s of sound pressure level _ po_n_s on • heml_ph_re whoDe r_ua

_s large _u_are_ with the l_esz _our_e _ens_on ("f_ fi_1_"). Re_en_ _f_ _t_ndard_[_] an_ _ome

l-/_b_r_ in brackets _efer _o _eference, a_ _he en_ of _h$_ re;ort.

l



eu_'r_nt res_arah[3] suggest %hat measurem_nt_ _d_ near the surface of a larEe ma=hlne ("near-field")

_iLn _iso be _ti_zed BB the _als for eo_$m_t_s O_ radiated s0_d _ower. This _tu_y wad i_t_n_d to_

(i) _rov_de emplrlc_l ev_luLtlcn of the aui_abillty _f close-ln mo_aUrcm_nt_ of _ouJld pr_ur_ level

to infe_ the "f_r_le_d" _tlm_e of moun_ _ower c_tpu_ of _ p_rt_hle _ir _omp_e_er_ (21 provid_

_m_ir_l em_Im_t_ _f T_a_%we_nt pr_c_ion _n_ _cou_ a_ _ fu_tiQn of _he meth_do_o_ u0ed_ _d

(3) contrlb_te _di%ion_ d_t_ on noi_e em_s_ion _rc_ po_%_e _i_ camp_e_sor_,

The _e_t_r_r_nt _ro_r_ _on_s_e_ of _t_rr_i_tiD_5 _f tlme _r_ed so_ p_e_u_c _ewl _t

l_r_ number of pos_%Ion_ o_ tw_ (_f_r_ _aiLtremcnt sRrf_c_s (_ _ th_ "f_ field" _ on_ in _h_

_oun_ pow_ _&_l_t_d _ %h_ |_ v_ _e _o_ _ach _uz_ce, sn_ th_ difference _twe_n th_ two

re1_iva _o the _r _i_l_ _ra_e_urc_, _he _rer.ls_cn _f _he me_ure=e_t _ro_e_ure _a8 in_err_d from

the _t_t1_t_cs of _heae dlff_rence_ f_r _hc a_t of B_urces £nveBt$_. S$_ several propos_ •

• etho_{)iD_ in_u_e _%w_me_t po_i%ions whlch &to _u_ts of _he _om_l_te _at of measurement

_oB_ion_, the _ccur_ _._ _recla_n of theBa me_ho_iQ_le_ ccul_ b_ Inferre_ in • _m_ler _anner.

We _eco_n_ that n_i_h_ Qf the _vm m_murem_nt _r_ce_ure8 provi_ th_ _ol_e _oun_ po_er
leve_ _cr the re_on_ Ll_ea_ me_%$on¢_ A_ _uch we rec_gnlzc _ha_ w_ caanot state wlt_ _ny

_ert_nt_y, the _e_e_ to w_ich e_%h_ s_n_ _owe_ _e_r_n_t_n _roxlm_te_ %he _0_lute _ound power

output. In the _o_ow_n_ De_1on_ _ i_ _m_aslze_ _t th_ _hr_e "_un_ power" _hotO.d _e

_ntcrp_©%ed _ _ferln_ _o _he e_=ate of i_un_ _¢w_ obtai_e_ from measurement of _o_m_ pr©_ure

leveiB &_ _4_ge _B_cq_ _rQm • Io_e, F%_th_I th_ u_e _ the %_rm "_e_u_" i_ %_e_ _Q describe

the r_ive _a_ _f _ _tar_in_tlon fro_ _ht ea_m_te of ooun_ power _escri_ _vc,

The _o_ow_n_ nc_t$onl _f _hls _epo_% _aent de_l_ d_acus_onB o_: _h_ e_pe_im_l _ro_,

_nclu_.in_ rceul_s of th_ Boua_ p_ea_rc _evol me_ur_Mn_ _he co_ut_ion o_ _ound _ower level f_r a

llmi_ed nu_e_ Qf mo_urcmen% me_adglc_es I _n_ %he _elul_ o_ these com_u_sti_n_ e_t_tes o_

m_uremen_ _ccur_ _n_ precl_ion _Qr th_ m_tho_o_o_le_ ev_u_te_ _n_ con_1%mlc_B _egsr_i_ the



2. EXPE_IHEI(TAL PROG_W_

2.1. Program Objectives and Zmplementatlon

The prlnclp_l objectives of the progr_ were:

i. Test e_erimentally, the v_lldlty Of u_ing "near-fleld" measure_t_ of so_d pressure level
to predict the "far-fleld" sound pre_ye level f_r large machines. (_e coz_utatlon

procedure _ed involves the intermediate concept of sound power output a_ a ch_acterlzatlon

of the _ouree emlsslon.)

2. Provlde _ data ha0e from which the zLcc_acy _nd precl_lon of so_nd power determinatlon_ ma_

be estimated ba_ed on limited _pllng of the sound field.

." 3, Generate h_sellne data of noise e_slon from portable alr eo_res_ors.

The implementation of these obJective, is brlefly discussed below,

2,2. _erimental Piss

The e_erl_ent consisted Of the measurement of so_d press_e level on two s_fsce_ s_rro_qdi_g

the _o_d so_rce, The larger s_faee (ylelding the "far field" me_e_nt date) was a he_phere of

a fixed 7 metre radi_s. _e so_d _ressuye level wa_ _pled a_ _even loeatlo_s _tillzlng a

_z_clrc_aY mlcrephos_ array. The arrmy was rotated around a vertical _xis to tvelve dlf/ere_
po_Ition_ during the tests thus pzovidlng a total of 8_ management p_ition_, The smaller

mea_e_t _yfaee, which yielded the "ne_ field" data, con_i_ed of a rect_g_ar box s_ro_di_g
th_ _o_e at a dist_ce of one _tre from the _faee of the source, These _J_s_e_ents were

recorded _r _ 5erles Of _evsntee_ _i_ co_preg_ors, one bro_d-b_X_d reference so_d _o_ce _d one

e_alosed loUdspe_ker excited by three different pure tone _Ignals° The complete set of data _yom the

co_reBsor_ w_ _ed to coyote so_d po_er level for e_ch 9f the _o_ees to provide a teat Of _he

v_li_Lty of near field managements, The data were represented using s_bsets of the _ear field _ta

! i_ order to ev_te the effectl Of s_z_lln_ error, _l¢_e res_t_ _e used to provide a portion of

!! the satiate of _r_r Of _a_e_nt D _o_ varlous _eas_rement z_e_hod_logle_ °

i 2.3. Mea_urez_ent prOeedure¢

In this section _e discass the me&sure_en¢ site, the data scqt_sltisn and analysis

l_struD_ntettont the data reduction p_ocedures and the detailed test proc_d_re_ for tn_in_ "f_r field"
_ad "near field" so_d pres_tce level data. In the followtng, the tert_ "far field" will be tme_

without quotes to denote the 7 m radius test d_t_, while "near field" will b_ similarly used to de_ote

the mea_ta*eme_t at 1 m fro_ the so_rce 9ttrfaee, _n so doizl_, _o elat_ is _de or d_tended that th_ss
data are, in fact, _n the scot.tic far-field o_ near-field, respeetive_y,

2,3.1, MeaSurement Site A_ agreement was reached v_th _he U, g. Ar_ for uttliza_ion OP a hard

s_rface te_t pad at For_ _elvoip, Vlrgln£a t for the d_ta acqulsi_oa phase of this program, A plan

i view o_ the measurement site is 0h0wa in Figure l. The _e_t p_d consisted of a 27 m, dl_ster

soncrete sttrface, Of roughly conical _hape pitched to a drain (whdch was ¢svered with a 6 K_ thick
steel plate throughout ehe tests) In the center. An satiate of the half-_ngle of the cone is _9.2_+

An _mnttlar-shsped rolled clay area of about 60 m total di_ter_ surrounded %he te_t _ad t and provided

increased clear area. Thl_ slay surface v_ried in elevation from 0 to ,3 m belo_ the surface of the

• co,crete test pad. The _eareat _a_or yeflect_g stiffness were a one-story co,Treated steel building
abo_t _0 m _orhhea_t of the test _d, _nd the test eqtl_p_ent truck located _bout _0 m southeast of _he
test pad.

Other significant topographic details Within a 73 m radius of the center of the test pad included
creek bed approx/m_tely 30 m 8curb of the test site whose s_rface wu 3 to 3 metre_ below the

_urface of the test p_d t and _ tree covered hill to the nort_e_t of the tes_ site which had _ _lope

of 20-30 °. The photographs ia Figure 0 present v_ews of the site _om the south edge looking _ol_h
nn_ from the west edge looking east,

A pulse echo test, uoing the e_ulpment shown in Figure 3, w_ used to quantitatively evaluate the
effect of r_flecttons. The worst case re£1ection, in th_ sense of POorest direct-to-rsTlected _ignal

rat_o, d_ that which ret_rn_ to a point behind the _mJer lobe of a dlreetlve 8sttr_s* A I0 i_*

d_meter loudspeaker l_ an *llilfinite" baffle e_clo_ure ws_ _ed to _i_ltlat¢ _ directive _ource, Tone

burst8 at octav_ cen_er frequenode_ from 125 Sz to _ kHz were used to _nveetigate the _trength of
refleetiofls in twelve d_rectione st 30 ° ineret_enta dn e_gle a_ou_d the teat sdte, _Phe on@ story

b_/ldind was found to produce significant r_d and high frequency reflections, and was covered v_th a 3
in, glass fiber, building lnsulatisn_ absorber (shoWn in Figure 2), With this modification, the

strength of reflections wa_ more th_ l_d_ below the direct signal at 1_0 e behind the loudspe_er (see(
Table 3.19 for directiv_ty lnfoz=stion on the loud_peaker at 500 Hz, lO00 _z and 2000 I[_). Since the

k

i 3

_, ,,_, , . ,: . _t, ¸ ., . ,, ,._ ,_.,,,
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Figure 1 Field test site

dlrectivlty o$ the akber test sources was £ound to be lena tb_ or equal to that o[ the loudspeaker,
th$_ leeak us to stake vlth ¢onf_de,ce the& &he conhr_button of unrented reflected signaL, was
ne_lgible _t all he_ treque_cies at all microphone positions.

The acoustlo _blent o_ the test B_te was determined by three _or sources -_ steady tra_/lc
nolle fro_ _ tottr-l_e lnter_t_e highv_Y approxl_tel_ 1 km _outho_t of t_e e_te_ aircraft and
helicopter over_ll_h_s _ro_ _eart_ _ir_rte. and r_re_ tauna (principally b_rd_ end tnsecte).

2.3.2 Instru_ent_tion Ft/;ure _ shc_e a eche_ttc bloc_ diasr_ cC _he lnatru_entetton u_ed _or the

me_uremen_ reported _h_e. The e£ght _crophone chennels each dsoludsd _ 1-_neh diameter _uel
_jaer (8 & K) _po _131 _J condenser _crophone cartrldSe v_th st_dard pro&ect_on grid (_l_ted wlhh a

_--/Co_erciel _nBtrt_en_a _re Identified in this report in order ho _dequate_ spec_/ hhe experl_ent_
procedure. In n_ c_e dse_ such tden_cat_on ln_l.v reco_endat_cn or e_dor_eme_t t_ the _t_ne_
Bt_e_u of Ste_dsrdst nor dseB _¢ _p1¥ that hhe equi_ent identified to necessarily the best
_va_la_le _or the purpoee.



Figure 2 PNo_ographs of test _lte
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d_siccant dehumidifier to control hu_dity in the microphone cavity) and 10 cm dia_t_r polyureth_e
f_am win_creen, vith B & K TYpe 2619 F_ cathode-follower prea_lifior. Each pair o_ channeln v.s
driven by a battory-ope_ate_ power supplY* Th_ Bign_l from es_ channel was fed to a
co_u_er-_ontrollo_ multiplexer (_;_S _eeigned a_ f_br£_te_) which wa_ uaed _o ele_rical_v _wit_h
fro_ one channol to anotho_ (over the l_%uo_¢y _go 20 H_- 20 kHz. arol_talk b_wee_ any two
channels le grea_er than -65 dB, and _h_nel _ain i_ O d_ _ 0.2 dB). The s_nal from tho _ultiplexer
_a. tran_mitted via eoaZlal _ble to a B & K _ 33_7 real-ti_ ono-thir_o_tave b_n_ analyzer where
_h_ signal w_ _nalyze_ in A-weighted, l_near (2 Hz-20 k_t) and ono-thir_ octave t_nd_ from 12.5 II_ to
_n _qz. Output _rom th_ analyzer_ i_ tho form o_ digit_lly _ode_ sound pressure love_, va8 _ent on
de_n_ to a Raytheon typ_ _0_ minicor_puter for _lpulation and ntor_¢. Control o_ th_ _omputer was
a_oo_oll_he_ through an initial data acqul_ition an_ reduction program, with s_stem o_erator
interaction _hrou_h a C_T terminal.

The signal b©lng proeese._ w_e continuou_v monitored, both _udibly through a h_adso_, _n_
visually through the spe_t_am d_spl_vod on the analy_er* I_ (a) no_-_tationarity of _pec_ra on a
_iw_ channel, (b) significant lovel or spectrum chan_e _rom _ha_nel to chapel or, (_) non
chara_terl_tic _oun_ in the audible :_onito_ wae ob_erve_, _h_ data procesBin_ w_ interrupted _md the
cat_o investigated*

UsinE theB_ techniquoel aircraft over_li_ht, veto t_i_all.v senso_ prior to _ vi_iblo
identification, and Btability _nd _peed o_ _he co_ron_or in o_eratio_ were _onl_orod a_ well_ thus
per_ittin_ th_ operator to provent proceesing of unw_n_e_ _i_naln.

eighth mierophono wa_ pla_e_ at s _lxe_ height (_L_) _nd _istance (_m) _rom tho _ourc_ _cr
both the _ear and far _i_l_ measura_en_, Thi_ position tins u_o_ aa a r_rence to veri_ _onntant
sot_rce output _hrou_out both teeth*

A_ltional _cot_tic lnstru_ntatio;: inclu_ a _o_ lovol _ter and octave band _ilter se_ _or
rocor_ins _ditio_al hound level d_ta. 0thor l_tru_nt_ included a va_typ_ wind _pee_ ln_lcator_
an optical_v-eou_le_ tachomoter for cheekin_ operating speed o_ the engin_ _ fan. a_d a _r_ury
colt_m _her_o_ter for _onitorin_ to_t _lt_ _emp_ratu_.
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18& I( 4145 MICROPHONE

CARTRIDG E,UA 0310 NBS8 CHANNEL
DEHUMIDIFIER, 5 & K 2804 COMPUTERCONTROLLED
2019 FET PREAMPLIFIER POWERSUPPLY SWITCH(MULTIPLEXER)

8 CHAPELS I ! -I ['_ '

III ; _ I_I-_ _'_

[_ RAYTHEON f

]PROCESSING
O& K 3347 REAL i:> AND
TIME ONE-TRIRD -- ] VISUAL

OCTAVERAND | MONITOR

ANALYZER [ TEKTRONIX JCRTTERMINAL

AUDIOMONITOR

HEADSET

FigUre _ Schematic klock diagram of data acqulaltlon and
anal,vsis inBt r_ment a_iog

2.3,3 Test Pl_ The messtzrements on all sottrces were made aecordln E to the foli0wln E test plan.

Figure 5 shows the far fleld array, while Flgare 6 skow_ a .chem_Ic illustratlon of the near field

measurement po_itlons re_erred to in _he plan,

a) Assemble and check far field meaeuremant array.

b) Load computer pregra_ and check,

c) Record frequency response of all thermals for electrical pink noise input,

d) Record channel response to plstonphone calibration signal. If response between ehannelo

differs by more than 0.5 dB plus dlffere_ee between microphone senaltivi_iee, Invee_Ignte problem

_d complete repair.

i e) Erect far Pield arraY.

7
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I')Record first l'ar£1eld arnblen_noise fo_'first nrraY position (all channels).

_) Record far _leld data for _our_e (_" _rray ponltlon_), Durln_ the_e runo, wlnd _p_ed ws
monltor_d _nd _o dat_ recorded whon speed exceeded "_m/nec,(12 mph), _Jgn_ _o monitored _nd _o d_IL
re_ord_d whe_ acou_tlc eYe_B o_ed which Were _o_ r_Fre0ented _n the _mblent nolne
measurement (s_ch _B _ircrnft f/yove_1 etc,),

h) Recor_ _econd _nr £1eld _mblen_ lloi_e_for £1r_t _rray ponltlon,

i) T_k_ down the _rr_y,

_) Re_ord aecond pl_on_hone c_ibrntlon.

k) DIoa_nemble f_r fleld arr%y and a_ee=_le near rleld arraY,

l) Recor_ _ird pln_onphone _aZ1br_lon,

=) Record flra_ nee_r_|eld e.mble_tno_se.

n) Record _enr fleld dat_ ohserv_n_ ee_ _im1_atlonn on wlnd and _mb_en_ _oi_e an in g) _bove.

o) _ecord _econd near _|eld ombSent no_e,

R) Rocord foUrth pls_oI_phoneca_br_tlon,

q) _e_aemble _nd store equipment,

MICROPHONE ANGLERi Xi Zl
NO, (DEGREES) (METRES)

I 14.2 6,79 1.7,_
2 35.1 E.7l 4,03
5 65.5 2.09 5.33
4 50.0 O.O0 7.00

CADLESTO POLE 5 47.5 4.71 5.15
d 24.2 6.30 2.55

7 4,7 E,09 ,55

M'w" .,, II
FINe 5 F_4_-fteld _euure_ent arre_



2,3,_, D_t_ A_quisJ¢ion.

Toe incorpor_tlono_ a _nlcomputer Into the d_ _cquI¢l_1o_ _yste_ per_ c_nsld_r_ble
f_exlbil_y in ma_ip_at_ng Itltor_tion prlor to storage, owr _hBt of the _n_lyzer operating _l_ne.
_h_ d_t_ _cqu_ition _ro_r_ V_B et_u_ture_ to /_cillt_e th_. One _Jor _re_ where th_s £_cillty

_he dislt_l 0ode_slgn_l _v_11_b_ /tom _he _n_yze_ repr_ent¢ _h_ 2-C in_esr_ted _ound pr_u_e
_vel rounded _o th_ n_rest 0,_ d_, _r_e R-C integration p_rlo_ for _h_ _i_ter_ _r_ _rovld_8 In

cor_e_2ondin_ ¢o no_n_3_y 0,2 a_ond, 2.0 _ond _n_ 20 eecond _n_r_ion _I_e_, In _he _i_t _wo
_ode_ th_ in_Ion tl_ con_t_¢ ii v_rle_ vith _r_quen_y _ _ov _r_quenoles _o m_n_sin
confidence _vela o_ _he e_ o_der o_ _a_n1_ud_, _or dir_t di_l_Y o_ nol_e d_t_ ex_endln8 to l_w

_equenc_ _h_ _low r_dom _I_od_l _aUS_ o_ I_s 1o_g _te_r_on _I_ _ou_d be D¢le_e_ _ o_
to provide d_t_ wi_h _xlmu_ _re_islon, In order to o_t_i_ d_t_ vhlch _r_ not _ected b¥ _rtup
tr_n_ien_ i¢ IB _ece_-_ to v_ _ pcrlod o_ _ Cite _onct_nt_ _ter _re_en¢ing the _n_ _o _h_

•hls _u_on _orcedthe e_on o_ _Iternat_ method_,

A/_er _o=e _xp_s_on_ _h_ pro_eduye _in_l_y se_d inwlved _ the 'Islne__$=e
Cohabit and eu_ rap_lw s_ple_ (30 _pl_s taken _t on_ second interyelD) _o obtain _n

esthete of _he _wr_e l_v_l. _oile _r_or_n_ thl. procedure _he tempor_ v_r1_n_e of the _I_n_l !
w_ _Iso co_put_ _r_t_ _d_It_on_ _nquirle_ Into th_ te_or_ "que_Ity'_of _h_ _n_l, The

9



.Igorit}_nsused for thene computations were an follows:

pP(i) = AntlloB (SPL(1)/IO)

n

i-1

{P.l)
N __ --

2

p -_ (p_(1) - pe)_ / (n_ll(pP)2
i-i

• {n-l) ( (PP(1))2 " n-_

AVG SPL - 1O Logl0 (pP)

where SPL(d) is the ith sample of Round pressure level in a band

pa(d) i, the ith me_n-equare pressure in the band

l_ the average blean-sqllare preBaure in the band

SPp is the eBtd_ted te_porB1 vardaDce of mean-square pre_slire dR the band sormnll_ed
by the _ne_.s_ue_e presalire squared.

AVO SPL ds the _vera_e _ouDd pressure level in the band.

The observation time is thus the number of samples taken tlme_ the time between samples, AllowinE
fiv_ seconds (_ tdme co,staDts at low frequencies) prior to the staJ_t of data _equisltion _lves a
total data scqu/sition tdme per measurement point of 35 seconds (Qonalderably below that required by
the "slow random" mode). Table 1 shows the re,ults of some snmplinE test. usthE electrical pink noise
ns a source. The first llnm of the table shoW8 the average st_d_rd error of the _euured me_

voltage level based on might determinations of the mean truing 30 _les per observation. The second
line shown the pooled estl_te of normalized te_oral varda_ce (s eq. 2.1) obtadned in separate
tests (tot_1 number of .,aplea • 2800)• The third line shoWs theP=omputed ,tandard error of s
deters/nation of the mean fro_ the temporal variance val_es u_lng a propagation of error fort_ulatio_;
d.e..

n 2

lO D "%o geP
d-l

ERROR - 10 [i VARIANCE 0P (_) _ i/2
ST_ _°gelO i_s_ , ,"E,e/ (2.21

• I0 _p__ _p ;

i0 _ - 0,78 ap2.303 30

As might be expected, the standard deviation of levels computed from the _eem values rounded to
the nearest 0.1 d_ is typically larger than that estimated from the temporal variance of the signal.
mince the latter values are known to a higher precision.

Th_ value_ of line 3, Table 1.1. represent our current he_t e_ti_ate of the _tandord error Per
the sae_ltnE _rocedure for aound _re_eure level, 2owever, because of rouudsff error in the display of
loUnd pressure level, the lower limit for standard error _hould be taken as 0.1 d3 for A-weighted,
linear, and 1.6 kHz through 10 _Hz one-third octave band sound pressure levels,

No gain change correotlons were nmde in the tn_tr_nent epstein d_tnE d_ta acquisition, but rather
the overe_l s_ste_ ggig w_ deter_ed tro_ the pistonphone calibration. The precision of thi_
calibration i_ emif_ted to be ÷_0.iAR for e.ompart_on of relative level_ between chisels or rims.

10
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TABLE i, Z_STR_NTATIO_ PATA

1.1_ Ba_p1$ng Procedure EValuatlcn (see text, Seetlon 2,_._)
Pink _olse Ex_It_tios, "Sine" Time Co_st_t, 30 Ba_les, 1 see. _par$.
EIS_ Repetitlona

Welshtlng A-_. Lln, _00 500 630 _00 1000 1230 1600 200O 2500 3150 ]_000 _ _ 10000

_t_dard error

or ee_ ,_._: .3_ ._:_ ._9 .._" ._z ._o .iN .z8 ._d .2_ .za .2z _ .:a
Value (riB) ,05 *07 .18 ,i_ ,ii ,i_ .11 _ .--_ .11 ,11 .11 .11 *i0 ,I0 .I0 ,1"--o

Heart VLlUe of
llormslized
Temporal

v_i_=e 'Z'_A-'iz"z'_'P"°"°9°_ 'Oe'_"°9_'°77.oo2o'07B_,o .ooUT'°_°.oou._'°_z.ooao'°e_.oo_9'°_'.o2_o°_a{2800 aa.rmples) ,0028 .010 .0r_0 ,031 .0,_7 ,023 .016 ,013 *011 ,COBT

Coz_u_ed
Stnnd_rd error

_'rom Mean VSlue _ ,_
Vm_'_axzc. --.z_.is ,so .-_.o7_ .oT_ ,o"/G_ _ .o4._ _ .o3_

1,_, Fre_snc'y _e_ponee Corrertio_s

[ _.th,__,lt.._...t.__.._..lZ.J.____...,__.-.%l.as zoo _ _ _oo _o _z_

:i Correction (dB}

_: Microphone plu_ /
_YSt e_ Yroq_e_
Re_po.se Corrections
(15o0 Hz - do kHs)

Ch_el 1 ...... 0 .5 ,_ ,9 ,_ 1,2 ,h .i ,b -.2 - ,9
Channel _ ....... +._ ,_ ,7 l.l .3 I._ ,h ,_ ,b -,_ -l,O

C_el 3 ........ O ,_ ,5 .9 .5 1.3 ,5 ,3 .7 ,b - ,3
: Channel _ ....... +.i ,_ ,6 1,0 -5 1,3 .5 ,3 ,6 -,2 -I,0

Channel 6 .......... 2 _i ,_ ,8 ,2 .9 ,i -*i .3 ",_ -1,2

_nel ? ........ +,1 ,_ .8 l,_ .8 1.7 i,O .5 ,9 0 - ,6

i;

2.3,_. Data Reduction and Co,restless

The r_w da_a (_onsis_ln_ o_ l_icaPed sot_d pre_st_e level_) were _orres_sd for foLuc bias effects
which included

i, _orophe_e c_ridgo frequency _esponse

_, _easuremcn_ system _aln c_llbra_ion

3, MeastM_eI_ent system (other _h_n _Li=rophO_e s_Ftrid_e) frequency

_e_po_e

i _. Influence Of backaToUnd nolse.

i The microphone cartridge frequency response was de,ermined by measurement o_ _he free field
no_ incidence frequency response (with wind,crees in place) in _he small NBS aneebois chamber,

(The frequency response with the wind_creen was _lgn[ficsntly different from _he frequency _esponse
wi_ho_ _he wlnd_creen, See Fl_e _. )

The measurement system de.tri calibration was po_'t0rmed separately for each channel for both the
far field a_d near field data sets. The value used we_ the average of the before a_d after

piano,phone c_lihratlons for measurement. The re_c of the before and _fter ealibr_tions was 0._ d3
or less, with a typical value hein8 0.2 dB or le_e.

............ _ e

"_x_,



The measurement system frequency responme calibration was made using electrdcltl pink noise
exci_atlon separateS_von each channel (flat spectmun within _ 0,I dB in i/i0 octave bands), This
calibration, performed at the beginning and end of the _easurement series, was found to be identical
between channels wlthln the accuracy of the calibration for the frequency range 12.5 H:-2 _Iz. The
variations of frequency response abovd _ hH_ were incorporated into the microphone frequency response
correction. The calibration is based on 4DO samples per channel, and is accurate to within +0.i dB.
Table 1.2 provides the frequency response calibrations used.

Correction for the influence of background noise was made mare dlfficult by the fact that values
could not be slmplF deleted if in error, because of programming difflcultie_ created An sound power
level computations. As a result, the measured da_a were corrected and coded for validity according to
the following scheme, The background noise used la the avera6e of the before and after measurements.

Difference between

signal and

background [d_) Correctlcn Code

>20 None None

20-_.O Standard Correction None
to nearest O,l dB

2,9-0.0 SPL • GPL -SdB --

<0 _PL = 0 0

For ea9es where the bend level equaled the lower limit of the display scale, tl_elevel was else

set to _ero. Use of the codlng will be further discussed under _e_md_ower level computatlons.

There was a need for a further correction to the near field data, due to the fact that the
frequency response of a mlcrophone to a sound pressure field at high frequencies is a function of _he
angle of incidence of the sound field. Thla is of little or no slgnif_cance _n the far field

measuremen_ since _be an_le subtended by the source a_ _he measurementposition is relatlvely small
(half angle on the order of 15 ° or less) so that, for microphones dirested at the source, incidence
perpendlcul_r to the diaphragm can be assumed.

For the near field case, the microphone is no_ necessarily directed _t the principal _ouree, nor
is the angle subtended by the source necessarily small. An expressionwhich is approprlate for

deter_/ning _he tr_e pressure if the distribution of in_e_slty as a function of angle is known d_

P2true " p_ _fJ'Z(e") Sln_ dO d d
measure_jJI(_,_)g_({)) 61n_ de d_

(_._)

where I(0,_) is _he scalar magnitude of the intensity at the angle 0,_ from _he normal to the
microphone,

g(O) is the microphone fractional response for plane wave incidenceat the frequency f and
_gle _ fro_ _he _r_i to the _ierophone (_ssu_ed to be s_l_etric aho_ the no_al to
the _ticrophone), d_fined by the free field response of the _crophons to • plane wave
aS lbe an_le O,

M(O) is the Pree field re_pcnse of the microphone at the _gle O,

PiKure 7 provides a plot of -_0 lo_ _(0) versus frequency, Two of the curvs_ are manufacturer's data
for the microphone c_rbridge with protecti_ _td and no windscreen, _o curves represent data
measured at _S on one of the microphone_ with a wind, crees.

While l_ would be desirable to _ake a relativelY exact correction for this effect, it is also
clear that this requires _uch _ore de_alled infor_atdon than is available (such as distribution of
intenai_y with a_gle as a function of frequency at each near-field _ierophone position for each
co_reslor, and microphone direc_lonal characteristics throt_hout the re_de of an_les). In lieu of
thi_ e_aet correction, and i_ order to place bounds on _hi_ error, let us try to find _n Xpproximete
correctiob which might he applicable [de an average _en_e) _o all the coxpreasor data, One possible
for_ for such a correomion is _o postulate a correction at an "equiva_e_t angle of incidence" fOX*the
intenmit_, which is the sere on the average for all microphones, dsfined by:

12



i/6

\_._Co,_I_DCR) d_ (Averagedo_r nearr_eld
microphone pcaltJon, _ouree_
•nd frequency)

Under the a_B_mptlonG or _mall _ngle (such that slnDX _ XR), spherical source and measurementsurface

shape, '_n_formd/strlbutlon of I(0,¢) over 601id angle subtended by the _curee, microphone d_rected i_t
• . the center of the source, and _ welghtlnE ftm=tlon of the form g(O) = i/(l-(ka/3)sln_O) (a:mlcrophorle

ra_lua), which fits the data of FiRure ? up $0 lO kI[zwithin iO_, it can be shown that

ee _ S'/ 2 (P.5)

where R' is the halP-anNle subtended h)"the source.

Since the mverage llnear dEmenalona (£,w,Eh) of the so_rce_ are in the r_nge of 2 to 2,5 m _he
subtended h_If-an_/e Is in the ranRe

_,'ct,_n(_-_/Z)a D,..r=.=(-_'IJ.)

_,I ' MANUFACTURERSRATA3O°WITHPROTECTINGGRJO

T_, -- _ MARUFADTIJNER$DATA60_W_TRPROTECTINGGRID

/,' W NS$M_ASUNEDRATA45"- W_THPROTECTINDGRID
i _ ANDWINDSCREEN

i_ _ _ ANDNi_SMEASUflEI1DATAO"-WITHPBDTECTINGGRIDWINDNCREEN //

O_ IEN 250 800 _k Ek 4k Sk 16k

ERSGUENCY,Hz

Fl_e 7 Microphone co.action PaRlor (Type b1_ ce_rl_e)

i.



'I_lus When comparing near and far field sound power level data we urge that the near-field data he

corrected by the amount shown in FisuYe 7 uslns the c_ve for 0-30°. _t_ correction w_ll not be
nppllsd to the data a_ presented as sound power data on _ individual machine.

In p_aslnE, we note that uslng the same figures for a 7 metre microphone position, we find

Oe(fsr.fiald] • 7o

nnd using the analytic form of g[O) given above

-20 Log g(Oe) _0,i

throughout the frequency range of interest.

We further note that this problem can be mlnimlzed by using • smaller microphone. With a
h_l'-in0h microphone, for instance, the curves for g[s) are shifted one octave h1£her in frequency, so
that the estimated value of the correctionwould be less than about 1.0 _B at the hlghest test

frequencM, onfortunatel_, such microphones (with dehumidifiers) were _avallable durlns these tests.

2,_. Peaerdption of Compressor Stu_ple

Table 2 provideu deecriptione of the pertinent parameter8 of the individual sources tested.

In term of the relevant aco_t_e parameters, the sample was intended to complement testa by
others[hi. The total compressor s_m_is (including the_e and other testa) is a sample reflecting

several factors according to currenteconomic data on the industry as previously compiled[5], The
fa_tors which determinedthe relative number of compressors in the se_le were as follows:

a) _[anufaeturer: weighted by eotlmated share of air compressor market,

b) Compressor ty_e: wmighted by eeti=ated number of uoit_ produced.

c) Compressor 61ze and power source: weighted according to estimated nl_ber of units produced in
each of five tenses:

1, gasm 75-10h cfm

2. gas, 125-250 ofm

3, diesel, 105-269 c_m

h. diesel, 2_0-_00 ctm

5, diesal, over 500 cfm,

OLU_ portio_ of the _r_le c_n_istmi of _ll_r size machln_e which were more readily _ranspor_abAe _,o
a co_on test site while other testa on larger machines were more conveniently tested at the site of
_ufachure,

The test sample has the follominS parameters,

a) A total of 17 compressors.

b) Three reclproeati_g compressorsof capacity 100-200 cfm -- one 0asoline-powered engine, two
ddeselmpOVered_ nolle quieted.

c) Seven rot&ry _crev compressors of capacity _5-18_ etm -- five gasollne-po_ered, two diesel
powered, four quieted.

d) Seven rote_F vane ¢ompr0ssor_ of capacity 105-900 cfm -- three sa_oline-powered_ four diesel
powered, four quieted.

e) _even _nufachurers repre_sntmi; nine gasoline er_i.e powered; eight diesel-powered; eight
standard, while nine were quletel h¥ the m_nufacturer; total capacity raose _5-900 cfm,

All compressors were obtained through rental in the W_shln_ton, D. C. metropolitan area, end were
_ested as rseeAved, Age of the mach_es v_ied from new to lhO0 hours, with most In the range of les_
than 500 hours, So special preparation by the _anu_acturer was _de that we are aware of.



TABLE0. DESCRIPTIONOF SOURCEg

Teot Nominal Com-iType' E_gine Size of _ngine i Stan- irlotes

NO. Jpre_sor/Val-, T_e'*l IEneloaure _peed Idard

ple.,,oof(1 Hiore) ,siRated i Cyl. metres) :Quieted
Preest_e iPrsq,
Corm/psi) ' (gz)

_/_ 1.97,I.28,1._ 2350 78 Sst.gt0 gg d
150/100 ]/S 1,73,177,1,47 g3flO 38 !Est.240 LOll g t cyl. In-line block

!180/100 D/NR 2.07,i.14,1.7 2350 URtt _R q
150/10C _/_ l.?l,l.Sh,l.41 347 S
SO0/iOO _/k 1.83,,98,1,50 1750 116 6,1 S 8 e71. V-8 block

100/100 0/2 1.52,,67oi.4S 1630 55 S 4 cyl. in-line block!160/100 _/_ 2.16,1.38,1.T 2980 78

125/i00 )/_ 1.78,1.30,1.811850 6S I_20365/i00 _/4 3.88,I.82,2.11t800 100 q blade fan @ 3800 rpm

900/125 _18 4.g9,2.19,0.5:elOO 280 3071.1.0 _ Ooverned

100/100 _/_ 1.78,1.R_,l.3" 2150 7S SSO ;l_tO SQ
178/100 d/4 2.70,I.S9,1._:_300 235 Ii086 Q

175/100 P/_ 2.70,1._9,1.4:0300 1153 P3O I Im
z_ z85/lOO Jh/4 S.70,l.29,l,4! 0000 78 28o. 776 s _t less th.n

I "Stedspeed
173/i® [0/4 _1.99,I.27,i,4',2150 _ 72 SSOi 398 s

jo,4 1

Ii.96,1.i0,i.3t pO00 P30 1300 Si_ 851100 S 66
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0._, Compressor Operation

The ma_orproblems associated with eo_pressor operation for these tests were providing for

acou_tloally controlled di_che_rgeof _he compressedair, to assure Insigdiflcant contribution to the
measured nolee, and ens.ring constancy of operation at rated capacity.

Dlschar_e air from the compressor wa_ fed through a 30 m length of co_rel.l high pressure

:_ rubber hose to a eo_erelal autnmnbile muf£1er, ,u . _* dlsaha1"g_dto _l_ _L_upilere. The
,_ muffler was placed in the creek bed (see Figure S) so that the bank of the creek would provide
:. shielding o_ the discharge nol_e from the test site, Measurements of octave brandsound pressure

.r: levels near the discharge were made for each ts_t, and extrapolations of the measured levels, assumlng

fi hemlspheri_al mpreading and ignoring shielding, Indlcated that the discharge noise from the muffler
wa_ _Ore tha_ lO d._beloW ths so_pre_or nOl_e &t all _eastt_eN_t locations, Ig some eases _re than
one hose line and silencer had to be used to aceommo_te the compres.or valu_e flow. For the two

:: l_ger maehlnee (tests 9 and i0) a blov-do_n silencer of underarm/ned manufacture (obtained from the

re_al sottree),_d l_rge di_eter hose was used in place of the above _ir discharge silencing
? aTr a_geme_t.
)

The reparativepoint for the test was the eondltlon of the compressor supplMing rated flow. This
condition oee_e when the compressor is operated at rated speed end pressure, Establishment of this

_J point was made simpler by the fae_ _hat most of the compressors had en engine speed governor which :
operated os the difference between receiving tank pressure and rated pressure. Sated speed was thus
obtalned by throttling the flow of discharge air until the compressor held a constant receiving tang

preslure near rated pressure (as indicated on the compressor air pressure gat_e) _nd veri_Ing that
the engine _ operating at rated speed (as measured by an Independent tachometer). At this point, a
reduction in air flow will be followed by a reduction in engine speed (for a proportional controller),
vhile _ln dnQre_le in _t_ flow viil _e fOliOWS_ hy a reduction In reediving tsnk pressure, This

operating point was easily established once the compressor had boon operated for 15-SO minutes and
ccndition_ approached a therm_l ,teady-state,

Once at thll point, engine speed could be monitored within about +_O rpm by inspection o£ the

displ_yeg noise spectrum at bands near the engine firing rate frequency, Since the firing rate tone
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typically excited one or the other _£ the adJacea_ beads in addition to the band contulnlpg the term,
the dlf_rence In decibels between the_e two band_ eottld be taken as a sensltive _ndleator of f|rJi1g

rate frequency. Thl_ proeed_e ca_ not be use_ if the s_ectrum oF broad band nols_ is vltdin lOdB or

so of the Indicated tcn_ level _n each ba_d. In thls cs_e, engln_ speed was moditored audibly, _Jth

frequent tnchom_.ter cheeks,

2.6. Neasurement Locations and A-Welghted Sound level Data

2.6.1. Far Field Measurements

The f_r field 0oiLed preasttre level data were taken udi_g tbe Rrrt_v sbo_n In Figure 5 lal_o

vlslble in Fig_ire ga), _ne seven microphones were located on nominal one-half metru long _tandoffs

from a _eml-slreular arc constructed of _teel pipe and tubing. The arc was supported from above by

_wo cable_ from the arc center _o pole_ locat_d on the eas_ and we_t edge of the t_st pad. The ends

of the arc were supported on caster_ to f_milltate rotation, Posi_ionlng was _ceompllshed by plns at

the end of the arc which flt into holes drilled i_ the concrete test pad, The _axlmum radial

posldionlng error of a mleroFhone in the array is es_I_tated fro_ s_ple mea_ure_ent_ of posltlon_ to

be lees than + 0.i m (l.J_#e) including all array positioning effects such sn cbanglng arc shape from

eha_e in proportion of weight supp0r_ed by overhead cables, AogUlar poalt_onlng error is estimated

t_ be lea_ _han _o l_ both azimuthal and polar angles. In ter_ of i_verse square _pr_adlng_ the

radial error translates l_to a posmible error in sound pressure level estlmatJon of les_ than _ O,1

d_, per observa_io_, Since the prlnCll_al source of r_di_l error arlses from cb_ge of =haFt oF the

arc -- wblch leads to positive errors at some po_Itio_a Vdile there are negative errors at other

po_Itlon_ -- _bl_ _ource of error i_ believed to average OUt in the estimate of power rather than

produce _ _p_te_atlc bias, T_e angler positioning error leads to randorR samplIilg on the

hem_spherloal _urf_ce (i.e. _ imprecledon in dlrect_vSty) as oppose_ to a systematic bias in sound

p_wer determination

In addltlo_ be the_e arr_y da_a, octave-band sound pressure level data verm al0o taken using a

h_nd-held sound level meter employing a mOdified form of the presen_ industry _ethodology[6], The

intent of the riB8 Far Field metho_ole_ initially reco_ended to _PA was to provide an upper bound

estimate of sound power level based on measurements made at six iota,lena, The slx loca_ons Include:

1. FOU_ posltlon_ perpendleular to the center of each slde of the

compressor at _ dlst_nce of 7 metres f_om the center of the compresoor {data taken at the

elev_tlon in the ran£_ 0,_ to 1.6 m vhleh ylelda the highest A-welghted sound level).

_. One iooablon at a_ elevation or i _etr_ above the ground, o_ the 7 metre radi_s circle

_entered on the machine, at the location giving the _x_mum A-velghted sound level,

3, One location directly above the center of ,be compressor, a_ a hdi_ht of _even metre_ above

the go_d plane (d_ba from microphone _our of _he _rray was t_ed for tbi_ locatlo_).

_[_leda_a, t_Ing thi_ proeedttrg_ were _J_en In She same tlme i_torv_l as %he data fro_ the

far-fl_Id _rr_v, _od are reported here as "Far-Field Methodology" date, Par-flald array and

methodolo_/ data were recorded for the _even_een eompressoys_ and al_o two known _ou_rces, to

Investigate +_he efFectdvenes_ of the f_ f_eld te_t p._.ced'_c_ f_r th_ sources. The flr_t of these

w_ a bro_ b_nd "reference so_d _ouree" consisting of an electric motor-drlven centrifugal fan wlth

cylindrical symmetry, which i_ nominally o_nldlrectlcnal. The second source wa_ a 0,_ m diameter

lou_peaker, mo_ed In a 0,h m cubical sealed b_ffle. The baffle wa_ located _t the center of the

%es% Tad w_th the loudspeaker axis horizontal, I m above the test pad, pelnt_d at approximately E20
degrees from north, The speaker w_s drdven in differen_ te_ta with tones of _0O Ha, i kHz and P kHz,

The prlnelpal purpose of thls test was to give exea_ple data of %he measuremeI%t problem associated wlth
_ones,

A _akulamion o_ the A-welghted far-fleld sound level data is given in Tables 3.1 to 3.19. The

"Far-Field Dat_" _re _iven in tabalar form in the form of a directlvlty p_ttern, with coltunns

_orre_pOn_ng _O _Im_thal angl_ from 0 _ to 330 ° from north (nom_r_ssor_ were aligned on %he feet pad

wdth the tow b_r pointing north and sldee oriented in the north, east, south and west ddrectlons),

The spar-P_ld Me_hodolo_" dat_ are given In tabular Form _ndernesak these data* Also given is the

A-wmi£hted _o_d power level computed from the far-fleld and "far-Field methodolo_" da_a, for
reference proposes (see gecmion 3 For ca2cu_amion procedures), _ne soung level corresponding to %he

average mean squ_re pressure over the hemisphere (frequently referred to as the ener_ _verage ) may
be @alc_ated from the sold Tower level according to:

._ _ power level, d_ re i0" watt
b _ the _ound p_essure level, dB re 2,10 -_ pascal

r p is the radius of the he_phere_ metres

A nominal value of impedenee eqUal _0 _O0 ak_ rayls do a_sumed,
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At seven metre radius, the average A-wclghted sothnd level thus is

LpA(Tm) = _A - 2h.9 dB

2.6.2. Near Field Measurements

The near-field data were taken using seven microphone channels wlth six of the microphones

_unted on tripods, and %he _eventh suspended from a "skyhook" formed by the support sabras used to

position _he far-f_eld mlcrophone arrs[. P_gure 6 shows representative measurement positions on a

- measurement surface. The microphone positions were determined aecordlng to the following rules.

i. The measurement _urf_ce was s rectangular box of dimensions

L x W X H where L - £+2. W - w+_, ]IB h÷l and where £. w and h are the length wldth and height of

- the compressor excludlng tow bar, tires _nd fenders, sod other smiLll projeeti_os w_th linear

dimensions less _han O._ metres (such as exhaust pipes, eto.). The four vertlcal plane surfaces

were located at dla_neeo of +L/2 a_d _W/N from tile geom_trlc center of the compressor, and

perpendicular to the Iongltudlnal _nd lateral centsrllnes, The horizontal plane sur:'aee wao

located a_ the distance H _bove the reflecting pla_e. These su_Pa_es are nominally 1 metre froln
_he surface of a co,presser w_h _ rec_angu/ar e_clost_rs.

[ N. The mlcropho_e positions o_ _he mea_tlrement surface were located o_ s i x I metre square

grid. The grids were located o_ the vertloal _des so ths'. a measnrement pos_ti0n was o_ the

ce_er of each side at _ helgh_ of 1.5 metres. This grid loost_on ylelds _easurements posltions
at hel_ht_ of 0.5, 1.5, 2.5 m, aSove the _round pla_e, spaced 1 m spsr_ i_ elther dlrect_on Prom

the cen_er of _hat aide, The grid os the horlzo_hal measurement surface was csntered i_ _he

center of _ha_ surface. For all eo_pressors the me_s_re_e_ posi_io_ _ear the engine e;_laust

were (ilsplaced along a grid llne _o the closest polnt 1 me%re from the end of the exhaust pipe.

! 3. Microphones were oriented wi_h the plane of the microphone diaphragm in the pla.qe of the
messttre_e_t a_face.

_. Near edges or cor_srs wher_ pairs of neast_reme_t ioc_%ions from adJasent surfaces were less

than O,g_ m ap_rt, one of the pslr (usual_ on the vertical surface) was deleted.

The rectangular _eas_reme_t surface wa_ _ho_e_ bes_e _t was the o_ly surface being considered

by ISO working groups on solald power measuremen_ standards, st _he t_me of the te_ts (May-July t 197 h) .

The lowar half of Tabl_s 3.1-3.18 t_tled "near-field data present,ties" presents the A-weighted
sound lev_l dat_ from _he_s t_sts in a format wblch facdllt_tes relati_ g l_vel and positlon. Note

that levels m_asured 01oses_ to the groLtud plane are f_rthest from the caster of the table.

). =:_ •. _ :_ _•i.• _._LL_J_:_ _•V _ _ • : .... •
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Table 3.2
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NEAR ¥1tLD DATA p_ES_NrATIU_

_I JULIAN DAY |6_ _E_? _UMS_ 6

_ _ND_TH $1DE__M 1_ C_TER _M 2_
I _ N tlN_ E _

i H_IGHT

L*5 _s_ 92°7 91_b 9L°_ to|_o

_IC °TOP_
HEIGHT 0,5 L°_ _°5 3°_ 3°5 _o_ L,5 0°5

|M NQ_TH 97,6 9_7 _los_ _8o _t2 93,_ 9_,9 o_ J_oo_ 9_lZ 9_*Z

_5 _8_ 9_tZ 96,6 _ o_s_a

!i SOUTHSinEe



Tzb[i 3*7

A-_'Z[GKTI_O 80_D P_ZO_ L_ DATA

Ta|_ _z_b_r 7 Compro|lQr Outpu_ 160 ctm
zn|_na/c_urpreliQr T_pell_zary vln|t Giot _lat|d
Ca_rlilor 6_zll 2,10_l,28xl.Th

ool FA_ FIELN D&TA {7 HETRE RAnlUSI _"
A _FIGHTED LCVEL IDOl

AN_ULa_ QAIFNTATIONIgE_J 0 30 bO q_ t20 l_O _aO _tO 2_0 Z70 3_ _0
_IC H_XG_! _ EL_VATIUN

IMFT_ESJ ID£G_

FAR FJELD METHODOLOGY OATA
_IC _EI_T PU_[TION LEV6L

QIU_[_b E HO.O
O°8_t*_ $ BtoO

7_0 OV_RHEAO _lb IAVGo UF M]C_ A_QVEJ

e_ A _[GH_D $OUNO PO_ LEYELI_9 DB _E I P|_U_T IUASEfl fin T3 PQ]_$1

N_AR FIEL_ DATA _$E_TATIQN
J_,J&_ DAY |6_ _EST NUMbeR 7

ON_RTH $ZOE_

M1¢
HE|GHT

21S o_oeo qQI4 qO_| ag_| 8_o_

eWE|_ $|DE_ 3o5 _oloo _IQ_ _ e_oo _oJ_e EA$_ $_DE_

_l_ eTQpe
H£iGHr 0°5 to5 2oS 3oS 3oS _o_ h5 0°5

_H N_H _ql9 qL_o q|,_ JeJee q_g _31S qo_q Q_al _19 9017 _glo

"2iS o_ B_o3 8a,_ 8_3 _e_oo

SOUTH S[DE_



Table 3,8

A._EIOLIT_ _O_'ND pREBS_E LEVEL DATA

TSI_ _bsr 8 Confessor Ou_pu_l 125 cfm
_&L_o/Co_re|_or Typ_l RotAry v,ne i Gi|_ Qu_lced
C_rel=or G_el l,?Oxl*3Dml_85=

oJJ FAR F[ELO DATA IT NETR_ RAO[USI
A WeIGHTeD LeVel tl)BI

ANGULAP ORIENTATIUN¢DEO) 0 30 _0 90 L20 tbO 160 210 2_0 27_ )00 JJd
MIC HEIGHT NUM ELEVAtlUN

I_ETR£SI (OEGJ
*ST5 _,7 t_.$ t_.3 t6o§ ?b°b 7g.3 Td*6 7T*_ 77, t 76,| 71.? ?8°2 16°_

1_t25 1_*_ 75,_ 75. b Tbo3 15°4 7bo| _7,_ tb.d lb,2 76._ 7b°o tb*b 7b_L
1°81_ 24o2 it,? 77._ tt°O tbo7 ??.0 T_.O _?o8 7_°$ 77.1 t?°J 77.1 77°_
_°025 3_.2 75°_ 76°6 ?b*9 ?b,9 77°q ?Q°O 7T*b ??.4 T7°9 T_°_ t7°_ 77°1
$°11_ _T,_ 79°_ 79.6 79.2 78. t TS.0 ?q*_ ?9°! 79oj 79°0 79°6 8_,1 ??°U
6° 375 65° ¥ ?q,5 19,0 80°2 60,b O0oS 79._ ?B°7 79°2 _0°2 dO,1 _L°O _U°_

?.000 qO°O 8|19 _1.§ 8L°b _1.8 8_.0 _°[ _2.0 82°3 d2°O 6_°0 8_°_ 6_°b

FAR FIELO _ETHODOLOGY _TA
_|C HEIGHt POSITION LEVFL

(NETRES) lOB)
0*8-[.6 N 7b°O
O°8-|.b E 7_d
0._-|°6 S 79,_
O° _-l.b N 7T._

?°0 OVERHEAO _tl9 IAVO. OF M[C_ A_OYE)
L,o _AX 80._

_e • _E]GHTFO SOUND po_eR L_V£LatO_.l 9U _E I P[CU_AT? (_ASED ON 73 POINTS)

NE4R FZELO D_TA PRESENTATION
JULIAN O4Y lbS [ES| NUMBER B

_NORr_ 5ZD_J
_R |R CEtI_R ZN _M

N _ LINE _ £
MIC

HEIGHt

,_ eerie _j2 8b°l 85,7 *e*ee

|Q5 e_eeo a_o8 Ob°Z 8_o_ _eooe

2°_ ee_ee 8T°8 e_°L 87.3 eerie

*NEST SLOE* 3°_ eJ_oo o_e_e _e_ eerie *ee_e EASt SIDE* i

MlC _toP* i
HEIGHT OoS 1,_ Zo5 3°5 3.§ 2.5 1o5 0.5

i
3M NORTH **eu Seine *coos *eoos ee*ol eeoc* oos*e seeee *eo_4 **lee eeo*e j

ZM NORTH **leo eooe* _*ove _Jee* eoe*e leeee eoe*e eseee se*ee oeeoo 0.***

I_ NORTH Oh.5 _b_Z 8T°Q elee* _9e8 _0.0 00.2 **eee _6,9 b_°9 05._

C[NTEALINE 86,0 06*5 88*2 olet_ 89_ 9|*_ _g.4 eeoc* 87e[ 0_,6 8§,_

1_ SGUT_ 8_,3 8_9 _b_[ ee*t_ 8_o7 eb.9 8_.3 so*o* 85*2 _b_O 86_5

_N SOUTH *•_oo *$ee* e_eee eee_e _l*_o *tee* ***o* e_ee *_eee **too *ee**

]_ SOUTH o*oi$ eeoc* e_**o _*e* _oeee t411_ l*_eo eso*_ to*o* so#e* o_oee

]o_ eooe_ e*eoe t4ee* *toe* _em_e

2.5 eee4_ Oh.1 66.2 05°4 eeoee

t °5 _e* _b*_ 09,b 07.3 SO**_

sour. sloe*



T_bll 3,9

AoWEIOXTED BOt_ P_Z L_L DATA

Tei_ WU=hlr 9 Co_reooor Ou_pu_I 365 cfm

EngLne/Co,_r||_or Typol Jotary vlnm j D£Qeal 0 _£a_ad
_o=_rei|or B_Z|I 3.66xLB2x2._4m

*ll FAR F[ELD DATA IT METRE KkD]US) ."
A MFJGHTED LEVEL (DB)

ANGULAR ORZENTATION(DEG) 0 30 60 qO 120 150 |BU 2ZO _%Q 27U 300 J3U
MIC HEIGHT _N ELFVArlON

¢_ET_£S) iDEOJ
,575 _,? 7_o0 73,3 7_o3 73,? ?2.5 73tl ?_o4 T6oB B2,_ 73,5 72J7 ?Zo3

1o7_5 14°_ 72,0 73°0 T_°3 7_._ ?_o! ?3o0 T3o9 I_o0 72_$ ?J*_ 7_I ?_o0
_o_75 2_o2 7Z°I ?3°3 72°b 7_°0 73o_ 72°B 73,7 77o2 8_o9 T_,_ _31_ ?_.q
_o025 3S_2 71.7 73°_ ?3oh _3o5 73°? _2,9 73oT 73,_ T3°O 73o_ 7_°9 7_o_
_.I_S _7,6 Tlo_ ?1.3 12.0 T2o3 7_o3 71o? ?Zob 7_,_ _0,1 72o_ 72°_ 71_0

FAR FIELD METHUUOLQOY DATA
_IC HEIOHT PDSITIO_ LEVEL

OIt_'l,6 N 75_0
O,B-Io6 E 75o5
0o0"1o6 S 7?°0
0o8-116 W 75,0

7,0 QVE_H_AO 68_% (AVG* UF HEG_ A&OVEJ
|o0 _AX ?_o5

_o • NFIG_TED $OUNO PO_ER LEVE_ I q_,7 D_ RE I PlCO_AT_ I_k$ED ON 7_ P_JN_$_

N_A_ FIELD OATA P_SENrA_QN
JULIAN OAY _6B TEST NUMBER q

_NO_rH $|DEO
2_ |_ CENTER IM 2R

W _ LINE E E

HEIGH_

JS eo_e_ BI_5 _b 8_1 o_so

_$ teeoe _B_2 T6_% 781_ _o_e_

2,5 _ose T$o_ _l? 76,| _eoee

ONEST SIDEQ 3,_ e_e_ e_l_ eeooe _o_ts 8_o EASt SJD_e

HEIGH_ 0°5 1_5 2,5 Jo_ 3,5 2_5 1,5 0_5

3M NDRrH eo_ ioo_ _ol_ oloe_ o_i_ io_e o_*o_ _e _sIe_ lille _Jo_

CE_TERL|NE _2,_ _O_L _a_6 oesa_ _9_1 UO,b _a,8 es_Oo TBI5 Tg_ _3,0

ZM 50UTH 00,1 79,_ 7_o0 sao_o 76,3 76o_ 76o| _o_ 7_ Tg°2 7%,9

3M S_UTH _o_ eo_s _eoo_ _oo_ _oel _o J_sQs _oDe_ _8O0 oo_o _lo_

1°_ _l_o ?a°$ 79.2 78°_ s_o_!

15 _Qees BO,? a3°b _1,4 _oe_e

$OUT_ $1DE_



?Ible 3.10

A-_,_ZO}ITED 80_ND P_ESS_E LEIrEL I]_TA

_el_ _bar _0 Co_re0aor Output; 908cfm

En_l_8/Co_renlor _e: RD_ary vane _lesel _Le_sd

_ FA_ FJCLO O^f4 (? M_TRE _AnIUS]

.. A WEIGHTED LEVEL (88)
AN_UL&R H_I_NfAT[n_(DEG) 0 30 60 QO 120 1_0 1_0 E_O 2_0 270 _00 J_U

H]C _EIGHT NUH 8LFVAYI_N
I_f_FSJ II)EG}

,_Tb 7 4._ ?_,? ?_o9 ?b*O ?4*U ?_*_ IT*3 T?.9 T6.2 76,0 T?._ ?b.d ?_.U
1.725 ! t4°_ 1_.2 ?7.2 ??.0 77.0 7T._ ? V.I _';*_ 17.? 76.Q T_*_ 1_.9 _6._
2. 878 6 2_*Z 7b.2 77.2 75.Q 7_.| 7_*_ 8L.7 83.0 _O*n 7_,6 ??.9 76._ 1?.J
4.028 Z )5.2 _0._ 79,5 T9.1 IQ*_ _I,Z 8).8 8_.3 02*? ?_.9 77.2 79.2 7%5
_.175 8 47.6 ?Q*_ ?_.d ?0.0 TU*_ 82°1 _.7 8_*_ _.4 b1.4 7_*_ 7_.) _0._
b.375 3 _8.7 _L.1 81.0 81.L 79.3 7_.5 81.5 d2.5 d_*9 BU.8 7d*_ I_.6 82.5
7.000 4 9Q.O 77._ 17.8 77.3 ??,t 77,4 71. I ?b*8 7o.8 ?b,9 Ib*_ ?d._ 73.3

FAR FIELD H_TH_OOLOGY Okra
_IC HFIGHY POSITIO_ LEVEL

O*_-l*h 75.0
0.8-1.6 _ 78.0
0. B-|.6 S 01.0
0.1_'1. b W 79.5

7.0 _VERH(kD 77*4 (_VG° OF _[Ce AROVEI
|.U _kx OL.O

*_ A WEIGHTED S_U_O PO_R LEVELIL04*8 b_ KE | PlCD_4_T (_$8D _ ?_ POINT51

NEAR FIELD DATA p_ESENT_TZON
JUL|AN DkY 1_9 TESt _UMBER tO

ONU_rH $1DE_
2_ 1_ CEN_ER |M 2N

W d LINE [ E

HEIGHT

.8 *oeo_ 01.0 S1.3 77.0 *a*ee

|._ eole_ 78._ 78,_ 77.6 O_oee l

Z.8 *eoo_ 78.0 78,h 80.2 e_el

ekEST 51DEa 3.5 eooso 8Z, L 7g.g a2.3 e_e_ EAST $1OE_

N]C 6rQp,
HEIGht 0._ 1.5 2.5 3.5 3o8 _.5 _,5 O,s

3M _ORTH 79.9 7Q.1 _O.O 81.2 e*ooe eooee _eo _0.9 80.1 79.5 79.8

ZN N_RtH _h6 80.2 _t.8 _2.0 03.3 8_.1 02.8 _1.9 82.3 dO.4 81._

SN NOATH 83.1 8Z.$ 83.0 8_,B 8_,8 _6,9 08*3 0_*0 83.4 81.9 82,5

CENTERLIN_ 82.T 8S.9 84.7 66._ 9_.5 89.$ 9|*0 87*? 8_*_ 8_.8 02.1

_N SOUTH _8.3 8Z.D 86,U 8_.4 9O.Z 87*2 90*6 87,7 87.4 81.6 82*_

2_ SO_TH 82*2 BO,O U6.1 8U,T 90.4 91.8 92.§ 0_.6 85.0 81,4 81.1

3_ S_UTH 79.6 8_.4 8§.0 _b*4 e*_** oee*8 _eee 87.3 83.Z 80.3 00*7

3*5 *_*o* 90*3 90.I 90.5 ¢_*

2,5 eese_ 88.8 81.5 85*Q **_os

_*$ oesie 80.b 8[*0 81._ #_8_

*S eseo_ 80. 7 U_*Q 81.2 _es8

8[]UrH SIDE_

41



?sbl* 3.11

A-VI|ZOI_'I_ aOLr_DP_n_E LE_L _'_A

_|lnl/Co_Pl|10r _el Ill,try icrev, Oig, Btandlrd
C¢_p*mJOr 8_le_ 1,76KI,Z2xL,371

• oo FAm FJELO DATA IT METAE AAOIUSJ
A NEIG_|ED LEVEL IDSI

A_GULAR ORIENTATIONIOSGI 0 50 60 _0 I_0 150 180 210 540 1TO 500 330
MIC HEIOHr PdUM 5LSV&TIU_

IMETRS$1 1050!
.575 T 4*T 00+_ 50.9 81*Z 8Z°L _2°3 S2*2 54°0 85*t _5*0 11*5 B1*3 U0.4

L*T?5 I 14.4 80+5 81*J _0*_ _1*4 _*0 0_°8 04*_ a_*Z 5_°0 _0.5 80°S 19°7
5+075 6 5_*Z BI°6 55°3 51._ _I.Z 85°? _*_ 5_*_ 03.1 81.0 IZ*I 91°T 51*7
4°025 2 55*2 8_°6 55o_ 82°3 05°_ 8_°_ _3°1 83.4 03°b _.3 OL°O 82°L 5Z°Z
5.175 5 47._ 8_°4 0_.0 85°5 52°_ _*0 _4°3 5,°_ 03°3 83°T 12°5 83*| 83°1
6°_5 3 bS*? 8_°9 04°_ 8k*O 5_*| a_*O _4°6 84°7 8_°6 U_°O 13*9 54°b _3*9
TOO00 4 90°0 63°T 8_°0 83*9 5_°0 8_°5 _3. U _°6 _3°9 8_*7 _J°_ 83°5 _.7

FAR FIELO M_THODOLOGY O_TA
MIC H£1GHr POSITION L5¥5_

0*8-1*6 _ 02*50*a-1*6 62*5

0o0-1o6 _ 0_°5
T.O O¥E_HEAO 5_*? IA¥O* OF MIO_ A_OV51
I*0 MAX 86*0

1. A MF_OF_TED SDU_O POMSR LE¥EL*LOT°T DO _5 I PlCO_ATt (_A5_O UN T5 POINTS)

NSAR FIELD UATA P_SSENTAYlON
JULIAN GI_y 1?_ ?IS? _UMO5_ LI

e_O_TH 5105*
_M IH C5_T[A IH ZM

M M LIN_ _ 5

HSIGHT

1._ eJ*ll |9*Z 90.4 _0°2 e*D_!

OMSSY $|051 )._ 01111 181_* _Jlll l_Jle lleee 5AST SIDE1

MI¢ °TOPe
HEIOHT 0*5 |*5 1*5 3.5 $*5 _*5 1.5 0.5

3M _ORTH _111_ _*1t* o_ll& 688.i i*llb iI&ll ilel_ 810_D 10811 !1111 !_!0

_M NU_TH I&lel _lell II01_ *ll_e 9L.0 91°| 90°_ *_11_ i_i01 _1111 01111

1_ NI]_tN gO*] g0°5 _eele 0_81o 92°? _.5 gO*b 081_0 Ille_ _0*4 90*4

_5NTE_LIN5 _0*6 _0.6 _1018 81lee _4°1 98*_ 9_°8 Ii!1_ 1118o 90*i 9h5

IM SOUTH $1*5 _|*b I1111 Ioel_ g4*4 _T°_ _4.8 011_1 lllee _0.0 _1._

3M |OUTN 18101 *_l&l !!000 le_lo i_e*l l_ll& ololl I1,11 10881 olloo i!I00

$65 fell* II081 le_o_ 1111, Iiiii

_°5 ellll i!011 I*1_1 1101e oeloo

1°5 olell _Z*I _°5 91*9 *lell

.5 *°eel 91°g 94.0 9|*2 *11ol

SOUTH SlDS*



T_b_.c 3.12

A-_IG_r_'_DGOI_D PRESS_E 1.2_T.DATA

_ _'oe_" ).5 Co_rela_r Outpu_I _T_ c]_m
En_ne/Co_Tassor _e: _ocary ic1"ewp Oil, _ulecfd
Co:_!0reuaor91ze; 2.7_1.29x1.43m

*co FAR FIELD DATA (T _ETR_ AADIUSi
A kEIGHTED L_VEL IDdl

_tlC,C)L_k NR|_NIATIONtOEG) 0 _0 60 90 1_0 1§O IUD 210 _ 27_ 300 _
_IC HEIGHT tCUH ELEVATION

INETRE2] IDEGJ
*_25 T _,? 7_*8 TT+_ 771_ 7b,? 7b,_ t8o5 7d, J 7b*_ 7_+_ 7bo3 70°7 7¢+_

1+T25 L L_+_ 7_,g TS.b 7b_ _7,2 75°2 70,2 7T,_ 76+3 7b,3 7_+_ t_.3 76,_
2+2?$ 6 2_*2 7_+_ 7b,3 72,2 ?5.3 75._ 77._ 76,9 75oP T_°& P5+7 l$°d t7,2
_,0_5 2 35,_ 75*6 76+9 77m5 75._ 75,7 Tb,7 76,0 72.O 75.0 #5o_ ?o,b TT, J
b*_75 5 &7*b 76,3 7_,0 7_17 75.7 76,L 7b,3 75,9 7bo2 75.O 7_*_ _UoO 76+2
&o_75 3 65,7 75*B 75*1 7b+5 7_,_ 7_.6 7_,2 7_,_ 75.2 7_+_ P_og ?5.Z 7_°_

FAR FIELD METHODI_LDGY DkTA
_IC HEIGHY PLI$1TIO_ LEVEL

IMET_F$1 IO_)
O+8-_,b N TS*D
O+B-1.6 E aO,O
O.2-1,6 S T_,D
O.B-l.b W 7_oD

?*O OVERHEAD T_._ IAVG, LIF HIC_ &OOVEJ
tmO MkX 60+5

ee • WFIGHYED SOUND POWE_ LEVELmLU|.I D8 _E I PlCOW&TT I_A$_D _N 73 PU|NTSI

NEAR FIELD DATA PRESENTATJO_
JULIAN OAT XT8 TESY NUMB_ IZ

!" _NO_TH $1DE_

w _ LIN_ E
_ _12

_i HelOHT

1,5 o_e* 0_+2 85.1 flS,? eaeoe

eWEST $1DEe 3*5 o*+ee ee_+_ +eo*_ _eeee e*eee EASr SJUEe

_lC eYOp_

_E|G_T 0°5 L.5 2+5 1._ 3,5 2,5 L*5 0.5

2_ NORT_ a5,6 0_0_ _leoe e_ee8 O_,O 83.2 83,6 eo*ee e_e_$ 6403 d_,2

1_ NORTH 86,_ 0_,2 eeel_ o_oeo 83_9 B_.S B_,3 oeeee e_e*e dS,b 07,0

C2NTERLZNE 65e0 0_,2 cooke _eese 8]m_ 0_07 0_,1 o*eee ceDeD _bo9 86.9

,: IN SOUTH 05.5 O_m2 Deled moeee 05.2 22*_ OZ,6 e_* *et*e U5,2 Ba,O

2_ SOOYlt _+5 0_03 IISSO Cells _2+2 02°_ B2e5 ee_l_ ellll fiE*& B_*_

3.5 tool Ill e+_lll 411111+ ollll+l lllel

2°5 ll41eel+ Olllll OlOlo llS+ll+ lllllle

I+5 llJe P+ 03a2 03*'_ 8k,b +IIIII

°5 eO014_ 8_3 85+9 05.2 _+l,lle

_ SOUTH $IOEe

.e



Tablt 3.1]

A-_J_IQETJ_ SOt23_P_EEs_2 _I_L_TA

Tilt N_Orl] Co_rellor O_puttlTS Qfm

Zfl|InelCO_PIIIOp'-_/pIIRotlrylQTtVIDLOlelIQ_LI_I|
COl_n|Dp _|ll_ S_10xl,SgxL*_Sm

oo* FA_ PIEL_ OAT& IT METRE mA_IUSI
A W(ZGHtED LfVEL (OE)

A_GULAR QmlENTAIIQNIDEGI 0 )0 60 YO _ZO LEO 180 |LO _U |TO 300 JSQ
_lE HEIGHT _J_ ELEV&TluN

IMETR_SI IOEG)
o575 4*7 ?To2 TO*S T7o3 T_,O Tt+S moo! Tg°_ ?g+9 la+O _5+4 T_o_ EOo_

2+_T$ 2_+E 7_,7 Tbo$ T_og |b,O TE.O _Q_ 7T°L 7_°0 76_0 75+5 T_._ _T+S
_,025 SS+Z 7T, S TT,_ ?SoT TS°O 7T,3 7So_ TS,$ _S,_ 7_+_ Ts+g 15._ ?T_3
S,LTg _?+l T7. L TEt_ T_od 7|oE 7_,a ?_ol TEl2 _S.T fS+_ ?lib T_,_ _6o_

ToQO0 _O.Q ?_,9 T),O ?),t _)o_ T|°O 71+8 T$*L T)ol 1S°L TS,I _.6 _)_0

FAA FI_LO METHODOLOGY DATA
_IC _EIGHT POSITIU_ LEVEL

¢_ET_ESI IDS)
Ooa-l,b N TT,O
0,8-_,6 E 7T°E
O+E-Lo6 S Ol°E
O,O-l.b _ T_.E

_.0 OVErHeAD Ti°_ laVO, QF _1¢_ AbQVkl
1,0 _AX _L,O

Oo A NEIGHIED SDU_D PQ_ER LEVEL*LQLo_ 90 aEI PlCO_ATT 16ASE_ _N T3 PUI_TSl

N_AA FI_LO OATA PRESEHT&TZON
JULIAN O_Y 1_] TEST _UNBE_ 13

eNU_TH Sl_EI
_M L_ CENTER IM ZM

M M LINE E E
Mic

HEIGHT

15 eoeem iEeO leo6 EJt9 *tile

h5 Ietea |41q ES,Q aS,q erie*

St5 lOOt0 ***10 OOOll *till *OIl*

*NEST EIDEI S,5 eliot loll* oleo+ *oleo *ole* EAST SLOE*

MIC *TOPe
HEXOHT 0,5 1.5 _o5 So5 $,5 2°5 L,E 0,5

JN HO_TH leltO IOOtO lee8* 80148 OII*O *O,t, 4lO,I IOOOt I**It 4*tI* *OtO0

2M NDRTH 06ok 84,6 lilts lille 04,0 E$.3 |2*) *tilt 00010 04*_ E4*7

IH NORTH O_e9 0]+9 tO*to OIteo §Eib _t_ 82o_ Oelel OleO0 8)°0 |_+0

CENTERLINE Ok*S 8S*E lille tile* _*9 61.3 80*q torte Oltl_ 0S.4 17.9

_H SOUTH OT°_ E_e_ IIIOI lotto O_._ _Q°9 ELo_ OOell O**eO |_+b OOeO

ZM SOUTH _oS O_| lOOt* OOII_ _L°Q Tg°_ 6_°b OIIOO OOIIO _)°b _E+_

)H EOUT_ eOeeO *loll *Iota ootoo so*el loot, ,*tee oe*l_ Ololo lotto folio

S,_ 4o*oe slo*s ioeo* tool* itl,t

_ I'lie *Oleo lille at*I* Illll

|,_ OttO* O).O 02*2 ESo| *lilt

a_ lOOt0 8S+_ Eb°_ ObeZ *OIIO

S_UTH SIOEO

?



Tible 3.i_

A*_'EZGHT_ SOU_ P_sLr;_E LEVEL Z)D*TA

Te_ IItL_ber_h Cc=preauor O_Lpu*.JiB5 Ctm

_g|ne/C_=pr©alor _el Rotary w,craw, I)La|m|,_tJndard
Co_proen_r Biza_ 2,70xl,29xZ.t,3m

$$* FAR FIELD DATA (1 M_TRE RADIUS_
A WEJGH;ED L_VFL (DR)
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S_ SOUND POWER LEVEL CALCULATIONS

3.1, Far Field Sound Power Calculation Procedures

The estimate ct sound power (W(f)) from ammplea st mean squ_re pressure on a measurement surface
Is of the form:

n

vhere W(f) is ths esti_ts of s_d power (watt.) at the _equency f

p2 (f) is the tlme-average nqu_red pressure at _s_tlon i on the
imeasurement surface at the frequency f (paSC_lS).

[p2_(f)l= 10BP--'_(i't)/lOwhere _(l,f) Is the $1me averse sound
pre.sure level at position i and frequency r. ]

Si i. the are& associated with the ith measurers5 posltlon
(square metres).

pc i5 t_e sh_cter_ltls impedance of the medi t_ (_ _.athe density
kg/m , c l, the velocLty o_" sound m/sec),

In the event that the m£crophone positioas are chosen to reprepent equal _reas of the measurement
surface, the_ equation 3,1 reduces to:

vhere: S i, the to_&l _rea of the meaa_ment surface (sq_'e metres).

The fa_-field measurementarray was doai_ned with this latter equation i_ mind, At each _ocatLon of
the array, each micropbo.a, except the top one. samples a sector of the be_/spbere from _ * d_ to _ +

A_ a_Idfrom lal=:o - _.._to _2=_0 + az (vhsre AS • I__, d: • 1,15m,),

The area o_ _ secant ot a epherl0&l surface between zI and z2 _s 2.rd_i thus the _rea represented hy
each microphone position is :

asi • _.(7.o)(_,15)(30/56o)

The area s_pled by the top _/crophone is;

_ST3 • 2.r 2 . m(dBi)

For the pu_ose of _o_d powe_ calculations l_ this report, th#ss are_ wre treated _ equal;
however, it should he _otsd _h&t the a_eas inVOlved _e not identical in shape, Thi# i_ a conceptual
d/sadvanta_e, since it is _o¢ entirely clee_ that the sample f_om tb_ center of a long narrow
reet_ular shaped area will be SS representative of the average level an a point which is st the
center of a oircle of the s_,e area. Such ¢e_aider_ione e_s, hoWever, b_ond the scope of this
.tud_.

3.1.i. _ys_e_ Error _n the Pa_ _eld _re_r"

The array chossn presents another d_f/leulty for the _eaeurs_t o_ so_md p_er level, which has
been previouel.v noted by _aade[7], T_is has to do with the faeq thnt _ compact (kn_¢l, k-wave number,
a= source radlu_) o_nLd_rectional source at a height above the ground plane produces en interference
p_ttern on a hemisphere above the pla_e which in the f_ field apprcxiemti_n is of the form [7].

p)(r,_) "Pc -_'+ (3.3)"l ") /
_bltr@ ;

p2(r,I) in the _esn square _resoure &t height z on _ hendephlre
co,tePid ovs_ the IlOur_OII I Of p_dlt_ ri
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2
Pc is the Mean square preDDLlre fror_ the Dotlrce in free epa_a

at the radius r;

R1 Is equal to the ratio of pith length for direct eou_d
to radlu_ r;

_ • (r2- =21 + (ho _I2 • r2-2hz+h 2
r2 r 2

R2 is equal to the ratio of path lenEth for reflected sound
to radiu_ r;

R_- (r 2- ¢2) + (h + =)2 - r 2+ 2hz +
h2

r2 r_

h _e the height of _he source center _hove the ground plane_

P(_) is _he auto correlation function of the source radiation,

For random noise;

fo in the center frequency of the h_nd, HZ;

df is the _rrover b_nd_idth of the signal or the e_lalyzing filterL

is the tins delay between direct and ref_ecte¢ sound [Tmr(Pl-R2)/c]

c • speed of sound in the propagation med_u=;

For p_re tone6, Af-Oand eSn_ a lwhenxa o
x

co, R(_) - e_o 2_fT . toe (2.fr(Pl-R_)l_). For r2/hz>.l,

R1/R_ 1, a.d fr(R1-R2)/c 2f_z/ro.

For tones or bands o_ noise t_is e_resslo_ predicts _Ani_ in the _ou_t field _t height_ which
are odd multiples of filz/ro when r >>hz,

Thus for • e_l_ fixed height source, euperlmposed o_ its i_here_t dlre_tIvity, l_te_fere_ce
_lnl_a wll_ occur at microphone heights z which are m_ltiple_ Of odd lnte&er_ d_e to the _ _you_d
pla_e reflection. Fortune, ely, ot_.r microphone array ie su_ficie_tl.v closel_ spiced so that I_nl_
will not occur at al_ _lcrophones simultaneously, for s one metre _o_Arce height, 'J_,l.ela the cohdit_oD_
f_> 1000 PZ _nd eot_ree rad_u_ m_ch less then 0,0_3 m are _et, At lo_er frequencies, the f&ob th&t
_xi_t will occur at so_ microphone _ositione which _lll com_en|_te, to |_e d_E_ree_ roy miBl_A _t
other _ocations, prestlmahly will te_d to minimize thl_ sy_te_tic error, F_her_fe, for thil
description to _pply to a _lmtl_ at the top _lerophone on_y, the fre_ue,_ _t_t he _eater %_a_ _bou%
300 _z with a source radius mUCh less than 0,i_ m, T_us, the fact that the typical Oo_pO_ent _o_ca
size of _ compressor i_ eonslderabl_ l_rser then these di_ension|, ezsept p0ssib_ fo_ e_i_e eXhEu_t _
St!_gests_hAt the existence of interfere_ce _lnima should _ot create _ seriou_ _asure_e_t prohl_ for
this array.

An estimate of the possible,error in %he far field measurement for an o_nAd4rectlon_l _o_oo oan
he ohtnlned fro_ Eq. 3._ ss follo_s.

_e noto_qlthat a_ estimate of sound power output without sampling error, for a fixed iouroe height
Is given b_

_We note that while the true power is ana_y_ical_v available by sl_ler means, at this _t_cture
ot_ purpose As to eva_u_e only the ss-mpling error_ _cluttered hM other error sources,
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The approxl=atlon @b_ained frc_ the far-_leld e.rrLy !e

'2 73 2

w,,,-(2.r )._'_ (r'zi'°i) (3,_)
_c W._ 73

Iml

p2(rlZil0L) Ls independent of 0 for _n or_ntd_rect_0nal Bcurcel e_, 3,5 rmduQel ¢o
8_n_e

a Y

lml
w_ePe I

J12/73,i • I to 6/

"|" 1/73, i • 7

,_2t; II, _,

The error dn aound power level due SO _empiIng (dLv(Ili dl given by

WtPl

d_w(s)• lo LOglOW (_.7)

The reau_ts of thtB oslculatton, ustn_ eq, 3,3 for p2(roz] coll_Ider_;_ ten d_fferent _ot_c_

hed_hta for th_ for field _ay vi_ the eot_Qes rad_d'edthe_ _ _ to_e or o_-third Oct_V_

]_ds Of |1oise, are _hovn _n _ah_el h,l and h,2.

3.1._. F_r Field @o_,dPgwaF,_alc_aZ_ons

_n _rfor_n& the _ound _ower ¢e/cul_lona, the a_dnLflc_nce O_the e_bll_t 0orrlct_o_ Val
retained in term_ of • lignal quaY.fry code, A_ noted in geotdo_ 2,_,_ th_ ave_a|e |o_d _rH_re
level vn/_ _t a meamurem_t _onttton In each frequen_ band wla coded to d_d_te one of the

followln_ ty_Pes Of data qua.%Ityl

a) no_l da¢_(greaterth_n3 dB ebow _bient);

b) Up_e_ both_d d_ta (d_t_ within 0 to 3 dB above ambient, and corrected
Thr _mbtent) ;

c) no u_ef%_ data (dmta &t or _elow am_ient_ or _t or below l_trume_t

_)aa_ l_e). D_t_ VaZUe replKced by higher of ambient _evel _nu_ _ d3
or baseline level.

_It t1_11_ %beam d_t_ in • Bored power level oeO.c_.%_tion, t;qe _l_'|t _t_ l| the _omp_t_o_ Of
average _ot_d preserve, Th_ dats were mt_ed in three ¢o_onen_ of th_ aver&d# with • breik_
o_lar to the above_ i.e.

_) _%_ of normal dsta_ end number ot polnts

b) Obt_ Of */ppor bOt_nd dat_, and n_be_ O_ pO_nt_

e) Bum o_ no-use/ul-dat_ wa_uea_ _nd ntmber of potntl of no uoef_ d_t_,

The average sound pre¢_e was detained by addlng thele |tma togethe_ and d1_d_n_ by the tot_.
n%L_ber O: l_oin¢o, _he pOWer level (_O_Rted l_Btng thi_ _Vera_ eot_d prelltirO WM alOl4dDod _, _U_.,_,_,'
code accordL_g to t_e relative magnitude of t_ele euca and the n_or of _pod_tl i_VOlV_d _ dn_rLbed
below:

i

]

hO



power level quality 0f dat_
quality code

1 all data type-a

2 IIoine z_e_a, no type-c, home type-b data Which contrlbute_ lea_
than one-twentieth (0._ dg) to the total power in the band,

3 come type-a, 8ome ty]_e-b 8nd -c data which eontributee le_o
than one-twentleth to _.he total power.

_4 BoTae type-a b no type_e. Dome type-b data _h_ch coz]trlbute_
between one-twentletb and one-half of the computed p_wer

5 some type-a, .o_e t_pe-b and -c data which eontrlbute
between one-twentdeth and one-half of the computed power,

6 Bone type-a_ no typemC* type-b data which contribute _ore

than h_f of the computed power.

7 some type-_1 type-b and -c data whdch ¢oot_dbut_ more
than h_if of the computed power.

Inve_tlgatlon of the data dndlcated tha_ in the frequency r_n_e 25 Ilz to lO _t_, there wee alway,

: some type-a data so the above classification ia complete, The data or code _ throu_l 7 _ve upper
bo_d Sound power level_, sdnee the estlmnte OP true power level wdll be less th_n caleul_ted.

D_a oP code l, P, and 3 wa_ _tber clas_dfded according to the _nn_nl_de of the pooled v_lue o_
temporal Varl_tce a_eordio_ to the _ollowi_g _cheme:

a. If the v_rlance of the _dgnal is lesa th_n that of electrice_ noi.e at the 99_ level o_
eollfide_ce_ bhen _h_ si_ne_ 1_ _alled tone-like.

b, If the variance Of the signal _ within _he 99_ conCidence interval of electrie_ pdnk nol_e.
the eignal ia called nol_e-lIke,

e. I_ _he variance o_ the .ddnal la .dgnl_lcant2.v greater than that of eleetrdcal pink nod_ a_
the 995 level oP confidence, the _ddnal ds called .eluetuaXlnfi.

The dat_ in each band where the quality code d_ le_s _h_n or equal to 3 de _ive_ a letter code T,
1#or P oorreaponddn_ to _he above al_s_d_toation -- tone-like, nolee-like and £1uetu_tinE,
r e_peeb dve]_v,

3.2, _ear Field goU_d Power CalcUlation Procedure.

The _eae _eneral and _peclflc _or_ of the Par-field _ound power c_iculations (eq. 3.] and 3._)
e_so apply to the near-Pield e_eulation_. The seine order of _gnitude sound power value will re.ult
sl_ce the valu_ for _ea_ s_are BoUnd pre_e _lll increase Oo_nal_ d_v_r_el_ in prcpor_do_ to _he
ch_ge in S (as _ conaequence o_ the lnveree equate law of .ound Pield spread/hal).

_e c_c_tLa_don_ repo_ed her_ were p_rformed fo_ _WO dd_Teren_ _ea_e_e_t _t_a_e_ add three
d_£erent _ub_ts of bhe _asured data a_ fo_ow_:

gear-Field Caleulation_

Label C_leulatlon Procedure

1 CenSorial _urface -h/ (defined by FIg. 8) - all appropriate mea.ureaent poa_tlon_ (aee bel0w).

_T _ CenSorial _t_aee - engineering nethod_ 8 m_as_re_ent po_Itlon_.

_F 3 Conferral eurface - _urvey method, 5 measurement po_tions

I_F 6 _ectan_ul_r _urface - _11 aea_ure_eat po_tdona.

_--/The confor_S_ eurrace of radiu_ r i. theb ourf_ce which i_ defined by being everywhere a distance
r from the nearest point on the enwlope oP the principal rad_atinfi surfaces of the source. (8ee
Pigure 8),
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Flange O ConTo_l sL_face at a (:Llst_ce r f_*om e. recLa_glllar box

_P 7 Rectang_ar sub'face - engineering method, 9 me_eurs_en_ pcditlons,

)_ O Rectl_lgule_" s_face - survey _et;hod I _ measL_reJIlentpositi(ln_,

The label above refers to the lnbel of the calculation precedes _ it appears in Tables 5.1-5,17
and Table _. The references to engineering and survey methods refer to IS0 Dra_ International
Standard, I-_) For Sound Power L_el _ter--lnation (DIS 37_ end DIg 37_6, respectively), The data
were take_ on a rectangu/ar messure_ea_ surface (e.g,i w_th squ_re cornero) ra_her than a eonfon_al
surface_ therefore no_ modificatio_ of th_/da_a net was required _or the conformal surface calcula-
_ione_ The modifications were a_ follows: _

_F-1 - Data points near edge_ and corners were Sneluded If the data points were with _he eur_aeels

corresponding distance from _he source surface r s such tha_:

sc(_) <_Sc(re) <__,_ ec(h)

(gc(r)-2h([*v + _r)+iv +.r (_+v) +_.r_)

Thin results in retaining _ome measurement positions (near edges and corners) which would be

_/Since ell of the cempreesors in thl_ _tudy were contained within rectangular shaped enclos_ea, the
envelope taken for the source was also rectangular in shape, _nd of dimnsions £, w, h where £ and
w are the length and vld_h of the enclosure reepecdivelp_ and h de the height of the _op of the
enclosure above the reflecting plane,

h2



as mUChau 0*5 dB below the the expected value if inverse SQuare spreading applie_ on the
measurement surface. The actual _t_nh_r of measurement posl_ons used in each NP-1 cltlcl_la-
tioa are identified in the data t.bles. It should he noted that most of the measurement
positions do lie on the tceasureme_t surface, An estimate of the muximm_ downward bias
(AL(P)) introduced by including those points not on the measurement surface is -0,2 dB (.Ah

(P)<O, wlth the maximum error decreasing as source size increases.

_IF-2 - The ISO draft standard engineering method prescribes an eight point measurement array for
use with a conforrnalDurface. These eight points hRve position corrdlaates as follows (for

a source of di_ndio_ £, w, h):

Pos, No, X Y Z'j

1 a 0 h1

2 g b hi

3 -a 0 hI

h 0 -b h1

9 a/2 bI h 2

6 -a/2 bI h2

Z -_12 -bI .h2

8 a12 -bI h2

Where: a • i/2 L * r

b=ll2w+r

c m h÷r

hI- II_(b+ e- r}

h2 = 3/_(b+ e- r)_<c

bI • i/2 (b + c - r) __b

• The orlgln of the coordinate system ls on the reflecting plane tl_derthe
center of the compressor.

The mpprox/matlon of these positions used in the ca/eulation in this study are:

positions i-_ (x, y dimensions e_ indicated, h1 nearest h.J.flntegral value
in metres to calculated value)

positions 5-8 (x, y dl_endions, nearest integral values to calculated value.

h 2 - c).

NF-3 _ -8 T_e five positions USed for both ealculatdons are the positions 1-5 m high. at tbe center
of each side, end the position on the center of the top array. The oal_ differs.ca in the
calculation is the difference in the area g used for the measurement surface,

gF-6 All points and rect_n&_tlar surface u_ed.

_F-7 The nine points required #or this calctLtaudon inclUde the five positions used in NF-3 and
-8 plus PoUr additional pdintl at the corners of the measurement surfaces, These Pour
points were approxi_ted by the nearest measurement points,

The effect of these approximations may be treated as equivalent to a postsloning error, The actual
error introdUCed is a function oPthe dlreetivlsy of the sound source -- _os% of the poditioding error
Is a lateral displacement on the measurement surface, as opposed _o a radial displacement off the
• euursment surface. Therefore, the approxi_tions, in general, represent non-bia_i_g errors which

or w_ not contribute to the imprecision oP the me_urement, but will not tend to produce
• ystsmtic bda_,

h3



3.3. So_d Power Level Data

The reBu_ts of the aourldpower level ca_oulatlons for the 17 compren_ors are pre0ented _n T_ble_
5.1 to 5.17. Each t_le no.si_ts of five part_ including: a plot of far-_cld power level, a tBble
of _Ignal quallty for _ar-flold _nd near-_eld data. a table of _r- _nd nea_-_eld power levols a_d
d_f_erences between near_ and f_-fleld power levels, and a table of far-fleld me_hod_loff/power
level_ _nd the dlf_re_ee from far-fleld power level.

_ %op _ the t_ble is & plot of the 1/3 octave band. _-_leld could power level v_ _req_en@y.
Underne_h the _equency scale i_ the B/g_l qua115y code for both _x-_eld sad _ear-f_e_d (_F tYPe
6) _o_d power level data _ing the Bm_e f_eque.cy _ca_e _ the plot. The ne_ e_t_ In _be table _a
the eotl_dpower level data _or f_-f|eld and _x d_ferent ,ea_- field e_e_nt_cn_ a_ de_crdbed in

Sect_o,_ 4.1 and h.2. _e data are presented In a tyrol_ne _or_t v_th the _irat llne canta_i_
A-weighted and l$near v=lue_pl_ %he one-third Octave b_nd _o_md pewe_ level _or _d center
_eque_cle_ _rc_ 25 _[ztc _0_ H_. The _eeo_d l_ne of each ent_ _ the c,e-thlrd octave band _ou_d
paver level _or b_d center _reque_es _rom 500 Hz to 10.000 }Iz.

The neecnd _ro_ of e_tr_es In the dat_ _able _ive the devlat_cns of She v_rlous _e_r-fleld

_alcul_on prOcedUres _rom the _tr_eld _u_d _over level. _e o_gn convention _ such th_
poslt_ve valUea _mp_v that the near-_eld power level _s higher th_ the f_-_eld I_ver level. The
_iflc_noe o_ larKe Indlvldu_ldev_atlon_ _t low _equenelen _ho_d be eye.ted _ the context of
_he _a_tude o_ the _na! _ue2_ _aetor. _nd the _et that lax_ valuen o_ th_s factor (_re_er
than 3) _nd_a_en a _er_c_ _blent no_e problem (vh_c_ tTp_e_v caUSed an over eatS=ate o_ the _r
fleld pover level).

The fe.r-f_eld methcdolo_, d_ta ia presented in oetBve _tmde, and A- and C- wel_,hted levelP since
the data were recorded I. thlB f_r_t. For comparison pur_seB, %he octave band and C-wei6hted
far-field pover level vere computed from the one-third octave band data,

_5
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b, DISCUSSlON OF _XPEhIIv;gNTALI(ESULTS

b,l, dound Pressure Level Data

There are two sspe_s of the sou.n.dpressure level data which are worthy of _ots with respect to
compressor noise measurement -- a) directlvity of compressor nolseb anl b) systematic variation of

nslse wlth elevation above the re[lectiI%gplane.

_,i.i, Direetivity of compressor noi_e

A directivi_y index for s source may be defined as[8]

where DI(0) Is the dlreetivit_ index at the angle @

Lp(@) is _he sound pressure level a'_.the angle B

is the avorsge sound pressure level over the hemisphereP

(_ _ I_ -_b.9 _B for the data in Tsble 3)

The _ge of max/m_ _alues of d!reotivity index for A-welghted sound level for al_ _e_t_ was 1,8
dB to 7,6 _. As might he emp_cted mthe l_ger values of direotivi_y index were those asso_lated with
the larger machlnes. For eo_pa/ls0_.%h_ max_ dlrectiv_ty i_dex of A-wmighted iovel for the
reference source was 1,5 d_ while that for %he tone solAroeranged from 6,9 to Ii.i _B, The average
value for "_he maximum dlreetlvity index of A- weighted level wa_ 3,_ d_ IndleJtlng _hat compressors
as a _ou_ are not sub_tantlal_.vdirective sources. Purthermore, because of the relatively small

directivlty of co_ressora in comparisonwith tonal sources.,we are led to suspect that the A-weighted
level of compressor noise is not strongly dominated _y tones. As a result, it is empected that the
averse of a small number of measurements is likely to glve re_onahly good estimates of the _rue
average level over the m_aaurement _urface. Per 12 of the iT ss_les the side exhibiting max/mum
noise level in near-field data was in the same direction as the direction of mamimum level in the

fa_-flald, Fo_ two sompre_sors, the direction of _he far field max/mum was wiehin +_ of the
direction of the elde with mamimum level. For th_.e of the co.red,ors -- those with low dlre0tlvlty

index -- the ms4d_a of sound press_rs level in the near and fs_r field data occurred on different
sides, T_i_ may be reasonably attributed to second order effects _u_ to the _ize of _he d_fferant
sides aa well as the typical interference patterus in the near-_imid for these sourcs_, In all three
cases, the maximum directivity l_dex OCCUrs close to the ground in the region of the first
interference maximum, so that small elevation positioning errors F_v contribute to a _a/se
identification of the Bide with the _ximum noise, FUrthermore, for compressors, the near-field
mar/mum typically occurs on a short side and the increased area a_sociated with a long side may in
fact lead _o larger Inteosd_les in the fs_-flald for the side w_th the hi_hest value of average sound

level times area. It is for these reasons that directivity patterns are only defined in the far field
of the source where the mirectivit¥ pattern i_ Independent of meuurement radius [8).

_.i.2 Sys_ematlo varlatio9 of noise with _osltlon

It should be noted that both the f_r-fiald and near-field sound pressure level data exhibit
stronger variation with height above the reflecting plane then with change of l_teral position on the
m_asurement surface. The effect is larger in the far-field data than in the near-fleld data. This is

a direct consequence of two facts: a) interference patterns are a result of the radiation from two or
more coherent sources spaced some distance apsrt a_d h) the principal coherent sources are any
_slhlon on the compressor and its _drror image on the other side of the reflecting plane. This may
he predicted if one assumes that all the principal radiators of sound are small and not strongly
correlated _0 all other radiators.

This factor is important for a m_asurement m_thodOlo_ since it implies that aver_glng in the
vertical direction in the fa_-fleld will be much more Importaat _han averaging in the horizontal
direction, and also more important i_ the far field thmn i_ the ne_r-flald,

_,2, Sound Power Level Data

Several noteworthy conclusions can be drawn from the sound power level data [Tables 5,1-_.17],
The first is that for each individUal test, for the frequency range above which the signal q_mlit¥
indicates no background noise pr_hdem_, to an upper frequent7 limit of about _.O kHz, the devla_ions
of the near field c_Icttlatlonsare predclr_[nantly positive a_d Sm_ll. One means _or s_izi_g this
result is shoWn in Table 6 where the averages Of these deviations for 17 compressors are shown. (_ote:

pOints eo_TeBpon_/ng to signal quBllty_e_ter th_ 3 are excluded from the average), Also shown are
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_he come.ted _tandsrd dovlatlo_s of _hese deviations. _ho averege dovist_on may b_ Intcrpretell fls a_

e_t_tQ Of t_e _ve_g¢ l:$no o_ _ho meag_mo_t _e_hQ_o_o_/_ vh11_ the _andard d_vlatlo_ ca_ be

inte_p_eted a_ a m_anure of th_ p_eL_Lon of th_ method_lo_/. Th_ resulte _lll be mo_ f_y

SeO_ndl _he signal quaiLty c_do, whLeh ela_ifL_n _he variano_ _f _he e_gnal as ton_-Iik_,

noi_e-_k_ o_ f_o_a_Ln_t _e_allY a_'eeB With a_ ea_t_ of _he p_enc_ Of a _o_e f_om

qual_t_y_ _xnmln_o_ of _h_ npe¢_im (i,e,, pea_s _n the apeet_ co_eepond %o T_ LIt th_ _Kn_l
quality) except at _uen_fe_ a_oce a_ou_ _00 Hz. Alao the claselfLc_ion of wrlan¢_ in _he

n_'-f_eld _t_ typ_oal_/ in_ea_e_ tho _a_e _ lower v_Janc_ th_ in _h_ far-fle_d da_. _]e_e

o_v_o_ _re _n_p_eted _B _ndlca_In_ that th_ p_o_a_a_on modi_m Ls not unlform dur_n_ _he

p_rlod Of obe_rvaZL_n a_ n a_1_ poa_1on (30 _cond_) cauBLn_ _h_ in_Cerence pazt_rn and _hus the

var_an_o of _h_ s_gnal t_ chs_e _L_n_C_c_nt_ durLng _h_ obne_"/_Lon _e_1od, The cnu_ _f u_ifo_ly

h_ va_ances _ h_h f_oquen_e_ _a _robabl_ du_ _o _h0 f_c_ th_ _one_, when th_ a_ p_n_ _re

no_ _e_ bu_ _a_he_ phLt_ dun _o chan_e_ Ln ao_c_ _ot_L_ o_eed, ThSs ch_n_e in _e_y lea_s

fluc_a_ionB _n mesh equ_;_ _es_u2e a_ _he o_ae_v_i_n _o_n_. A_e_na_e]_v, uniting, p_o_a_a_±on

con_s_ cve_ a _Lon of a Cow v_lenG_h_ _n dime_alon, cause_ b_ ehemgln_ _horm_l a:id _=pe_e

con_1_¢1ons o_ chanS_ _n _he_ _d_en_e, can lead _o _h_ eome effect,

_or e*v*nte*npor¢_bll_ c_pr_e*o_l,_a _*ar_li_d¢_Icul*tlo_
i Ptuc*d_r*_(*|Jt_ut ei©c_n * lhc_ p;u*elu l_r •

ar d ** h_dD u|y.
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received little or n@ attention, _/_ile a detailed analytic description is beyond the sc@po of thL_
work, Vm are _o_elledt hosed on _he str0ngth of hhe dst_, to advanoe lo_e hypohhesea in this _
both he aid in the interpratahion o_ these data_ and to suggest dirse_lc_m for f_rther researvh,

We begin by introducing the _rue sound paver defined a8 [h]

W- / _(r)_Cr_ dS (5.1)

%

where W _n the acoustic _ower radiated by all so_rces within So.

I(_) is the _ime average lnte,si_y vector at a po.dtdon r.

_(r) is tile unit vector nor_l to the _uefaee So at the point r,

An idealizatdo_ of o_u" measurement is given by"

W" " [ P2h')dg (5.2)
J _c
S

where p2 is the time-average squared pressure at the position E.

Since the squared preos_tre ie a scalar fialdm we $_troduce = hhdrd estimate oP power for comparison.
d,e,

w, / Iz_C__)l_ (_.3)
So

where Ill is the scalar magnitude of intensity,

B_n=e 1!(-')I>-!(-_)'"-(-_),

It la clear that

W' >W (5.1+)

d.e. vanishingly short wavelengths _o_ i_co_erent noise sources __, by _o_ with the ease o_'_;eo_etrlealoptics, wa hay% _ we have that [ll}

the geomehrdc aco_stIc ii_lh

p r

; where k_2. ds the a0ou_htc wave number (_ in the wavelength of sound)

r :[_ the distance to the _ear_t _ot_ce

{
' Th_ w_ _ write

W,, . _, ,W (_._)

_e_e • i_ddoate_ asylutoti_al_._ _qv_l to* Thun at leash in the geometric sceptic (high /requency)
!1 lil_i_l the n@_r_teld and far-t_eld e@tl_es o_ power for _neohers_ noise sources are a_y_totic to
!! _t_ I_plr hott_d es_iE_te OP %he t_tte power. _e de_re_ of OVSF.e_tl_h_o_ l_ deterlr._ned by the de_rea

" to _i_h the shape of the measurement gut[ace 8o 0o_o_ he th_ sur_oe oT wave _rontu from the

O_ coflcer_ of oolar_e i8 how _his des_riptlo_ holds as wavelength ln_reases. A cursolT_ review cf
the data suggests the hypothesis _or Ires field ove_ rerlectln8 plane deter_n8tlons that

W")_W (5.7)

_'/_pdncoh_re_h we _ea_ (in a_alo_/ w_hh an l_oherent or white light source) that the radiation
, _rom any point on the source has ravishingly un_.l temporal correlation With _hat _rom _ other

source point, and ihs temporal auto corral_tlo_ _pproachea 8 delta _metion Ln hiss, such limiting
processes bein_ t_en in a _la_mur which yields a _lnite power o_tput.



lhroUghout the Frequency range of me&suremontb but we _uo_ emDhaelze tha_ thlu _kv_otheu|_la _ithout
an analytic besi_, for m_as_ements In the ncoust_e near-f_ald, it is tempti_8 to seek Bn _nalytle

Jun_Iflca_ion for hhde _potheols h_sed on a eomperllon of seen squared pressure with the _oalar
•_itude of intsnai_, h_t we must _dd that such e_te_s are met with oonllderable entitle

diffle_y for all but the simplest eotLrcee. For example, con_idsratlcn of the ai_le _onopole and
dipole set.eel in free space yield

P2(r) , Iz(r)l [_,a)
i:e

for all f_equencles, but a similar ralatAonshlp for _re complex So_ArceBhas net been Ids_tiflsd,
Thus,though o_r data are very encouraging_ we must emphaelze e_ this point that there Is no firm

anelytlc baals for near-field sound pover deracinations.

With this preamble, let us now turn to the question of dlfferenesa between an estlm_te of power
and irue p_vsr. _quatiens 5._ through 5._ suggest the Thllovln_ partitioning of the error [as
distinct _rom that proposed by 8ubner [3])

_- _.,_n(kr) (5.91
W$

where _s _ W--

The _srm 6s is associated prdncipally vi_h the _hape of _be measurement s_zrfacerelative to the
tlme-averase wavefront shape. _ased on Hu_gens prlnolple, ve e_ect this _erm _o he nomAnul_v
independen_ of _he "radit_" of a measurement surface, at least for nearly conferral measurement

a_rfaoss. The ter_ _n(kr) is a frequency dependent term which Is a _easure o_ hey the ch_nss in mean
squere pre_a_re due to spreadin_ differs from inverse square le_, Thus, if the source does produce an
acoustic near fleld, its eontributlons _ill ooe_ pvinelpml_y in this te_.

From aqu_tlon 5._. the _er_ _ i_ seen to be alva,s 8rester the_ or equal to ts_Ity* An estimate
of the maE_itu_e of the te_m 6 (kr_ is u_availeble at this time except at high frequencies where eq.
5.5 Indicates that it assy_sot_eally approaches unity.

_ntll this point, thi_ dlecuss_on has isnored the effect of spatial e_ling on _he meesu_ement

result. To consider its effec_ ve Introduce a third es_i_te of sound _ower defined as

i-i

where S de _ha element _ _easuye_e_t e_rfaoe area aeeoclated _lth the lib meHurems_t Of mea_ Square

pressure, _ the measurement is designed so that the areas 8 i are aq_ul, then

8o • I( 8i

a_d
8 N

• o i P

"1
• In this form it l_ clear that the intent of the ._atial ee_plin8 should be to produce _n unbiased
estimate of the average moan a_uared pressure over the _e_et_rement s_rfaee, Thus the e_ected ve4ue
of _*'i whloh results _rom an unbiased semolina pl_n will equal _". 'Thiswe are led to e_sct tha_
_he offset of point sa_lln_ will be to tin,reducean impreedslon dn the measurement ra_her than _ _rue

bias, _urther, the magnitude of this im_re_iaion should be directly proportional to a function of the
variance over the measurement s_rfaee and dnversly proportional to a function of the number of
_corr_leted _eas_emen_ point8 used,

Rsturnin_ to the _ta in Table 6, we note that ull of _he above comments are supported in detail.
Flrs_ consider the comparison between I_F 1 competed with NF 6 which represents the r_ost sensitive test
of the differense between a conformal versus a rectanguAer s_rface. Above 830 Sz. _P6 iS a very
oonsielent0.9 d_ high with _ standard deviation of 8.8 d_ or less through _et of this range. A
t*te_t Indicated that this difference is algnlflesnt at or above she 99_ level. Thus we conclude th_h

_he difference between the procedUres is st_tlstieal_v sisnificant with the _on-oonformal surface
p_oduol_g the higher estimate, and thus that the term _ de 6rearer than unity &e expected, In F_gure
lO, the dat_ for _F1 de plotted versus frequency includ_r_ the microphone directional response
correction surfeited in Section 2.3. Here we see a trend for the near field eou_d poser estimate on
the cenfo_ surface to asy_totieally _pproaeh the far field power with increasin6 frequency as
suggested by eq. 5.6. but f_thsr, moving toward lover _requencies. the uDvard bias becomes
•_atletieally ei_itlcant.
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ThUS we ere led to a corollary of the hypotbe.lmof eq, 5,7, that

E (_'") LW 15,dl)

i,e., the expected value of a sQund power estimate hosed on sound preHure mea.uremen_s is Ereater
than or equal to the true aot_ld power within the limibs of s_ling error for free field _ver
reflecting plebe _eastt_sment_,

We also note from the data in Table 6, _bat decreasing the NUmber of measurement positions
generally does not alter the meazt uFward hias_ but does eignificsnt2y l_ereame the measv_ement
imprecision ss suggested by the error _del. This effect is emphasized in Figure lO. where the
average devlaticn and standard deviation data of Table 6 are plotted vs number of measurement
positions for the A-velghted data, Otisnotable exception to these trends is _he resul_ for _{F-7
ee_cu_tion procedt_re (n|ne _eas_ement pol_s, one on edoh of five sides t one at each of four
corners, rectangular measurement surface}. Here, the selection of measurement positions has been
optlmized to minimize bias on the average for the rectangular surface, bu_ with the resul_ _hat the

increased number of measurement pointl does not slgnl$icantly improve the precision of the meas_remenz
over _hat for fare measUre=ant positions (for this sa_plu Of data). From thim we must conclude that
the sound pressure level at the corner positions is correlated with the center points in an average
senate.

i i I I _"' i
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Another possible type of bias in the measure_e_ _thodolo_/ l_ eyn_e_tic variation e_ a
Dluction ot machine size. Figure ll shove a plot of devia_ion no a f_l_ctio_ of _achi_e o_ze Tot the
_F-I and HF-6 A-welehted sound power data. _)Le plot indicates that both _aeure_n% nmchodOlo_Les
have S sl_llDic_h tendency to overe_timate sound power for _ller maohdne_. TUlo _e lnd/catl_e st
_he dependence _f _he dsv_atlcn fro_ true sound power o_ =eau_re_e_t radius, However, db la prohabl_
_hat _he m_crophone n_/ar re.pewee _r_blem in a _ac_or *n the_e de_a an _11. Unfortunately, the
dabs _o_ l_reer machines is too _ree _ provide accurate e_tima_es st tre_dn o_ dev_atio_ _or yery
large _athinen, bu_ • R, 5,6 nu_eestn that both curves will have hori:on_al aey_otes a_ or above O d_
deviation.

S.3. Instru_e_tatdon Accuracy

The a_alyein oL' measurement procedure erro_ ba_ed on e_erl_ental da_a_ discussed above, i_
effeeb eldn_abee dnstrumen_atdon error except for _crophone en_ular response, _ince ve deal only
w_h difT_rences in level_ measu_e_ with the _a_e equip_ent. Error_ due to bl_ fro_ _eaeure_ent
synte_ drd_ are _ind_ized with _reQ_e_$ calibra_ion_ while bias _ro_ detection o_ Oi_8_.a in
ali_nabed by U_in_ the sere syste_ ia _o_h _ea_re_enhn. etc. To_ _eneure_nt _n the field
e_viro_me_ hovever_ those cancelat$_n_ of error do _ob occur and _mt be ¢o_nide_ed i_ the e_bl_ate
o_ total meas_re_en_ error.

Table 7 prov_dee_a li|tl_& o_ pert/_enb sour_e_ of lnstr_ent error, their specified val_e, for
pTeciRion 6staid 14vel'_ebez" a)ld _he r_l_de of eX_ec_t_d ell'Or f_r pr_eent_ available eqal_ent.

The largest einsle source o_ error i_ tolerence_ on b_e _-we/ghtin_ reeponee_ when tha_ ie used,
since With proper _tcrophone alze, the error due to angulm" re,posse can be _lnd_zed. Co_bdaln6
_heee errors loads to a total inatrumen_ l_precielo_ (two eba_dard dew, strong) on the order of 1.2 to
1._ d_ for te8bn _mde over a s_ll te_er_ture range l"ro_ the temperature at calibration. (For
ce.lcul_tLon_ oC _otal error we will use • vclue st 0,7 d_ for one ebandsrd dev£abion (90_ confidence)
for the inaOrumenb error co.nest).
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Tabla 7. Inszrt_ent Ir,preclelon(zwo Standard Devlazions) Aseoclazed with

Con_crci_lly Available Prec_nLon (7_p_ I) $oun_ L_vel MoterB

Property S_ndar_ m Li_i_ Typical Limit.

Level Cal_brB_on _0,2 _ a_

Frequen:y _anponle
(_ e_ch o._-thlrd
OCtKVQ C_n_

• frequency

A_en_o_ A_u_cy _ 0,_ aB _ 0.5 aB

10°C _o 60°_ ÷ lab _
.10aC _ 60o0 _ i ab_o -5 dB .a_

(*_90°, _0 XZ - i0 kay)
One _nch _r_phcn_ _ 2,1 _o -_ ab ÷ i to -9 dB
On_-hsl_ _nch mL_ophon_ ÷ 0,5 _o -_._ _B

w XEC 179, /_Sl Si.4 - 1971 [12]

_ For _pec%_G _ _o _ho_ me_%_ed _d _llow_hle _ta_d_d _oler_n_ v_,
!_ Frequency.

_ _,_.To_1Me_mcn_ Error

_ The _otal imp_cL_1on _n _h_ me_.ure=cn_ pro_u_'e i_ _qu_l to th_ _m_ _otal of _he _r_or

Th_ m_thodolo_ _mprec_s_on may be _t_d from th_ _an_ devla%_on of the difference

_i h_twe_n _he _wo procedure, (I_no_g th_ Co,%rlbu_on of v_i_n_ Of _h_ f_ flel_ me_sztce_, _f
_ _ no_ _n fa_ ne_IGLhle, cont_Lbutes to m_k_ _h_ e_mat_ m_r_ c_n_e_v_Lv_.) The s_andard

_! d_vL_ian of hho _v_at_o_ from _he far f_el_ proc_d_r_ (Sigma Dey,, '_hl_ 6) L_ • nearly unbia_e_
_ _Ima_e of _he B_andard d_via_ion (a) of _h_ m_hodolo_y, _s_u_ing _h_ %h_ er_or_ are normally
_ diD_ib_o_, Exea_n_Ion of _h_ _umu_t_w d|_r_u_on_ of _h_ d_ Lndl_e th_ _h_ nor_a1_%y

m_ho_lo_ i_slon _s _he upper en_ af _he _5_ contLden_e interval for _.

Ne_l_ ope_o_ e_ro_ _ _In_ _ va/_ o_ ,7 dB for _e s_andard devla_ Of in_%rum_n_

e_im_e_ to be _n th_ r_nge l.l _o 2.4 dB de_n_In8 on _h_ number o_ m_a_uremen_ po_on_ u_ed, _s
_hown In Table B,

_h_ f_ _h_t _h_ a_hi_wd _r_cision of _,_ aB fo_ _e _IBSFa_-fLeld N_thodolo_y (s_e ?_l_ 6)
_' (u_Ln8 _ han_ held _oun_ l_wl _e_ar, and _Ix =easu2e_ent _oLnt_) _r_s reasonably we_l w_h _h_

_omputed _otal _re_IB$_n of th_ _urv_¥ m_hoda, rep_n_ Dome _aB_rma_on of th_ p_e_on
ana_v_i_,
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Tnbl. O, Eetl_atnd _chlovabla me,inurementerror (9_$ aonfLdenom) tot moH_z_ome_t o_
A-welghted notandp_wer level Of _ort_le alr ac_reBno_n in • field temt
e_vlronme_t uB_nS a _eamurement murfaea 1 metre fro_ _he ao_r0e |tlrf_ce
excl_ing o berator0_ro_13],

Meaaurem_nt Methodolo Methodology_ Inatrt_en%• _ota_ Probable Inter-

PrecIBionp dB Pre_illon, dB Pre_s_cn valot S_al#e
(l Itandard (i ttt_nd_rd (i Jt_.rd (90_ Oonfldenca)
devlat_cn) devLatlon) deviLtlon)

Ccpfor_al S_taee

L_borator_ grade .8 .7 1,1 -,3 to l.l
(i _neam;x'ement9er
B_ metre of
_e_au_e_ent aur_ace )

gr_ineering grade 1,3 .7 1,7 -1.6 to +i._
(eight _oaitione )

Surve F grade 2.3 .7 E._ -1.5 to *_,5
(f_ve p_adtione)

Reetan_l_ Surface

Lebor_ory grad_ ,_ ,7 I.i *.6 to 2,0
(i _ea_re_e_t per
aqu_re metre of
_e_ent _urf_ce)

Engineering grade 2.1 .7 S.2 -2,0 to +2.0
(nine po._.t:L_n|)

Survey grade S.3 .7 H._ -S,O to *3.8
(five poettion_ )

% EetJ_ated from d_t_ _ Table 6 _£_g the expren/on eee text seat/on 3)

where 1,5S le the u_per limit of the 95_ confidence _ntervel for a/g haled on 8
vith 16 de_reee of freedom (i_).

e _su_es Y2Pe 1 eound level meter (see text, Section 6).

e_ _ee re_erence 13, paragraph 3,
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6, C0_4CLUS I01{5

The _xper£m_n_Ll (_t_ and an_lysls provided _n _hls r_por_ _uppcrt th_ follcwlns concluslo_s

(i) An ea_im_te _f the "f_r fleld" eoun_ power level cutout of a m.eh_ne of a typ_ _Im_l_ _o

_he co_res_o_ Bt%_dled can _e aQc_ra%ely in_erred from 8oun_ presgure lev_l me_B_re_en£_ _akeN

(_) th_ me_uremen_ surface conforms to the _ource _h6p_

(h) a sufflelen_ nu_nbe_ Of m_aBureme_ pcslti_s _re U_ c_n_i_tent _ith th_ Drec_si_n

r_quiTemen_ G_ the m_u_e_

{e) • m/_ro_one i8 u_lllze_ w_ich h_e ualform reepon_e _o .ound, inei_en_ ove_ any

_i_'e_lone i_ front of the mlcro_hone over t_e trequ_n_y r_n_e o_ interest,

(2) Oe_e_llyt _he more _sa_Dremen_ points tha_ a_e _se<l i_ a _d power level meaeu_e_en_ _h_

more _e_lee _he v_lu_ of esti_a_e_ aou_ power.

{3) C_nelderln_ %o_al invested meaeure_n_ _oe_, Imprecision of _be re_l_e, an_ ease of

•/_ro_one pla_e_en_. _he IS0 Draft _n_rn_ional _an_a_ (DIS 37h_) e_Ineerl_g me_ho_ for

makln_ noi_e em/ealon meaew_men_ _or _e_ola_o_y purposes °

(_) Fo_ the _aaple of eom_reelor_ _e_, the _ver_ll _e_s_emen_ pre_i_ion (o_e e_ndard

deviation), in %he flel_ env_ro_en_ u_in_ _be me_ho_oloE_ of _on_lwion (3), il ee_i_a_ed _o _e

+_1.7 _B (95_ confiden_e lim_e 3,h _) 18norinB lnetr_en_ Cpera_or error.



7, AC_O_LEDQ _FIT_

_I _7 program o_ _la Q_O nnd u_o_u, _ largo numbor of _n4_v_ual| _on_u_| to _| mua_elm,

Tlle_u_har la par_IQul&rl7 _nd_to_ _o tho follav_.8 _n_v_u_l_ _ o_n_o_| fo_ _he1_

The luther alsa _as_s a_prea_a_1on _o Mr. D, E. _ha_B for de|_ an_ _ _e N_ Plan_
Divls_on, _r _onm_ruc_a_ o_ _h_ far-f_el_ array; and _o _e fol_ow_ _e_a_ of _m Meoh_n_cs
Div_B1o_, _S: D. E, M_ll_we, B, R. Fuller, C, O. Sha_m_r, an_ N. _ekos for _o_r ass_m_an_e dur_
_h_ _a_a ac_ulsi_on _h_e_ o_ _he project; _, Hrusk_ fo_ _l_bra_ion o_ _he _op_one car_r_eJ ; R,

_n_m_n_la_ _e_g_ _nd _u_e| J, 8. Forrer, _, _, Hei_on, Ct O, Dh_e_e_, _ M, Tar_a for

uu_i_$o_s _o $_ave _h_ _heor_l _l_s_s; D_ _, C_rl_y for asa_a_ance _ _a an_lyai_ _u_
r_u_ion; I_,A. C_o_f _n_ W, A, L_asure for _i_ori_l _v_ew of _ ,_nu_r_p_; _ J. _usJall, ¥,

_oro_o, _d M_ H_l_r_u_ for _yp_n_ _n_ as_a_l_n_ _he _a_r_p_
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This reporE describes investigations of the accuracy and precision of various
measuremenE methodologies for determining the estimated sound power output of "large"
machines in she free field over s rsfleeEing plane. One purpose of nhls investigation
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tlons from "far-fleld" power level (using eubseEs of the daEa as appreprlate to various
meEhodoloslos). The measured data for seventeen sources assEssEs thee the value of a
sound power estlmaEe based on "near-fleld" sound pressure level measurements may be an
upper bound EO the sound power level estlmeEed from far field _asuremem_s, subjecE to
the lim/Eatlons of sampling error. EsEimaEes of total achievable measurement error of
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SiEna are made for several measuremenE methodologies, based on the experimental data.
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