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DIESEL [WINE BOISE INJER STEADY STATI' All) TRANSIENT CONDITIONS

FLJ. Challan, ILA. M‘klns, M.L‘. Croker

R I CAN!) CONSULT I [5 HI} I NEERS

INTROUJCT ION

(‘mtlnuing development of au'aml'ive diesel engines requires an increasingly
detailed understanding of lhe processes 0. 'ring vi lluin lhe engine. This paper
roviuwo sane 0t 1he techniques in use and being developed in the authors'
company and results which have been obtained through their use.

  

‘lho. reduction of engine noise cannoi be sludied in isolalion. Boll: lhe
combustion process and the total Velghi of fine power unit are under extreme
limitations imposed by requiremcnls lor maximum luol economy and minlmum
exhaust :mirriuns. Stralegics llinrelme must be developed which wl ll be
successlul in reduc' lg noise levels whilst sulistyinq all the many other
Iimilations. In or «.r to achieve this result, development techniques must he
available. lo readily provide u dcrf-innding and 1:.) quanlily the henctil Iu be
ubiainad Iron! a proposed mdillciflion.

  

   

 

The end point ul msl «wk on vehicln exim'io: noise reduclion is lo (,mnply
ullh legislation, which assesses the vehicle mi : radialinn under arcnlm'alion
(.nndilions. 'lhis paper deals uilh somework on engine noise radiation under
Such liansienl condiiinns and also indicates some arms nl work, involving 'lhn
app! iral ion oi diqi tal lmhniuucs.

 

l. EMF—LT NOISE GENEIMHON

  

l’he nnisn radiated by the whole vehicle is comprised oi mny parts — figure I
gives an outline oi how lhx-se are relaled. Techniques of vehicle noise
reduction may be divided inln categories dependent on lhe area of action within
the model. Thus lundammtal or primary reductions can be obtained lhrough
mdi cation of the combunlion process, furth IOGUITIIOHS obtained by
nmllli ntions to existing mmpenenls or palliative cures adOpled such as shields
or enclosures (l)'.

  

In most current well-developed trurks it is the nngine sourrns which represenl
the major conlr billion In the overall vehicle noise lhvel. This In parl i5 due
to the more dill ull challenge p .mnlml hy lhe engine and also due to lime and
cos! considerations when major changus are required.

 

  
  

2. 5;an mgr GENERATION

 

lwo primary Soulces exist in the engine - combuslion and mechanical. Polh
ol "use ui|| In: reduced by e Hml‘ palliarive Irealmnnls or by Shuclurnl
modifications lo reduce theresponse oi 1hr: engine lo in nnl Iy generated
lorces. ll is clear that a klmltlmlgn nl which ol lhnsn emu-5.15 55 “min”... is

 

  "Nlnnbnrs in parenthnseti .l.-sign.1'tr| l' Ir"! (‘5 at nnd ol [)ilpl‘l‘.
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i-i_q. I: Vehirle Noise Sources

 

m I 5 fl 5 "3m, Fig. 2: “feds oi Injection Timing
!"th Inning W cm- was

Fig. 5: Engine Noise Scparaiion

ol gunai vallm Him" considering action dl lhc primary level.

A qimlii'niive understanding can he obfalncil by uhsmvalion oi noise levels

radiated by the engine as the injeci ion timing is val Ind. ll large changes. are
observed men it is likely that Hue cumhu“ ion process is dmninani; convnrsqu

ii only small changes resuli Mien mechanical iorces are probably dominnni. In

a s lar manner In» raic of change of noise level ullh ‘lpeed can he an

linl .n'or oi iho dominani mechanism lo an experienced as. LDI". A qnnniiiafivu

malhud to identify them: componenls has berm dirveloped and is explainnd hulmv.

 

    

13f.
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Fig. 4: Separation Frequency Spectra Fig. 5: Separation Over Load Range

}. SEPARATION OF WBUSTION FRW MECHANICAL NUISL

 

Ii lha sllx Jrnl response oi lhe cnglne is assumed 10 hr; linear (and all work

10 dale conilnil'. Ihal lhis is sol 'lhun lhn 1m loicn inputs into iha slruclum

can be sin-mm! linearly in pl'odur'e the response. it is I‘alalivoly siralghl

[or-ward lo measure lhr: combustinn excilalion uilh a high qual I ly [IfQSSIn’n

Imnsduccr in the cylinder head, but essentially impossible In Inna-4n v lhe

imx‘hanicnl nxci Iallon slnrn 1'hi5 is dispersed ill many polnls. l‘ho I'or-lnons»: of

inleresl Is the radinlcil noise 0! the onglnn. liy mdilying the. cumh ‘

inpnl - "pr-I nasin by changing the injnciion timing in dinnel nnqin

chain-la in holh lhn cnmhusl inn [orce Inpul and lhn msponsn can be manr vorl.

limit: will not be a linear rulaliunshlp lwhvcnn lhnse hm shins- lhr: Inimhunical

inpul has boa“ included. ille suscnpl’ihilify ul rmiialeil noise I r-nlkmily

dillcrenl’ between various lorm-r- ol diesel combustion syslums as is shown in

“gun: 7. 11m variallon in cllnrnclerlsllc may [in due elllmr to (lilinmui

suscepfilnililieS oi the. cumbusl ion syfiiems in injection timing or in varying

levnls 0| mechanical noise. In lho individual nngines or to "I13 combination of

boih (ifch‘ls- The general, simplilicd lorm ul rulal’ionshin is illuslraiced in

figure 3, where a conslan'l level of mchanical noise has been assumed, IL ether

with equal ccnirihutions from combustion and mechanical excl Iallon a'l' Ihn

slaudard injection liming.

   

Farly work In this area (2,3,4) used large values oi Injection advance in an

attnnpl l0 bring the combus n noise wall above the mechanical noise 'iloor'

and hence simplin calculation oi the Engine resmnsa. ii the inller can he

obtained simply by subtracllon of thc mcnSurcrI radiated nolsh lrum ilm rinaSnrr-arl

in—rylimlcl combustion wire, lhcn c-chula us back at normal timings are

relullvely simple. in praclice, Ihls iOCiIlllqllc has limilations on accuracy due

lo mechanical noise Increasing nl lhe extreme advance cmidltlons as Pm.“-

increascs and in cases where combustion and mechanlcal nulw are nnarly equal.

  

  

line current Iechnique slill assumes that the michahlcai noise remains cnnrv lani

own a liming swing, but the :Hlnq is reduced 10 a smaller value and a check

on lha calculaled mechanical nolm is also mania to pick up any errors in the.

lni'i ial assumpi iun.

Details ol the Si‘parnrion iochniqnn are given In Appendix l. ihe resulls of

the application: of lhis Iechnlqun in lhil'ul octave iicqueury hands [rum mum to
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3 proved in nu adequate tor mst engine development work. txamptns of
ultr. prmtucad hy thtr. technique arenlvvn tn tlgllt’t' 4, for an intttrnct

injection unginu aunt in tigurn ‘J tor a Iarnnr «lirml injection engine. ThPsn

r ,fiultu Hero. nhtnlnmt trom stcmty stale tmzn'nn‘nmmrls cunt lhnrotmt: I‘ttpt‘léhinrtl

only Stabi Isuit Candi t Ionsi

  

ll. TRANSltNl OPEMI'IUE

It in: been known tor some years hm: significant the efforts of tt'nuntnnt

operation can bu on ihn radiated engine noise. this Is tllunlrntmt tor a

nllltlbul at nuglnes with (littnrent combustion systems in tlgure r'». When

accelerating up to the nuximum governed Spood the nolse tcvalfi may increase by

."—3¢tt’tf\ [or naturally anpirated engines, or by 54mm tor turbocharng englnes,

above the. steady ulnte maximum not-:0 levnt.

Thir- urtler 0t increase is significant, particularly whnn It is renumbered that
t'hv legislative test procedure is a transient accnlet'alion. the rain at

acceleration dnpnndS on the power/weight ratiu of the vehicle and the (totai Is

at tho instantnnrmua torque curve. the rats; can be high, hnwcvnr, in Imopuan

and USA tests, sinm 'theae r‘c- the unladen Vehlclo tor the testing, nnltka the

Japnnrgce pnncadurn, which uses a tully laden conditlun.

 

A1 tempts to simulate the vehicle acceleration rato on the test lmd nun bacon».

comptex, hut Ricardo have dovelupcrt two simple touts which provide slittui

tmllcation of the scope oi the problem. Noirm masurmmn-ls are plutth on n

high spned X-Y rucurdur :zuch that the Instantaneous nolso le'ml can be plotted

against engine speed during the transient. 'lhn first type ut Iran-slant MOI)

t5 run against no load on the ttynanulmtor. starting at Ih an engine "-[tttnd of my

2t) rev/1. and the rut k control I5 thou quirkty mova to full, Jr? 'nltnq lhr:

cngtnc to maximum govnrnerl ape-ed. this is Im'mmt a '.;o|d' h'nr.5|~mt since the.
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. Vine lempprulurus (1| 20 luv/s, no kw], are rcldlivc-Iy low. lhn rm'uml rypv

ul Iran: (OM) is obtained by s'lnrling wilh llm nnqine Illlminp al lull

land .1! 20 rnv/s and, Him” slahle (\[mrni'iorl is; oblainell, relnafiing lee hrnkr:

load lnslanianeously so “ml the enninn: .‘lcrelei‘mer up 10 Ilw mximmn Qil'll'l'll9d

speed. [his last is lI-rmnrl :1 'lnni' Imnsienl, "June il slnrls Iron. 3 hiqu

lemporalure (lull load) comliiinn.

   

An example ol Hm (“[flfl'nllr resull's obldined lrnm Illesc Ivsls, lmmIIu-I will.

live nilec'ls oi reilucurl pision cleflrnncu, can In: seen in liguro ‘IV

In nrxlm lo a Iinu “10 causes ul Ihi; im roasn in v.ulinl'wl nuim; Imrlm'

Iran', "I comliiions in uan um. I. ll would lm ui-Mul in semi-all: lllr:

comllufiIion llmn flue Mechanically Induced noier during Ilm n'll'l‘l‘il‘l'llliull. lhi'.

has been achieved and file Imlhrul I (l i" very ‘Iimi lal' In i'hnl uln‘,r:v'il)::n| Llluovn

(or l’lu: sleady stair: case and ""05 some 0! Hm (Jilin uh'lnined [mm llml

calculnlion.

 

  

  

ll ir. [.0
ol running ille‘JQll" .yn-lmnlinns .Ii v.u'in|

‘rll‘prourh can nlun he» unml. lhi invqu-s rm' "ring! lhq inulmulqnmmc lbll‘viiflll

mci Inl inn «In: inn rm lira clul ion lirmninnl .irul m wm lug lhr~ m iqinnl

Combu' inn/mm Imni 'Il stgparulion thlg‘lli-Ii ion. This ‘;ilu|-Ii[it-€- llu- rumzmlmr-

con-3H “my tziv ~ irmu mu nriginnl .Inln [or .m r‘nqlm- llv‘ npp.|I‘NIl qllr‘mllllion
"I Mu.- «nuclm’flm. lm lit'l‘i .l i....I mu. :upllliml lo um mm "ml ruml-ualivn

nx ' Illon ilnl‘n. lhir. will provirlv a value IHI Hm rluliulul U‘lvllvu'HhM nui‘. *-,

will-J. qu-n compare-J «l Ih llue "no ll'!d lulul rmlialud llI'i'HI um piuvi-lu an

indirnlinn oi lilo mmlmnirnl uoi

lyln, lllough lezrlimlu, In unwilqu Ihu nnlil -mr:.1';urr:mm1| Imlhmlnlrvqy
limimls, [ml .1" .Ilerrvv-Ilivu
  

 

   

 

  

   

   
  

  

“no validin 0: u'Iiu” llvis 'n'llmllmlimn' un-lhull ms rl..—-. km] by muyim lhn
calr,ulilled mum nllenuuliun ligurvm lu Hu: 1! vly shill- (lain when fll|l'l"l‘fl|('lli If)

wilhin idll was (.Ilblniilu‘li Il‘r chiculnl inn 0! Itmlllmfii inn and mur:

  

IIIil‘Ji nui-

 

llna major ulillifinl ly is Hms lo uhiuln a vmnsurmnonl of ii“). cmubusl ion uoif-c

um n5. Hie Il‘ansinnl.

 

’l.l [hasmemcnl of lransicul Cumlmslinn Nolse

  

lwg nnlhmls lnr measuring Hm h'an'ioni combinilion no . . have ht-‘vn v‘xuminwul, um!

based on :m .maloquv, inslrumrmhlinn I'imin, Ilm nil-er Iolully :lianl.

Wi In line mmlugjuxz approach llm lillmml prns'mlro llnnnilnrrzr ull‘lpul ol Ills-

individual |/’-r(l uclmm hnml Ii” 5' Iml In .m X-Y h-Cnrller (luring lhe

Iransiqnl acceleralion, and r s pv'uc rvpmloll Im on in ham! [rum 4:!) In

4km. lluc limo. cons: nl used in lhis prove n" w.:' IU‘, l'nsl. As an nxample

nI llw. oulpuI lrom l'lvis, llgum R rliam‘ly shows ll . incr ng level .mainsl

swat-ll will. “H? o llnl'ion in level duo in Individual lirlnq Silokva during Ihe

accolvmiion fillnf‘l'lmpl ' rJ. [he level nl inl'ul’r's1 is ‘Hll‘ punk ol (Erich lil inn}

slrukn (in Hull in m'drar 1U SNOW”! iht‘ dala -I vulva was filtmj I0 "I" peaks in

each lilnl. ll-e CPL (or any ("Hail") speed .md .my hand wi l'hin ‘Hm nwasul'ml ran-1m

umlxl Ihnu Im nlbilliuI-rl («u ll“!) in Hue iuI‘III-II‘ r‘IVifilllfliifill. 1ln‘ v‘ullvdialnilily

ni Ill . '

 

    
    

  
  

  

"muslin-mania um: m. (L’wlll.
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Engine speed rev/s

Fin. 8: Cylinder Pressure Level L‘uring Accelm'atlnu'

lllu Ilizlilul :mnly
am all llmn .lll .

Gnu“ LY!

.zn Ill‘ 'MGII? l'rl mmlys willl me Allr: ll’iggar pulses
. -.|l.cd signal vin n collvrll Iu produce Ill/4 rung-'1; pul‘

Ill Illir- my truncation nrror‘s were avoidan wlli Int nlrlilllrlinlllq an

adequate rliqilimlinll uI Ihe rylillllnl‘ |\l:~.5:;u ‘ Sillnfll. In ul llwl' ll') ()Illnill A

III‘ .1]! v'lillt‘ll‘ ml in I.lllr.lllmus engine cpl-ml lluli q llu- -Ilrlnsil-ml arrvlnmllun .l

COII‘EIIHI' lrequnlll; "I'll-"tr! Have Mr. (ml lo a Sulifillll vhmllml ul lhm nmlyanl .

lli‘nllh' HI!‘ 'Illrouthlll' lluuk: nl upnrrll'inn ml the analyse-r lhc input was Imus--

lurle “'th Illr, ALK',‘ 'Jil'lJLr m lllc (NSF 'slora-ll-l in l'unl Illne‘

       

  

‘Iu y,qu llin-zing HI’I'UI'F- a low palm HIICI‘ w..-:. "and far Hm lllL‘flSlllnllPlIIS, wi “I

     

 

Ina N1 IIIIIASE
_J“—‘ l1

vm
l'

l

 

_/-\ nu: u: masuul: ms!
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lhn rol I-nver pnlnl sol Io r-kll.'. In order in nh1‘zlin mlllicinnl (Iynum rmum

it.‘ uyl imlur pl'ufisurn 5 Min u hiqli-p lill'nr was di’il‘ unml, nl imilml inu

quills ul loss Ih-‘lu 7'iflll7. iilifi lul'Ir-r lillm‘ was "01' "Roll wlmrr llu: min 01

ssnrn l' e was In he cxdminml.

     

  

   in   

Each Incord nl ION poinls ruptnwnlml orm noulplulo cyrle in illu imni'lvn'cd

cylinder and cuulil be {rt-fluency lransiorumh l'rnm Iluz Sucmul channel ui ilnln

lhn engi plmd law-raged nvnr rho CYl‘iniCOllill he luuml and Hills l'luz lrnquuncy

axis sralud Conani ly. [in example nl Ilm daln oblaiiuzd is givnu in [lqliru 9,

ulmm lhe cylinder pressure diagram and 1l-e rule at rl 'ngn ul 1his is shown,

Togo-llier wil'li lhc llleiz marker signal. Na! rim mun ilnlu, as ohlnincd llom iTi

procn sing, it: Sumvwlinl foo del'ni Icy-l lo analvln conwmimir (Ulllpfll‘i‘ikillfi in be

undo, su Ihal le'a was convnrmd 'l'o oquivaleni ll’inl oci'ave Iman Icw‘ - (all

cylinder prossuw luvel'; are rclrerred in 2 x in“! Fa, “la 5mm relerenc.

pressure as nolso. levels).

   

A comparison cl lhu lwo rochnlqims and lhp. agrcenx-nl bellman lliem for line

lransienl cylinder prossuru level al one speed in Hm. nitcelor'ai'ion Is Shown in

ii ul'e l0, holli oi which are crnupared wi'l'h lhe slumly r, e rnsulls lor nnF: ..___

linrlicular eII_ no. ‘Ihu overall agri‘nuk‘nl heiwomi “10 lm) Inchnlques is

nxcullnul HI h sump (leviniion ni 5.I'i .uul 4k”). "135 lull-u may he (luv? lo

rt'peai‘abiliiy oi Nu) engine combustion iltml l , which iS known to have qredicr

variance ai' hlgher lr‘nquencifis. inls [5 shown in llguru II which compares rhe

il‘equoncy Sprzcira oi i0 succnssive cyclvs of llne 5.1in engine ai‘ 40 rev/s lull

load. Calculating Hie dLl spr'uaii lm (-81 prolmbiliiy ircuu:

p - 20 (log t; - u) — Inn (:2 - oi)

   

where R and a are His: linmr moan and snamlanl dovialion ol lho nrlglnnl

pressme signal, gives |lu- (:lII'Vl) againsl h'cqlwm;y shown in Hue Inwer pari of

lhe ilqu-ir. This imiifirmml Hm vnrinliilliy nl Hm hiqimr‘ frequency bands, wl rh

-'J value of 4.li\1li al rikill, which i<- ill il’ll‘lémlil‘lli Hi In nlhnr published xlnla ('i).

Allhuugli I'hin vnrinl izm um. hp. rwornqml onl nl muddy -..l:|ln Londi l inn”. liv line
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«ii IlHItlt'l .'|vl'ld\_|ill(] rim-Hy l'hi's i5 riv-iii'ly uni [nis'aililu- lui' Ii-aiiiiliini

xiii-lion.

 

l“ Ilr. ()Ii‘illlle iisiiiq lliis It‘lllllliqul} lizivn SIII'lWll llinl Ilin rii'lgiiinl sloady-Ltlnlc

li:il.'in litilwnii \zunliiivilion and iii: hniiiiml nolfiu if» nppni'milly I'E‘Iil'llbhl lllll liiu

I'IP. 1Irlll'éir'll' [or iinliii'.illy asp . lml niigirmfi. \lhiii'i" .‘lllllll‘i‘llOll iml'. iloniliinlos

4| ‘EI'lilllY slain |I rill'vo dun“. (liii liiu ‘Hll! li'mi’lniil. l'llini'i-'aii l‘qlli'!‘ hnlziiirfi l“

loin-d, Ilii i also lrvuiid unulm lrmislniil cOiirlilinn: - lirilli soui‘cos lllk'l'1‘fl g

by lhc In)!!!” i'niKHllll. Ullitir wurk Iiim fihlJW" «iiiillar i-esiil la (4). Further work Is

miliilred uii Iiirlvuclinrncil niiqiniis, wlicro lllefihillllCdI nrilse: rlnmlmles, lo n55

lliu i-Hml ul lui'lincharnm' ldg. ll I5 suspmletl Nial "ll"- is an ai'i—ia whi.

largo ililioriinces may be found boiwuuii nominally wiml Iai' niigiiiofi.

 

   

   

 

's

 

0

Nu: lype 0! fuel pump guvarnor fitted in ‘Hic cnqiiie mu have :1 dl'flmd'lc ellecl.

Figure l7 illiisl'rales ll‘io. (llilizi‘cnims hclween :iii vii, ‘ 1: iii Hi 3 llxml Ilmliig

pump id Ulll‘ \vi Hi :1 \‘pi‘ -il fidVOlll‘J: iiiiil. AHIIUIIUII lli‘ {HrT l cm'rnlallim exlsls

ri slraiig rclal iiiii5hlp iivlwairii llie maximum rain. nl- iin Imler pi' ylll'fl

iil “ll‘ rumblmlinn unis ll may appear 10 ho mi .‘IKlVdnl‘Iqr: in hcivc llxeil

0 ol iii-2| lnjecllou, biil' ln grinei‘nl :i ht'llHl‘ niilliniiiii Ilniliig plan can be

achieved wl Hi :3 speed {iilvanve iiiil i. This roiiipuumlr-K lur Ilir- llxed ulnmiiuil

reagllon limes linvliig to lakl' plnvi- in .i slioi l-ii llino liirei'val as englnii Spryml

increases. 'llils allncls Hie delay period (linlwneii lvi_|ci:llon oi liiol and His:

slarl ul cmnlrufilion); Iliu longer llio dnlay rm ml the gi'i-nrrar llie aimiinl of

uiiburnl liiel In bn lglli't-‘Il sliiiiillnneoiisly so llml Hm rn'li: oi prvqmiri‘ fire

in, fluvfi willi iiicrunsiiiq delay rim-ion. Ulltlf‘J' Iraiisiniil mmiiilmm llis- iIi~l:iy

period ciin iiicrcmo Iiy up in in], n! “l0 5: wiva sluic- Vv'lllll‘i
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'3. CN-ll'KlTER ASSIS iED ANALYSIS

 

':.l S'rrucrural Vibrations

 

Many lurhniquen have hevn usred nvnr lhe yum"; In) analyst: and undurslanrl unqlnc
vlbraiion behaviour. lhn r‘omplcx siiucrure of .m engine block is a challenge lo
any approach. Current wol k ai' Shoroham uses a cmnhinml approach cvl linifn
olmnqnl modelling and madal analysis, bo1li ul which lurhniques rely on 1le
avai Iahi lily in reasonable cnsl' of mom-ml diqi ial mmpnrers and rievelnped

mel‘hulnqy. [his approach is shnwing pvolnise and a dual Insull is expocled; lhe

iinila element modelling lechniques in use. me ninwll nl uslnq a reasonable Imrlcl
0! an mugine Sfr'nclure which can be used In evalnine deslqn nl‘ic-inni ivos ab
initio; rhe niodnl analysis dula lnr an oxisling :rlrurlure. In addition in
proving Hie llnife elemni model, can pruvide Iho inpni lor iurrhnr synlhofiis
work. Some examples 0! moan analysis applind in a cyllndor liner, a5 a
liesmwnsl'rni‘ion of Ihn fnclmique in engine—like :1lrucluroS, are given in liipue 15
Ring nodes: are rlem ly idunrilied l'cqelhel‘ wi lh hiqlwl‘ (-vdrzrs whorl) phase
changes occur in ring mules down lhe IL‘IlIJIl’I ul i'hu ryliudel‘. lhe llnnl‘ {or lhi'.
wnrk was clampml lo vi siill hast-.- plate in sininllee lhn installa'linn in an miqinn
and “lo uflncl oi lhi", base on some nudos was nvidi-n'l. lhe uisnnlisnlion ol
l'heso :,.l.in-pln>v. high lrnqunncy modes is n vnlnnhlc- lari l iTy.

5.2. ijigiun 5|ng

/\ nuiihvunlical model 0! pislun niulion (in/,3) is vi',;i>.l||l wlnm exnmininu llw
upi'imnm do n [or rmgino appl inzations‘ lhn use. of surh mulnls in noise 1nd
vibraiinn rmlnrlion is lrannhl l-li lh dilliuullies SH 0 Ilm minutiae oi lhe:
Dish)” mol'iun can he oxl'rnmely imporimri in .loiormininq r-nginn vihrni‘inn. Thu
determil flion ul various paralm'l’el's in Hip cnlmilalinn, :nu-h as piston pin and
rwkil‘i frl lion, is dilliculi‘ and empirical valllw- mnrrl hé used. An nyamplw nl
1ha applicaliun nl such a program is glvon in liqnle M lor 1he eilecl oi pislnn
clearance. As can be seen a reasonable correlation in mill-oinan in l'his oar-e
where changes in noise and vihrmion are compared wiih flue predicfed energy loss
around rho firing stroke 'lDC. lhls data was oliinined from a lightly lurhn—
charged engine ullh lmr cnmbusl'lon noise levels. Ii should he si’ressed lhal
1his example covars a range cl reinfively small clnar‘anccs whereas diHeleni
resul rs and bef'rnr overall corralal ion may be lonnd for larger clearances.

   

 

lhe snlncfion of upiimmn pin pusi lion is lee: simighlloruard and plmnomnna
which an: oulside the range of Iha Im'inemaliml imvdol "my he imporiéinl. ll har-
buen shown lhar some reducl inns ran he oblainad whm \3 Mn: piston lransver was H":
horn .lnnrance space wilh Hue sklr‘i pal-AI Ivl to lhz-r cylimI-n‘ wall (as shown hy
k‘fllCUldiCd impfic1 limes [or upper and lawn iris being very close Ingelhur),
where all lilm allecis mny dominal’n ihe I‘llnlllllq nnginn nondiiiun. lhls is
another area where lurlher work Is needed to provide a morn precisn model for
predicllun.

  

5. 5 Acnusiic Inlonsify

 

[he usn ol llw c spw-Irum luchniqnn lm' sourm idunliliml in” m. onginns Io
delennlnr- mnjnr sources 0| duulis'l'ic mnis .mn holds qrnni pl'lunine — ml

144
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0—. Noise

9— — + Vibration
A-u-nh Energy

IZOD rev/min 2200 rev/min

 

0 5 ID 15 0 5 10 15

Cleavunce change mm I ll)3

Fig. I4: [Hecfs oi Piston/Linn.-Clearance

nllurnniivo l0 1hr; lead covering inchniqun which retains 5|]Hicimi'l accuracy

wuhl he welcomed by many. Inil'iai work al Shorehnm has runiirmd Hie I'm-.ulfs

ul Chung 01 ml (9) on Simplr? snurcu: and work is in hand an Hlu ncld In. 0! a

cmnplm engine annlys Ihis Ieclmiquc l5 only pnssihlr: duo In Ihr) m'v.~nl 0:

high 2:"an [Tl' plourvmo .s.

  

   5.4 :_i_l.'_1 icai I—jnerry Analx.'_s_

Anoiher lechniqun relying hiyavi Iy on FF! and diuilal prNZr‘bSihg is 'thl

 

1
m
m

   
     

153m Ocluv! Fund

. no: rule: qua/g : ‘3'“ =0.0m
\ "V " ml“

 

an

,_ .
I III 7- 3:: ml 5- su m an in: II! nun 12.
in" '1(

Fig. IS: Comnnnnni Vlhmilon Decay
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'D

-20

-30

-40

 

500 1K 2K 4K
Octave band centre lvequency Hz

Fig. In: Slal'lnllcal l’nr-zrgy Analysis Fxnmple

niulwurrvll liy lyun .md Dulonq (l0). 'lllis lechnique is 0' mel value when

applied in Hue ligh'l weighi- rl)ver$ ol engine“. and In llm lundmnmul.)ls oi

vihralury unorgy pour-r llnw wilhln engines. Work using [his Inchnlquu is mm

in pl'ngl'x‘,‘

 

Ihr: umlurlyinq a55umplion i< Ilial the energy {low wilhin a r-ysln-m can he
ans, ibed by nma<urnmenl5 ol llm accclnrafion levels and Iha componenl loss

inulnrr. and coupling. loss laclors, in ensure reasonable slaflslical rellabl I My
n sullicienlly large number nl modes (If vlbrullnu musl be averaged. This
implies. lhe use of octave bands. L055 laclors arc evalualcd lhruugh band

Ii l lured lransienl vibralion dr-rray mafiuremenln. Coupling. loss lacmrs can he

ralculnrml lrrxn puinl mobilily mm‘lSurmnonlS (sr‘o rel. l0).

 

I\n nxqmpln M llu» appli wlion 0| lhis hmhniqun lo a ullll F-nginr- cover l5 givon

in figure 11». ilmsv rn-mlls an», Llenrly nyprnxlnmre l-ul' IlllHCv'liP. lhu gmmrnl

lawn of IN) [culiniquru Thu hiin level nl nu, intchnles HI-ll lor lhls (ionlponmll

Hm couplian lmlwnm ruvur nml block is lhe dominnn1 ler‘m, 1ny increase In "C,

lhr; cuvm' damping, would have in be very large lo have any gnlllranl oilenl

on Thu cow): vibmlion. Thu level: also indica'ln lhnt mldl'llnn..| dampan may

he requirml If Hm cuver were isolaled. This .1r1nlillonal dmnplnr) may, in
prnclico, he musunf ln lhe isolnlion system.

 

Ix. CONIlelSIONS

f...| Tv.umi--nl dmulm'nlirm llnla can ht» DHJIYSIILI lo provide inicn'nnl ion nu Ilm

ME

 



 

Proceedings of The Institute of Acoustics

UIESII ENGINE NOISE UNDER STEADY STATE AND TRANSIENT CONDITIUN5

Instantaneous combustion and mechanical noise elements. Both are evidently

Increased under transient condlilons when compared ullh stabilised running.

Methods oi control must therefore act on both sources 10 obtain optimum

resuli's.

6.2 (‘uupninr assisted calculations such as finite eiemeni dynamic modelling

and modal analysis can both be applied to engine vihration s-Iuiiles and work to

provide such analysis a1' reasonable cosi and wiltiln a sensible budget' in order

In reiine structures ior minimum noise and weight.

6.5 Mathematical modelling techniques for piston slap and energy flows in

engine sirucfures extend the understanding of '“IL' existing problems and provide

(lireclion Indicators Io Improvements.
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APPENDI§_L

 

Uerivaiiurluf separaflun fechnlqgg

Since Hun nmiel nl 1he I‘adlalcd nolsn is H"? Sum oi flu: combustion noise and the

mechanical unise:

qu

3m = on + m m
(09

SM = on + "in w

whom

SPL - sound pressure luvol (sullices A and R being a1

c“ (“h r“ m " 1% advanced and wish!“ uondlllons

— c“ U" ( D I‘vsperilvuly)

m — Inerlmuical noise

 

II Is - mi “In! Hm mechanical noise remains cunsl'anl' over the iiml'red liming

swim], so HIM:

rm = mg K ‘7"

I‘hn slrnchn'ni altenualion ol the engine. to camhus1inn [orces is assumed f0

remain cons-Ian? (linear syslem), so II-af:

03L - m = R where CPL is the Cyilndor Pressure Level, and so

0“ - U‘iR = CPLA ‘ CPU? (.1)

Rewrii'ing qqun’rinns (I) and (2) in icrms 0! pressure give-5:

fi-ar10%%L-A = Pieqo—C,“ + P‘mvml‘fée m

freon) = mafia? + Meant}? \ m

(lnr elm i1y Pref will he omi‘lfed from here onwards).

Mn
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'Juhrracllng (6) from (‘7) gives:

591.3 '; SPLR = _c_NA MNA _ cu _ w
10 lo 10 10 10 w + 10W 107—53 10 Io ‘”

using equafion (31,1hi5 reduces +0:

10%;?- 10—5'1’58 =10%‘;i~10%%3 «m

now considering equalion («1):

(NR = 01A ' CPLA + CPLR _ (9)

or 109?; = 10—A——L—CN' “Tb ‘ “"5 (10)

or (‘VGH

102531 =10‘—‘,”oA x 10%fl / 10%; (m

leiing cunimn lll) lo suhsfihfle (m‘ (ZNR in equation (In, Muir. gives:-

mawe wow = 10%“ marge xloc'i‘:;r-/m-“'T:A

 

(hr

101%“- — 10%”: = 103%“ [1 .-10%‘;£/10%~] w

or

1057}; _ 10.5% =[lo%/1oC—::A][1o%a- 1%]

 

Taking logs and mullipiylng by IO (10 convert from pressures to pmssure lrvels

Le. dB) givpsz—

10%] = 10 mg [10%¥é/10%]SI'L
1-0 “’9 [1010A

(TLA ‘ r.le (l5)
X [10 l0 10'“)

 

' Mu   
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or

'T’L "F'l. CN CPL
10 '09 [loiloJ ‘ 1011313] = 10 “191075,! '10'09107)A

r
+10 mg me—fifl—EA— — 10 9.153 um

Rewriilng equaflon ll6) in The (oral of equaflons (I) to (4) gives:-

sm '99 SPLR = on - «m - um '990=Ln>) (m

From equai'ion (II) a value ol CNA can be ob‘l’ainod, as all ofher quanlilias
In lhe expression are known nmasured values. Whence by hack subslllulicn in
equaHOn (II) a value ol CNR can be calculaled. SulmHluHrJn of (NA aml CNR
ln1o aqua-Hons (I! and (2) yields values 0! W and mm which will In Incl' be
Idcn'llcal by deiini1ion.

lSU   
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GEAR IMPACT NOISE 1N DIESEL DRIVES

.l.D. SMITH

CAMBRIIXH! UNIVERSITY ENGINEERING DEPARTMENT

Sunm r1

The causes or loss o( contact in gear drives and the effects on noise emission

are discussed. Identification of loss of contact is not clearcut since

conventional approaches are of little help. A poasible m urement technique

is described and some simple methods for attempting prediction of contact less

an: given.

 

Introduction

Increasing emphasis on noise and the corresponding improvements in engine noise

level. have focussed attention on the noise [ruin the reminder of the drive and

in particular gear noise and chain drive noise.

 

If the gear system relnains linear i. . the teeth do not lose contact, Iln-

systcm is relatively simple to analyse and Lhe conventional approaches work

well In locate troubles and hence to eliminate them. The excitation [or the

system is provided by tln- gear errors which remain constanL in ampliturll‘ hul‘

whose frequency varies as speed varies while the gr-nrcase, vngine Mack and

surrounding supports and st ucture behave as a complex but consistent system

whose response can he described as a conventional frequency response or in

terms of an impulse response. Provided that tests may he carriPd out over a

range of spueds, preferably at constant Iorque, a 'untcrfall' plot may be

displayed showing the variation of noise power over the frequency range as

speed varies (I). "hen sophisticated computer displays are not available the

sank= essential information can he obtained by using a variable frequency filter

set to a multiple of tooth frequency to determine system resonance and a

fixed frequency [ilter to determine the frequency content of the forcing

excitation from the gears.

  

OncP the system response is known any troublesome resonances can he identl

and eliminated and checks on single flank grating equipment (2) will show

quickly whether there are gear errors which are unacceptably large. in casen

where there are isolated errors such as single damaged teeth. time averaging

techniques are hour-r than the Fourier analysis approach and will locate the

damage easily (3).

IE loss of contact occurs between gears, analysis becomes much more complicated

Since the system is no longer linear it in not possible to regard it as having

a simple input-output response and the techniques described above do nol work

correctly and in many cases give deceptive aILur‘rs v For example gear errors

at tooth frequency may give strong resonances at half tooth frequency or two

or tlH‘ct‘ times innth frequency but little rnspunm- m. torvl'll Fn-qur-m-y itself.

 

lSl
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pauses

The simplest type of loss 0[ contact occurs due to engine. speed variation.

Undm’ idling ronditions the energy required to accelerate 1nd deccolerate the

pistons and to provide compr on in a h-cylinder engine gives a speed

variation of the order of 1.51 corresponding to a torsional vibration amplitude

of the order of 0.5 at twice engine rotation frequency. Unless drag torques

are exceptionally high the driven gears will not decelerate with the engine and

loss of contact will occur. This type at rattle. is relatively easily identi-

fied sin :e load application slopfi it inmdiately.

  

A near drive itself gives loss of contact when it provides a speed variation

duo. to design or manufacturing errors greater than the Variation which the

system dynamics can accommodut ' some very simple estimates can give an idea

at the quantities involved. when tooth frequency is much greater than the

main resonance frequencies of the system. the gears do not rospnnd and so loss

of Conlm'l otturs if the errors are greater than the elastic lnoLh doflo tiona.

A Iii-1diin of 175 N/mm (1000 lhflinch) farcwidth gives an elastic deflection of

|2.5 1m. 1 'éillnll'ng the standard tooth contact eltstitity of I.:. y 10‘“ N/m/m,

so that an error in excess of this value will re loss of contact.

    

Loss of i-onlacl' gives rise to very heavy impact loadings when the gear teeth

meet apa 1; these high loads may have cffeuls on goat life but are usually

trunbl some. due to noise radiation through the sirucrure. It is however rather

dill'ii It to determine whether or not the gears are losing venue: in an

installation. The ms: ohvious difference in the response ol a non—linear

system is; shown in Fig. l where the characteristic 'jnmp' effect is shown.

Some t r gearboxes show this ellect fairly clearly; the vihratioo level at

once-por-tooth frequency drops very suddenly at a point in the range and there

can easily he 10 dB differences between llle power levels at that frequency

dependant on whether speed was increased or decreased to the test point (4).

if a 'jump' occurs it is a clear indianion of non—linearity hill the conversi-

in not true.

  

 

In a gear moshI in ndililion to regular errors at onee-per-tootli frequency and

harmonics lhero are lower frequency errors associated with pitch errors or

synchrony-sh problems. These errors may he of sufficient mflJlitllde to disLnrh

Ilio regular response from point A to point I! in Fig. l or vice versa so that

the response. keeps changing between lhe two states. This is sometimes observed

as a "warhli 3" sound if the changes are iniroqnont. An additional effort of

a nun-linearity as indicated in Fig. l. is that there is nn longer a Cll'fll‘

resonant frequency but increased amplitudes occur over a wide range of speed,

sometimes down to half the 'natural' frequency of the system.

A regular once-per-toolh error which gives rise to loss of Contact may give a

rosponse shown diagrammatically in Fig. 2 where rhe response. is also periodic

nl: uurc—por-Lonth frequency and the gears bounce elastically on the rising

portion of each sinusoid. In this Figurn the lull Hill: is tho disturham-e in

the 5 slow due to errors; this is normally Iod the 'slzltir‘ transmission

  

I52
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error. Transmission error for a gear drive is defined as the difference

hutween the actual position of the output and the position (h:- ontpnt should

he if the drive were perfectly smooth with nn errors or deflections. flu

dotted line represents the arrual position or the output relative rn its cnrrecr

position: at impact the lines cross due to elastic deflection of theI rcvth.
The mosl ohvions effect of loss of ('ontact in this case is (he incroasc in the
levels oi second and third harmonic vibration from the impact. it is lhus
rnasnnahlc to assume that it harmonic levels increase load is rodured that
loss of contact has occurred. Unfortunately this is not always true as is
shown diagrammatirally in Fig. 3; in this case undrr high loads high harmonic

levrls arc assuuiatcd with following the transm siun error while under [an

loads the high frequency components of error are avoided.

  

Frcqunnty analysis of the Hoist or vibration is of very little dircrr use in

diagnosis since it cannot show any essuutial difference hcrwoon contact and
non—contact conditions, particularly wh n therr are additional random vibrations

present from other sources. The time- veraging approach Is mun: powerful and

may typically give traces as shown in Fig. ’1; again Lhcro is no [iiinlaniulilal

difforf‘ntt’ hel'wcen Contact and non-tontatt conditions but if variation of load

alfccts purl at the trace only thero is a strong possihililv of non-lillvarily.

lt umuld be nntcd if frcqur'ntv analysis methods are llfil'll wilh lulu: inn-raging

timt‘ that only multiples or unrv pnr revolution can exist in theory Ihnngh in

practice Llwrc may hr. clear vihratinns at froqucm-ius which :rn Iml exact

multiples of onr-o per revolution: tho rlil'l'r-Itom-v is unc nr um“ lion only.

   

Measurement

 

Noise and vibration lneasuri‘mr‘nt will not directly donor: r- whelhur COan(‘l‘ has

hevn lost hut lrausmis. n crrnr measuroment at speed can shnw what is happen—

inn. Small radial gratings may he attached to tho ends of shafr- in lug. '

accuracy is relatively low, about 5 -runds o[ arr hni is more lh; sufficient

for antumolive purposes and rIn: grating can run up to 6,000 rpm (5). The
principal limitation nl prrformance is that the gr1tinp vibrarns tnrsiunally

ml the flexible connection to the shaft end and this imposes an upllt‘l’ limit
of about 600 Hz for rcliahlc information. At low speed the gratings measure

the 'static' transmission error in the system, giving a good check on asst-Inth

and manufacturing errors, Lhon as speed rises. the observed transmission error

is distortod duv Ln rosonant effects and due Lu loss of contact. Siucu the
transmissiun error measures the movement apart of tho gear teeth it is possiblo

tn soc how far (II:- guar tooth sci-rare and uhoLhor or InIl they travel fully

across the hacklash zone. The limitation to this nn-asnrumenl is due to lllf‘
[art that the gratings only mnasurc torsiunal movement but do nnr respond to

laLc 11 muvumcnls so that where high lateral movements uro possible, as in a

machi 9 tool gearbox with long sharks, separation may occur without affrrting

ohscrvr-rl transmission error.

   

    

  

 

  

  

  sLgditt-

 

Since drtect'-n n( separdliun is vvry difri ull. if not impossible, it is

ally nec"sary [n nlllnnpl Lu prodirl uhvlhcr or not it is occnrl g. This

guns s is important lezflusc lhr effects 0!." i'hauginp: slil'l'ur-ss, massr‘s,
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damping or ncrurncy will depmld grcaLly un wlmLIIl'r or not nrparnliun ncrurs;

in panirulnr deurra'llzn uf sliffncw will ni’len urvally ilnprnvo a linear systnm

but will rnrmspnmllugly muko a non-linear system much nurse. The infnrmntiun

necessary Fnr prediction is

(i) The 'slnlic' or manufacturing transmission nrrnr. illoally Lilia should
he lln‘ error under load lml far most drivPs, particularly lightly
Inadull ones, lilC ch'n lnnd crrnr is Sllfriciulll. [L is possible to

dedul'e the loaded l‘rror {ruin the no infld errnr provided the gears are

mmlc accurately and run lrnLly. If (‘Iluilln rnrsinnnls are invnlved

lill’RP m usunlly well klluun.

 

(ii) The dynamic rrspunso 0’ Lin: 7,0an and llK-ir supports tn (-xritntinn at
tile MLKII paint. 'I'llt' rnspnnsu I Inlly ronfilmnhly linear but is contier

sinu- e‘vfln .1 :liuglv p r lvf nears will normally lvn six dogmas on

Frvollnnl. A full :1 :Ilysis (If lllo vii .11 in" rv'u‘mlsu of n InlIIli-lll‘

uf freedom wi ll inuniw) .1 lnhnriuns lilillJ‘iX npprnm to dl‘l.('l'llli“fl
rcspunnr’.

  
  

  nm
yfil'l‘lll  

Furlunnluly rhe dynamic rcsponfiv can usually be Prrdiclvd with surfiriput

ncrur (‘y M n-l livon simple nlL-(llmls .1: part” L'Ir il‘cqul'nrips. Fig. I, slums
nu ido.li I .yslum fur a i r pair and th roxpnusc nr lhc syslnm tn lurring

is (HIS! Iy Iii'tilll'L’d-

 

    

it is [up rvlnLivo displarvmrul horucen lhe levrh lhnr
lransmi. inn error hnl it
tlw tooth. The rolul nloflurl

l-L

 

iullmm‘ll by un-
Himplvsl lu slan by considering a lorro P hulucnn

I :ll rim tnnlll is then the nlgvhrail‘ sum of flu-

iv Lnnlh doilurtiun, rhv .osponsv of rhn flour as aninertia on a lursinunl
spring nnvl L'lu- Yospr‘ll‘.‘ nf I'ln- gear ns n mass mnunrnd on :I linenr spring (0).

11v.» ‘lynmuin' rvspmmr- nr nysll-m x is um.»

   

   

The rrnnsnu

 

'un errnr r = x" l y". Lnking nuli1 nr signs so that [run Ll given

L no run drain-:0 P and [I'll-hi l'“dlll'e rlle inn-es which act upon the hearing
lmnsiug ; those are given Ivy
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For separation it is only necessary for the dynamir component of P to be
greater than the steady imposed load. Typical figures for a medium size ear
might be r = .075 m. J = .01 kgmzl 2:E - 7 x lo8 Nlnl, 5x = 10“ an». n = 10» kg,
xx = 5 x105 Nth/radian. The corresponding dcflections at a tooth mesh
frequency of 800 llz are a deflection per unit force of 1.6 X l0"a due to the
teeth bending, - 2.2 a 10—3 due to rotation effects and - 6.5 x lo") due to
gear movement giving a total of - 2.7 X 10—fi m/N. The negative sing shows that
the system is alynvc a resonance i. . is deflecting in the opposite direction to
the instantaneous force. If this gear were mating with a similar gear whose
response (without tooth deflection) was - 2.85 x 10'“ the combined response
would be 5.56 X HTa N/m and so an error of 10 micron would generate [fin N
force: this compares with the 7000 N force that would he generated it the gears
Could not move. with this error the forces at the hearings would be 113 N.

 

There are particular cases where a simpler approach is informative. The

condition of tooth frequency mll4‘il higher than dynamic response frequencies has
already been mentioned and leads to a simple criterion that [he elnst < tooth

deflection: should he greater than the amplitude of transmission error to

prevent separation. AL froquencias much lower than resonance with low loath
dcfloclions a criterion is that the nominal load on [he system should he
sufficient lo accelerate gear inortias fast enough to maintain c nlar‘
gives the criterion that l'(nominal) > llr(2nf)7- where r is toolh moshing
froqlwncy and M is the effective mass of the system; this : sumos that the
t‘rrur is predominantly al' tooth froqnenry.

 

this

  

Once separation has occurred it is desirable to know whethor the gears will
cross the hacklash zone completely. If this occurs the resulting hnuncp from
the backs of the. teeth can give very powerfulhursts of vihralinn Immnn‘rillg

al'ross the backlash. It is not easy to predict h mmer without a full non“
linear model; even than results are non reliahlu since virtually nothing is
known about loss of energy at louth impacts. However an order of size estimate
can he ohtained by assuming gear Contact for part of the mesh and hean
deducing the relative velocity between the gears whrn contact is lost. This
gives the time of loss of contact and the maximum separation.

As a simple example consider a pinion of inertia 10'7- kgmz, pitch circle
diameter lllfl mm, torque '30 Nm, 21:00 r.p.m.. errors of 10 um at 15 times per
revolution and 80 um at once per revolution and meshing with a large massive.
when]; assume that the when] dues not deflect, that the pinion drive shaft is
suff enrly flexihle that the torque remains constant and that only torsional
motion is involved. The figures are typical of a medium accuracy rnductiml
gear suitable for general use for low spend machinery.

 

A quick check shows that the torsional acceleration due tn the nncc-per—loorh
component is 10-5 (2mou)’l.os which involve a torque of 10-2. 10-5 (2000“)? /
.05 Le. 79 Nm which is sufficient to give loss of contact. The maximum
Jncroase in speed above average for the pinion is 10-5 X (2W0n)/.05 4 B r l0'5
v (solo/.05 which is 1.66 radians/sec. Whilst our of contact the deceleration
involved is fill/l0" Le. 5000 rad/87. This 'take-ofl" velocity and deroler
lion x‘nmhinr‘ lu givo an out of contact time of 1).“: ms and a maximum 'hcigllt'
of 11.7 um: this time estimate assume that Contact occurs at the name 'lleinht'
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as loss of contact. when the time of lost contanl‘ corresponds to tooth

[requency there is a strong possibility of. the type of response indicated in

Fig. 2‘ In this case the velocity would have to he about 501 greater for

bouncing to occur powerfully and the bounce height would then he about 30 pm.

Noise Reduction

 

when the mechanism of noise generation has been identified it is possible to

start assessing likely enacts of possible modifirations. The. most fundamental

choice is whether to all‘er design or attempt to improve nmnufactnring accuracy;

inevitably economics must influence such choices very strongly. Within the

design 'arva two approaches may be used since it is possible either to minimise

the likelihood of impacts occurring in the first plACU or to allow the impacts

to occur but to isnlatc their effects from the remainder nr lhe system. In

the very [cu cases where gear damage is occurring the latter approach may. of

course, not he used. There are unfortunaton no general rules for deciding

whether stiffness and masses should be increased or decreased to improve

matters. [I is however rare for additional damping to give higher noise levels.
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Fig. 1 Response curvps fur simplu linear (duslmd lino)"

non-linear (full line) systems.
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Fig. 2 Sketch of rrspcnse nl non—linear System w sinusoian
excitation. The lull line indicnljl‘s lhfi‘ static

rmnsmissinn error and Llw dulel linv shows the I'K‘spnnsu.
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Fig. 1 Effect at land on systL-m response. with 9mm- harmonic crrnrs.

The full line. indicarm: the stalic Lmnsmissinn Drum and

dashed line. is the response at low nppliEd loads.

Vibration truce with Cr‘ntact loss.
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Grating head in position on a test rig.

15‘!  
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Fig. a Idealism! gear model. 


