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1 . INTREIIETIEN

A mum of tie relaticrd'lip behest the vibratim a‘d mise of an elmtrical nedfiire is

critiual to the calmlaticn of its mastic purer [1]. tbuever aralytical methods for predicting

the acustic rajiatim are mplidifle cnly to He idealised nudels tavirg a rnglar s‘qae, e9.

sd'eriml or cylindrical, and carat mm for the effect of end-shields or cater for all

tcpoltgies of nutor, eg. axial-field or sqare fraxe. Even finite 139th cylindrical Imth

mt be salved anlytically aux they have infinite stiffming baffles at each and [2].

khilst the finite elanmt nettnd Its been applied extersively to aralyse the nodes of atustic

cavities, curparatively few papers rave hem plle :11 its application tn acustic radiaticn

[3]. Furthemure, it is tsally restricted to the radiator of nude orcer zero orme (extereive

or inpulse type vibraticn). Tte main difficulty in tie applicatim of finite elements to artistic

radiatim is in dealing with the far—field bunnies, Inhidt rust be well wresented otherwise

the aowrecy is very pmr. This arises frcm U’e fact ttat fl'e aim pressure level is luv at

the far-field boundary, whilst the athic power radiated by a vibrating stunture, su:h m

an electrical nachire, scald beW of the enclosing airface used for the calculatim.

hhilst sate authors use the finite elmmt netde in He rear-field and an analytical metmd

in the far—field, both being ourbired to salve for the radiated sum presaJre distributim [4],

utters Lse the finite elem-It in Us near-field and tie infinite ale-lat in the far-field [5][6].

Nevertheless, limitatin's still exist with the applicaLim of finite elenents to the analysis

of mg: freqs'cy and/or large anustic raiiatim fields, an: as mte frun elastrical mines.

ire hunky elanmt rretl'ud provides a basic solutim which fluently mounts for the Writer—

istics of the far—field, and "645 it unnecessary to mal with the far-field bunhries, and

aim redixs the field dima'sicn by the. [bra/er, whilst them two mtagas s‘nild make the

nethod ideal fur solving mastic radiation pmhlers, at tie natural frEth‘ies (or Water-

istic fmfl'cies) of the related interior field tie eqatiors datained by the ordinary humbly

elemt lead to ill-coniitimed eqaticrs or a mn-tniqz saluticn. Special bunhry element

rretmrs mat tten be used [7][8].

In this pqaer, tie finite elm neflni is triad to study He mastic purer radiated by 31

antisymmetric electriml m. It is curbired with a erier eries analysis, the Farrier

series being tad to [wreamt tte r-e variaticn of sand pm, whilst finite elemts are

Lad to mterpnlate a‘d discretise the variatim in the r—z plane. The carbimticn of bath

nethms all/Jrs tre mtic radiatim of electrical nachires to be pnadicted with tie aocunt

of the effect of end—afiiel$, which wwld mt be mime with existing Helytical nettotis.

Predictive of acustic purer are valimted gist neasmna’tts m a Mass inactim actor.

The tedniqs is thm aaplied to the steriml m1 of mastic radiatim.
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Z. CALCILATHN CF NILETIC PDAER USIM} FINITE E_E|VENTS

It is well Immn that the raise which raults f‘rcrn electraragetically indped vibratiors mists
mt mly of an axisyvmetric Lurpa'ent (cimmfemtial node older n = 0), but also high urmr
rammics (n > D), muse sand pressure varies with circunferential angular positicn. In elm—
trical II'Bd'til'ES the latter is tre rrost inportant, becae i) the vibratim prodned by a hamcnic
aim Field usnally tens a CCITpaI‘atively higher spatial node urder die to the pm of slots
and teeth, ii) the ratural freqencies or the stator for a cimmfenential node of order zero
are wally higer the-n U’naa for hig‘er order nudes. tbwever, neither plamr or axisynnetric
finite elements can solve the mastic field if the SDJ‘d pressure varia amnd the cimmfererre.
To cater for this a 3-d represa'ttatim is my. tbnever a 3-d elevewt a'alysis wild be
inpractical became of the Wily large I'u'rber of elerents uhid't mild be qutired to model
the infinite frwfmld and the h1g1 vibraticn freqz'cy of electrical rrEd'tirm. The cmbimtim
of‘ finite elerent and Fourier series analyses on the other hand, w prawn! in the payer, p'rwides
a feasible aaprm to the mlmlatim of the amstic mnel‘ radiated by anelectrical Mire,
sime it is based on the:

— Finite elena-nt discretisatim of an r-z plane of a "attire, 31d
— Fourier series zepresentatim of the cimmfemtial variation of sou-Id pm radiated

by tie machine, as indicated in Fig 1.   radial A fit D(r,z)cosn0
direction I ‘.

..
circumferential ' ,‘ axial direction

direction ;

Fig 1 IllLstratim OF ElerEnt

The main advattage of the ted-nicpe is that the dima'sicn of the Field is rained by are, a:
that the 3-d Field is calculated by a Z-d method.

For a faultnix: axisymnetric field, the thlnhnltz mtim and relevmt bunchry unditicrs
are. l 2

_..3_.(|.EE)._‘,3 +¥+k2pzflinv
3r 3-“ 2'1

|.
_-

l" 39‘

. _' t
p : 2 p0 (r,z) cusnE) 8 JL", an 9t (1)

~ -'mt
m 73% + jkhnp : jpck E Vnogn cosnO a J , on Q:

Mere E 5 Z "

n:0 I

leaky V = E V casne 9‘)“ f : X Fn(r.z) cosné) e-Jwt, n no

am p (r‘evzyt) = I no ir.z) cosne e‘jwt (2)
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Mere, for simplicity, thehem sinrfl in tre Fmrier series in; been neglected sirna it has
no effect on the calculation of somatic power.

1 a a 3' _ 2 r . -—r 7” g) + —;§$ + [k‘ (I) Jpn — r0. ms

p0 = 5-30 , an rx (3)

33% 4 JIkhn P0 = jock Vnogn ’ an r}

“here tie surfaze S, and its burdaries T am T ana fumed by the intersaftim batman regicn V,
aditsbumbariesfl andQ ardthar—z lplane’respectively;hn: (1+ R); R is U’E radius
of the far—field boithxyqu : 1; VrD is He vibmtiaal velocity of‘ ti wad-ire; pc is He
swdlesista'ne; k :u/c; Lu is the vibrational angular velocity; and c is tre we! of

Itmbedumtmtbylettjrgk’ =k‘- (fly, the abomaeqzatia'smflesare faunas those
for m axiswnetric FomJlaLim. In otFer Mnrds, the hammic axjswnetric fiald rm bee-I
trasfamed int: ('11:. unfimry axisymretric field. Letting x E 231d y E r gives

n. m = 2%; am c9 = M (a)
whereyzl Nivi isfleémefu‘ctim,n‘istrenudannbernfmelarmt. Hemetfeelamt
matrices “13:2 givm by

3N. 3N. 3N. 3N.

 

K.? 1 J -‘ _.L e _u = L} ( 3x TX 4- 3y 3y ) 2nyds, CU V If“? hiNiNj Znydr

M “ = . , e _ 111“ I58 .xiNj 2'1de |"I=U _ Isa NiNj (7)1 21xde

2 . e _rj ‘ = fse ron Znyds. Ci — Ir Vmgn Ni Zflydr (5)
-e

31:132er marbledeqah'asane:

{[K1+ n= [m] - w In.) + j u [cJHDOI = {r} + jock (c) (s)
It will be mted flat tampered to 31 axiswnetric Fomulatiai tha eqnticm have an extra term,
n'flg, which resins firm the cimmfemtial vibraticn m order n.

Tm sushi: mfil' radiatim is tabulated than the vibration uf the surface of the naming
ad the and pm m H: airfaue [9], viz:

w = w
15:1

5

_ 21! nwe _ 4 Re In [55 an'ydr 7 Re Isa pawn; Myth (7)
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where . l‘ u = u
n ' l .. r; 0

and N is the total mum of elements :11 the rrazhjna surram : 1

The mfereme mm Imer and the relative sand inta'sity coefficimt are also calmlated
amordiru to the finely! um new give‘: in [9].

For triangular elements: with shape faction
1_ _ I _ 8Ni - 2A6 (HI .5) x ¢ ciy) 1 .1,2,} ()

where a: = My; - xw, a, : x,y| — my, a, = X1Y7 - MY]
b) = X2 - y, b, = y: - Y: b; = X1 - y:
C1 = X) - X: c2 : x1 — x, C; = x: - X]

A5 is the am of the l|'i:rg_|lar element "e".

_3N1_1 3N
mix-"2F" —'" -. 9| By 1—1,2,3 ()

1

= F Ci

W12 He’acastir: "mgr radiated by a "amine can be calculated in the free-Field jLst
35 if it V95 bejrlJ "Firm in 31 mm: timber. To Emmi: U’E Fact that there is no
other 5'1!“ m in “I: field, f and {F} are set to zero in the previus aqaticrs. The elemnt
"BU-ices and the foml'lii' of accustic purer radiated are then demoed a'td given by:

    

blb, + clc, blb; + C19)
b,b, + c,c, tub; + 62C:
b,b1 + t:,c7 tab, + c,c,

e _ 1 Me[M2 ] _ 75, [ l ]

— 321,5 :1 u o 0
e 2115

[C] = hn 1;! I" 3y: 4' y: Y: + Y; [59] = Vngn 623 2y, + y, I (10) t

[0 yz+y: Ya+3Y3 “*3”;

whitey =(1/3)(y +y +Y).a'dS isfledista'nebetmeatrmzm3ofmelamt'b"
|UI“1ie’mu-e“s_mfxeoftremire.

If over 5 the Vibfithlnl velocity is assmad to be a mtznt Um, tre mastic poet is:n

S .‘me' 5 V 5
w = in; Re {7 figs—ha (A211 p ‘ A)np H (11)

5:1 ‘ w ’
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-E. _
where y » Q (y, o y,) A,“ fifxxbl + xib, + x’b’)

 

A,”=§(.y>c+yc+yc)
t I z 1 J J

If over S the vibratioral velocity varieslinearly fmn Vhe to V"a , the acoustic filter is:
2) 2 I

N Zn;e S
_ z: . . - ' (12)w . z“, SE] Rel a N. Una: (A, p} + A) p,) + VHS; (5: pa + H) p’)]|

“rare A 2x, ‘ x) 2y t y
' : I 1

a i a: ’ h: ( 6 ) ‘ c. ( 5 )

AI=talb(m),c (2y:+y,
1 u ) 6 , 6‘)

U-:§a+b(—‘Z;‘Zh)+c2(ngzx,)
1 7 7

B' :) ta’+b)(—‘IE§Z"))+C, 9%)

3. DG’ERIWENTN. VERIFIUVIENS

As rrmtioned earlier, the far-field bourth ta; an effect an the mlmlnlim uF the moustic
poner. Fbwever, the investigation has a‘um thatY in general, the far—field My For elec—
trical "whims can be an atlosinq abet-ital surface of 7.5 x Ur: ouLer radius of the Mrs
and an which a zero-order spherical have bonhry candile um be inpused in the finite elmmt
calm‘latim.

lable 1 Carpal-ism batman predicted and mired results

  

stanz Lwnson LWA LwA
(calculated (direct
from LwSSUHZr measuge

w17anz J “‘5”

Amplitude of acceleration
(m/s') 1.70 7.76

Measured results ‘
(dB) 5a.} 53.2 59.55 70.6

Calculated results
(dB) 60.6 68.3 69.0
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Table 1 shuns a culpariwi betweai the results calculated by Finite21513th a'd uses-malts m
a 3—d’ase, A—pole inclnticn mtorm min para-raters mere: FL rating, 0.3M, 1390 mm; erased

.type stator, outside diameter/axial length of 0-2 stator : 0.10m/U.17Am; stator/tutor slot
nerer = 24/22. The vibraticml ameleratim m the avers; valLe of mired reallts at
24 points mifomly distributed over the statur “face. The acustic purer was man-ed a1
no-load in m areshoic d’E'ItEI‘ by nearing the sand pressure at B points aver an imaginary
haniep'lerical airfaoe of radiis 1 metre aflosing the Ins-mire. Vibraticn "minaret; m the
stator 5rd a‘d—dfielcs I’m stun that the vibratjm of the a’d—s‘iielcb is negligible empered
with flat of the stator. Tl'ierefore in the finite elmt mlmlatim the vibratim of the
end-shields is set to zero, althwg‘l there is no mtim of infinite cylirdrical stiffa'ling
baffles at U13 erd—é'iielce as is Lanny the case in a‘alytical cyliiurical unable- DF mastic
radiatim. The nadiire exhibits tm dmir‘a'lt mm, of Freqmia 550 Hz 3rd 1750 Hz
— which were larger U’En other ourpa'ents by were Um 13cB. fierefune, the vibratim aid
noise anectmn of this "amine can be ocmictred as ccrsisting mly of these two cuvptra'vts,
mhid'l was confide further by carpeting Us nasred emetic paler windfith other cmpcnmts
incluied, Tdale 1, whim m a diFFeDeme of < 1:13. By min; the and pleasure distri-
ertim and aralysing the elmtmrag'etic at! the natinical noie swam, as hell as by
icbntif‘ying the oarpcrents firm the snails before/after the panel- apply vs suitd'sd off,
it was dun tint the 1750 Hz Lament is pine electmmtic mia, whilst the550 Hz mmvt
is carpcsed of both electmreg‘letic noise as well as mahanical noise frcm the ball bearirgs.
Tierrutiaurdarsnr h550thad17501izelectrmageticmtsaretm,afiarepmdned
by tie interactim of slot tamnnics. The 550 Hz mypcrant was dJninated by raise premixed
by the ball bearings and exhibited a relatively ustable arplituie m a spa:t1‘un display of
a real~tine sigval a'alyser. Iterefore, the 1750 Hz ompma‘lt was calculated according to
the ciruunfera'ntial nub urtbr tum, whilst 0'9 550 Hz use calmlated awarding to cimmfera'ltial
nude unfit zero by W the pmility of radial vibraticn alrng U2 cimmfemne to
be custmt. The calmlation used vada iaparamtric elements mi 50 divisicrs alum; the
radius bebm tie outer airface of the «endure and the far—Field bundary - which was a q‘herical
surface of radiLs 7.5 tinm the radius nf the nadiire. The calculated relative sand inte‘sity
coefficients meme I5 : 0.305 and I1750 : 0.819, and the mresgxnfirg calculated mastic
powers aredam in 513315122 1. Good agreavmt'zvae adfieved, especially for the 1750 Hz culpa'mt.
The 550 Hz ouvpcna'at results ccnfirm that the mtim of cimmfera'vtial nude titre: zen)
for the ball bearing mise was quite acceptable. It stand be mted tmt the mastic puner
mks mere Fran thesundpresaire, Hdthsdnrotmifitted‘esedifferermbetmm
the sand pm and the particle vibratianl velocity. “Before He weaned milks in
Table 1 are mly refererne values. Further carparisa‘s wild require rrnre mute magma—Its,
of the sand intasity, for exarple.

4. INVESTIBATItN EF SW'ERIUIL PEEL

Tm vibratim of an electrical "whim can be annuain Fm that of a were [10]. Herefore
the radiated aardvavesca'lbe anamximtedby spherical naves radiatedbyavibmtirgai’ere.
By excmessflqtre vibraticral velocity of the stator of the wire as a Legrdre series

a: .fit
V03) _‘ E VnPn (ms 9) e r _ a (1})

n=0
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where V is Us vibrational velocity, V is its a'rplitude, n is the nut order, Pn is e Legendre
fu'r:tj.a'1V a is the wtsicb rediLs. the relative and intersity coefficimts are cbtained,

by solving Hallrholtz ecpaLicn, as:

- 1 1- —— 14Ib' T—ka)’ jril,‘(ka)+nn"(ka) ‘ )
whale jn' and nn' are the differential of the first and seecrd arena-11 Bmel fmcticns.
Tieref'me if U'E vibreticn of a nazhina is la'mn, the radiated mtic purer can be calculated
an the relative and intssity.

2 z 2 -
wzm pm! Vn Ih (15)

This method has the following fiatures: (i) The nodal is wimble cnly For malysing the noise
of electrical mxzhim having a lmgth—to—djareter ratio approaching mity, (ii) The vibration
praised by the "amine mat be expressed in the Form of Lega'dre aeries, (iii) The reference
for the relative and jntersity ccefficimt is not the mtic paler of a plawar wave when
the vibraticn is expressed in the farm of Fcurier aria, which is the usual mum, but
the anstic pmer calwlated frcm the scum wave with its stand pm and particle velmity
in ptme 311 explimed in the form of Lapndre series.

Hanever, since the vibraticm and ham tte radiated mise are cam by electrmajetic forces
prodned by fammic Fields in tre ainfi: it is IILCh easier to ervploy Fourier series to canine
bath the airgp Field distributicn End the radially excited vibmticral Ferns, and have the
vibration of the statnr. Cmpering the weral flame of Farrier (ans re) and Lega'dle (Pn (ms 9))
series, they are different except for n:(] and n=1. Therefore in order to predict noise it
is recssary to convert the Fourier series into the fun" of a Legmdle series, a difficult

811 smetirres inptssible task.

For the dame reascrs, "my papefi avpluy the relative sand inte-Sity toefficimt directly
but use thevibration exprmd in the farm of Fcurier series to calculate theradiated acoustic
pouer.

 

_ aw _ gown IbSa

  

vl'lereSaistremrfaceareaofm-zmfim.

    

Fig 2 : Relative and intersity coefficients of
sierical nndel.

 

“ngZChH'edlirleistiemfltsobtaired
in the met (vibratim expressed in Farrier
series), solid lire is Jam's rants
(vibratim expreSed in Lgy'dre aria) when
n = 0 ur1, both are imtiml.
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Mammarmabmtmmmofuemmmfirgmmmlaflfle

mlculaLim nettnd. In order to higilig'wt these the finite elenmt was what! to tte germinal

rrncbl of autistic radiatim, which is still wicbly Lead to anlym the raise of electrical

mines having a la'vgth-to-diareter ratio of' 1.0. ’

Fig 2 m tl'e calculated relative and intz'sity ctefficia'lts of tte sieriml mdel

obtained fmn finite elevent analysis (I )ul'm tl‘e vibraticn of tie namim is exprmed

in the fem of a Fcurier series with SBi‘ckI‘s mats (1 ) [10]. It ms that men the nude
order is D or ’I, the relative sand inta'aity cmffici lfmn tie tun Ire‘U'ncb are ida'rtical,

whilst forhigermonbm 1b >1.'I-b1:e thamticpuner fm'n Ibl < tratceluilated
rmn 1b,, if the sale refem is $29.1.

5. CINlLGlUfi

A ted-niqe tas hem presa'tted which wrbires finite elarmt ard Fairier Series malyses to
Inlculal’e the emetic purer radiated from an electrical «admire, for mid! predicticrs are
valicbted agirst mtg m a 3111 inictim rmtur. The tedniqz is cqadole of account-
irg for the effect of ad—ahields m the stud rediatim, which mild mt be mime with
existing aralytical "ethics. Tte qqalicaticn of the finite elavmt tretmd to Up sprerital
rrndel of mastic radiatim hm sun the“; when Junk-1's method is used to mlculate the
radiated mastic War, it is neoexary tomm thewibratia's of themamireinthefonn
of a Lega'dre series, othemise lac? errors are introdned. "E relative sand inta'sity
caefficia’vts of the Sheriml nodal, in Irl’lid’l the vibratim of the "attire is expmd in

the fmm of a erier series, have bear dntaired by finite elara'lt aralysis which «ales it
pusible to we Fourier gria aniysis thmnjurt.
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