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INTRODUCT IOH

Cuntinuing development of automotive diesel engines requires an increasingly
detailed understanding of the processes occutring wilhin Jhe engine. This paper
revicws” tome of the techniques in use and befng developed in the authors?
company and resulis which lave been obtained through their use.

The reduction of ongine noise cannol be wtudied ip isolalion. {oth the
combustion process and the total weighl of the power unit are under extrema
limitations imposed by requirepcn!s for maximum fuel economy and minimum
exhaust emicsions, Strategies 1herefore must be developed which will be
successlul in reducing moise levels whilst salisfying all! the many other
limitations. In erider to achieve this result, development techniques must be
available o readilty provide undersinnding and 13 quanlify the bencfit 1o be
ubtained trom a proposed modificalion.

The end point of most work on vehicle exlerion noise reduclion is to comply
wilh leyistation, which assnsses the vehicle noiwe radialion under accoteral ion
condilions. This paper deals wilh some work on engine nnise radiatbion under
such liansient conditions and also indicates some areas of work, involving Hie
applicat ion of diqikal technioues.

1. VIOIHTLE NOISE GEMERATION

The nwoisn radiated by the whole vehicle is comprised of many paris - [igure |
gives an cutline of how these are related.  Technigues of vehicle noise
reduction may be divided inlo categeries dependent on the araes of action within
the model. Thus fundamental or primary reductions can be obtained through
mydification of the combustion process, furlber veduclions obtained by
modifications to existing componenls or palliative cures adopied such as shialds
or anclosures ([}¥.

In most current well-developed trucks it is the ongine sources which represent
the major contribntion lo the owerall vohicle noise lovel.  This In part is due
to the mare difficull chaiienge presenled by 1he engine and also due to time and
cos! considerations when major changes are vequired.

2. EMCIND NOIST GENLRATION

Two primary somces exist in the engine - combustion and mechanical. foth
of These will be reduced by eithor palliative lreatmonts or by structura)
modificabions 1o reduce the rosponse of 1he enyire to inlarnally generatcd
forces. 11 is clear thal a knowledge of which of these sources is dominan! is

*thanbers in parenthases Jdosignate reflerences at end of papir,
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ot great valuo whon considering action al Ihe primiry level.

A qualitalive undarstanding can be obtained by obhss vation of nolse levels
radiated by ke engine as the injection timing is varied. If larqe changes are
obzerved theua it is likely that the combustion process is dominant; conversely
if only small changes resuli then mechanical forces are probably dominanl. In
a similar mnner |he rale of change of noise level wilh Specd can be an
limlicator ot tho dominant mechanism lo an experienced assessor. A quaatifative
mitod to identify thesa componenls has beon developed and is explained holow,
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Fig. 4: Separation Frequency 5pectra Fig. 5: Separation Over Load Range
3. SCPARATION OF COMBUSTION FROM MECIIANICAL NUISE

If the sthruclural response of 1he enygine is assumend Jo he linear {(and all work
1o dale confirms that this is su) 1hen {he two force inputs into the slruchure
can be summad |inearly to produce M response. 1t is ralatively straight
forward 1o measure the combustion excitation with 4 high quality pressure
Niansducer in the cylinder head, Lut essentially impossible 1o measure the
mechonical axcitolion since this is dispersad a1 many peints.  The recponse of
interes! s the radialed noise of the englne. Ty modi fying the combusiion
inpul - moil easily by changing the injection timinng in diose! engines - the
change in hoth The combustion force inpul and The responsa can b measured.
there will not be a linear rolalionship betwerny {hese two sinee 1hae mechanical
input has bren included. Ihe suscephibility of radialed woise is pukedly
different hetween various forms of diesel combustion sysiems as is shown in
figurs 2. 1he vacialion in characteristic may be due cither to different
susceptibililies of the combusiion systems to injeclion timing or lo verying
fovels of mechanical nofse In {he individual engines or to the combination af
toth effecls. The genaral, simplificd form of ralationship is ilfusirated in
tigure 3, where a conslant level of mechanical noise has been assumed, {ogether
with equai contributions from combustion and mechanical excltatlon at the
standard injection 1iming.

Farly work In this area (2,3,4) ysed large values of injeciion advance in an
attompl lo Lring the combustion nolse wel!l above the mechanical nnise '[loo'
and hence shplify calculation ol the englne response. tf the Iatter can he
obtained simply by subtraciion ot M measured radiated noise from the maasured
in—cylinder combustion noise, fThen calcutations back at normal timings are
relalively simple, In praclice, Ihis technique has limitabions on accenracy due
1o mechanical noise Increasing at The extremo advauce conditions as Pmax
increasos and in casos where combustion and mechanical nuise are nearly equat.

The current lechnique stit} assumes Hhvat the mechanical nolse remains consband
over a timing swing, but the cwing is reduced 1o a smallar value and a check
on the caleulaled mechanical noise is alsn made to pick up any errors in the
inilial assumpiion.

Petaits o1 the separation technique are given in Appendix t. TFhe resulls of
the applicalion of this fechuliyue in Hhird octave [oquency bands from 4t0Hz to
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Akllz have proved to bo adequate for most engine ilevelopment work.  fxamples of
the resalls produced by this fechnique are given in flgute 4, for an indicrect
injection cngine and in figure 3 for a largor divecl injection engine.  These
resulis were obkalned from steady siate measuroments and Lherefore reprasend
onty stabilisad conditions.

4. TRANSIENT OPURATIOH

I+ hns boen known for some yoars how significanl the elffecls of transfent
gperation can be on tha radiated englne nolse.  This is Jlluslrated for a
number of englnes wilh difforenl combustion systems in flgure 6. When
acreterdating up 1o the maximun governed spred the nolse bevals may ingrease by
730 Tor naturally aspirated englnes, or by 5-6dbA for furbocharged engines,
above thoe steady s1ate maximun noisa level.

This order of increase is signiflcan!, particularty when i1 Is remenbered thal
thir legislalive tes! procedure Is a transient acceleralion.  The rata of
aceeleralion dopends on the power/weight ratio of tha vehicle and the delails
ol 1he instanlinsous lorque curve.  The rate can be high, however, in l'uiopean
and U5A tesis, sincn these use the unladen vehicle for the 1eslking, onlika fhe
Japanese procedure, which wses a tully Iaden condition,

Adtempts o simutate the vahicle acceteration rate on the tesi hed can bacome:
complex, but Ricardo have doveloped two simple tesls which provide soma
indication of tho scope of tha problem. MNoise measuremenis are plutied on A
high spoed X=Y recorder cuch ihat 1he instantananus nolsa level can be plotted
agalnst engina speed during ihe bransient. The first lype af transiont (400)
is run 2g9ainst no load on the dynamomotor, slarting wilh an engine speced of say
M rev/u and the rack contrel is Then qulckly movad to full, dcceleraling Hhe
cnging to maximum govarned speed. This I1s lormed A 'cotd! beansiond, since the
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engine lemperatures al 20 tov/s, no boanl, are relalively tow.  the second type
of transicot ((X35) is obfained by starbing wilh the engine runninn ay fill
load a1 20 rev/s and, when stable oparation is oblained, relrosing Hhe brake
load {nstantancously so 1hal the enainm accelerates up 1o lhe maximim governed
speed. This 1est is termed a 'hot! lransient, sioee 11 siarts from 3 high
temporature (fultl load) conditinn.

An example of the different resulls oblained from [hese losls, Ferpatlisst wi th
Fhe of fects ot reducod piston clearance, ¢an be seen in Figure 1.

In ordor to examine The causes of his increase in radiated noige nnder
transient conditions im wore detail, i1 would be usetyl 1o separaise the
combusiion Iram the mechanically induced noisa during lhe accelocalion.  This
has beeti achievad and the methek) usod is vory similar to thot describod above
tor Ihe sleady shate case and nses soma of 1he dala oblained from that
calaulalion.

Floin possible, theugh ledious, 1o duplicaly The enline measuremen|l o Thodea toay
of ryaning liansiant aocelerations ol various Limings, bal an ol lorm ive
approach can alse be grad,  Ihis involves measuring the instanbaneous cumbips Finn
cxcitalion during an aceelcration fransionl and re-working the originat

combus] ion/ma hanianl separa)ion catenialion,  This simplifivs Phe procedote
comsiderably since from Hig originad dala Tor an centine e apparend S Lenualion
ofF hlock shinglufa can be docived amd then applicd o the meansred  combus ] ion
mazitafion dlata,  This will provide a vatue o the rodiated comtesd ton nod s,
whileh whin compared whih 1he meoian ad Todal radialed Hedte can proviile an
indication of The wechamical nobue.,

the validity of usiug this 'al benuation? aelhol was choviend by applyinn tThe
caleatated mean altenualion Cigures 1o The slesuly slate data when ageeeneal 1o

wilhin 1d2 was oblained [or calculalion of combuslion and mechanical noise,

The major Jitliculty i thus lo obtain a measuronent of the combusTion moioe
during the transiend.

A.1 Measuremenl of Transient Comtmstion Noise

fwo malhods for measuring the Fransient combiyntion noise hive beon BT TR T T
based on an analogue inslrumentation chain, The other lotaty dighial.

Wilh the analogue approach The (illorod prescure bransiduear alput of lhe
individual 17%rd oclave band tilders was fwl Ao an X=Y reeorder during the
transianl acceleralion, and this procoss repnaled for cach band (rom 4080 o
Ak . The time consdant used in this processing was {6 Fast.  As an exampla
of the output from His, Tlgure R clearly shows He increasing level anainst
apued wilh the oscillation in leve! due o Individual firing strokas diring bhe
accetecation superimposed.  The lovel ol intorest is the pook of aach firing
siroke 50 Het in order fo smoolh the data o onve was {ilted 1o The peaks in
sach ploi.  The CPL for any enalne spead amd any hand within 1he measured ranne
could Bhyen ba obtained for use in e faclher ealcnlalion,  The repeatability
of These measaromenls was ea, 0.0
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The digital analysis used an W SA51C FF1 analyser, wilh the ADGC Irigger pulses
ahtained From an ompine spoed sigual via a convarbae o produce 1029 putses pec
engine eyele,  In This way Fruncation Arrors wers avirided whilst naintainlog an
adenquata digilisarion of the cylimbar prossure signat, T arder 1o olifain a
meisuconent ol ipclankaneogs eng e Spend doting Hhe transisng arceleralion o
conskat trequency squsrn wave wans (od to a secoil chanpel of the anilyser .
Ui the "{lroughpul ' mde of operalion of the awntyser the inpub was lrans-
Fored fiom 1he A divect o the dlse sloramw in veal fima.

Teo eobd abiasing errors o bW pass il ler was used for the measuromenis, wilh
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Comparlson Flg. 11: varialion at Steady Stale

ihe roll-over poinl sel lo Skilz.  In order to obtain sufficinnl dynamic ranne
for cylimler prossure speclea o high=pass tilker was ala osod, rliminaling
signals ol less Ihan 79z, This Tatler Tillor wos not nsad whoere e rake of
pressnre cise was lo be oxamined.

Eaclh record of 1024 poinls ropresented one complele cycde in the monitored
cylinder and could be frequency transformed.  From The secoml chanmel ot dlala
the: engine speed (averaged over The cycinkcould be tommd and Thus the froquency
axis scaled corraclly.  An axample of |he dala obtained is givea in fignre 9,
whera 1he cylinder pressure diagram and 1he rale of changn of 1his is shown,
togalhar with The MOOHz marker signal. Narruw bawl dala, as ablained lvom I'TH
procassing, is somewhal too delailol to anable convenient comparisons o be
made, so (hal data was convarted to oquivalent |/%d octave hand levets {all
cylinder pressure lovels are rvelerred 1o 2 x 10~" Pa, Ihe same reflerence
pressuro as  noise levalsth,

A comparison al the 1wo technigues and 1he agreemend bobwaon Them for The
transien! oylinder pressure level af one speed in lhe acceteration is shown in

figure 10, bolh of which are compared with the steady slale resulis for ene  ——

parlicular engine. The overall agreenenl belween The wo Inchnlques is

axcel lond with some deviation ot 5.1% and 4kHz. This [aller may be due lo
repeatabilily of B engine combustion ilsell, which Is known to have grester
variance at higher treguencies. 1Thls [s shown in figure 11 which compares the
frequency specira of 10 successlve cycles of tHhe same engine at 40 rev/s full
toad. Calculating the did spread fo G8% probabilily from:

P - 20 (log (x ' a} - log (¥ = a1}

whers % and o are the lipcar mean and standard dovialion of the orlginal

pressute signal, aives Ihe curve agains| Frequency shown in the lower part of
the figmwe. This confirmod the variahility of tho higher frequency bands with
o vatye of 4.8d13 at AkHz, which i< in anreencot wilh other published data (9.
Aldhuugh Fhis varinlion can be averaged oub ob sloady wiate condillons by Fhe

141




Proceedings of The Institute of Acoustics
IS SEL PHGIME HOVTSE UNDLR STUCADY STATE AN TRANGIFHT £ONDEEHWE

r weee Fiuad timing O - Cotdl
—— Speed advoncs 00 it }“‘”"“"""

e

Max, rale of pres

20 30 &0
Enging speed  tyvis

Fig. 12: fffect of Tual Pump lype

e ol loneer averaglog ties, this is ctearly not pssible for dranslond
st-fien,

Kewndls abilained using This lechnique have shawn Thal The orlginal sicady-stala
palance belween combuntion and mechanical nolioe is appiwently relainad dunlng
the Transiend for naturally aspiratnd opginns.  Where conbnstlon noise domluales
Al slondy stalo i1 alse doss durlog the transient.  Vhercoan equal balanes ko
famad, This i5 also found under franslent sonditions ~ holh sourcos Tncreasing
by 1he tam: amound. Ulher work has shown simdlar resulls (4. further work is
reqmired an furbuchargel engines, where mechanical nnlse dominales, 1o assass
the offecl of turbocharger lag. 31 s suspeated thal this is an area where
large difterences may be found betwoen nominally similar ongines.

The type of fusl pump governor fitted to the cnnine can have o dramatic elfect.
Figure 17 itlustrates tho differences belween an cngine with o ({zal Himing
pump and one wilh a speed advance unil, Although ko dircel corrnlation exdsts
lhaie is a slrong relationshlp beiween The saximum rale of cyibuba prewsuro
rise and The combuslion noise, [ aay appane to be an advantage to have fDed
fiming ol fusl Injection, bul in goneral & belier optlmun Tinkng plan can be
sehioved with a spoed advance unlt,  This compensalas for The flxed chemical
reactbon 1imes having to fake place in o shorter time Inferval as engine speed
incrmases.  This affocts Hie detay partod (bolween injection of fuel and fhe
start of combusiion); tha longeér the delay poriod the grontec the amount of
unburnt fual do bo ignited sioultaneousty so Thal the rate of pressiorn vice
increases with increasing detay period.  Under Transiont conditions the delay
pariod con increase by up to 30F of dhe sieady slate value.
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3. COMITER ASSISTED ANALYSIS

2.1 Structural Vibrations

Many lerhhiques have heen uscd ovor the yoars 1o analyse and undersland anglog
vibration hebaviour. Tha complex siructure of an enyine block is a challenge to
any approach.  Current woi k al Shoreham uses a combined approach of finite
ebeman] modelling and madal analysis, bolh of which ftechniques rely on 1he
availabilily at reasonable cosl of modern digitat compiters and developed
metholoqy. This approach is shawing promise amd a dual resull is expecied; the
finita glemont modelling techniques in use are ained ab using a reasonable mwylel
of an engine struclure which can be used fo examine design aldornadives ab
initio; the modal analysis dola [or an exisling struciore, in addition fo
proving 1le finite eleman! modael, can provide the input for further synlhenis
work.  Soma exanples of wodal analysis applind 1o a cyllinder liner, as a
demonstration of Ihe tachnique in engine-like structures, are givan in figure 1A
Ring modes are clearly idontified tegether with Lhigher ordars whoro phaso
changes occur in ring mod:s down The longlh of the cylinder,  The liner o {his
work was clampnd to o stilf base plate to sinmlate The installalion in an engine
and the effecl of This base on some mydes was avidoent.  The visoalisalion of
Fese conptex high trequency modes is a viluablo facility,

.2 Rislon Siap

A mathematical moudel of pislon molion (H, 7,8} is uselnt whon examining fhee
opbimum design for ongine applications,  The use of such medels o potse and
vibration reducticon is fraught with ditficutlies since lhe minutiae ofF the
piston molion can be exlramaly importondt in delermining engine vibration.  The
determination of various parameters in The caleulation, =uch as piston pin and
skirt friction, is difficalb and empirical values mus! be used.  An pvample of
1ha application of such a program is given in lique {4 for 1he efiect of pislon
c¢learanca,  As can be seon o reasonable correlation is obfained in this rane
where changes in noise and vibration are compared with tha predicted encrgy loss
Mound tho Flring stroke TDC.  1his data was olained from a lightly turbo-
charged cngine with low combusllon noise lovels., |t stonld be stressed thal
this example covers a range of relotively small cloarances whereas different
resul ts and bettor overall corrslalion may be found for larqer clearances.

The selection of opticmm pin pusition is less siraialvtiorward and phenomena
which are oulside the range of the mathemalical podel may he important. [F has
boen shown that some reduclions can be oblained when e the piston Fransverses bhe
bore etearance space wilh the skiet parallel to the cylimder wall (as shown by
calculated impact tlmes (o upper and lownsr skiris being very close logether),
where ail film effects may dominaln the running engine condition. This is
another area where further work is needed to provide a more | recise model for
prediction.

9.3 Acoustic Inlensity

T usa of FPhe crons spocleosm lechoioques for source idemditication on ongines o
delermine myjor sources ol acoustic emissian holds greal promise = an

114




Proceedings of The Institute of Acoustics

DHESEL ENGINE NOISE UNDER STEADY STATL AMD TRANGIENT CONDITIONS

¢—-e Noise
4« = ¢ Yibration

- & Energy
1200 rev/min 2200 revimin
A 4 l |'a‘u
// | L
g st 9 sl
,1 - .t I
(,-
0 "T’F”’ 0
0 5 10 1% 0 5 10 15

Clearance change mm x 103
Fig. 14: Effects of Pisfon/Linei Clearance

‘alisrnative 10 1he lead covaring lechniquae which retains sufficient nccuracy

would be welconed by many. Initial work at Shorebam has conlirmed the results
ol Chung ot al (9) on sinple sources and work Is in hand on dhy acld fest of &
complex engine analysis.  This Fechnique Is only possibla dus 1o Ihe s wenl ol

hiah spead FIT processors.

5.4 Skatistical Foergy Analysis

Another techniquo relying heavily on FIT and dlgital processing is that

T

250 He Oclave Fand

+_ Decay rale = -2& dBis = -2 :g.0m
~ i * N I.)T

| { f‘?:‘!
kit

— ]
@ @ o t@ 8 SE oM 783 oed oo zed 1166 1208
[T

|

Flg. 15: Componani Yitratlon Decay

115




Proceedings of The Institute of Acoustics

DIESEL ENGINF HCISE UNDER STEADT STATE AND TRANGIENT COHDITIONS

[ Pred. e
'——__1'—_51‘9\ 2 §
. - L ] ) =
ol m_éﬁelos(ﬁ,
I --""+ ?Cb
-0} T\wéx——l
@ ‘:’/ eb+ e+ 7i
-
20} \
u-——-—""‘""’“'?c
=30F
wl | o—F vac

500 1K 2K 4K
Oclave band centre frequency Hz

Fig. I6: Stalistical Cneroy Analysis Example

ploncered by Lyon and Bedong (1)L This technigue is of most value whan
applivd ta e tighl waight covers ol cngines and 1o 1he fundanenlals of
vihralory anergy power flow wilhin engines. Work using lhis Inchnlque is now
in progreuns. '

The underlying assumplion is Ihat the energy flow within a systen can be

ileser ibed by measurements ol the acceteration levels and 1he componeni loss
tactars and coupling loss factors., To ensure reasonable statistical reliabillty
a sutlicientty targe number of modes of vibration must be averaged. This
implies The use of octave bands. Loss faclors are evalualed through band
filtered lransient vibrotion dacay measuremenis. Coupling loss factors can he
coalculated from point mobility measuromonts {(sce ref. 0},

An example of dhe applicalion of this techninee o o stI(F engine cover 15 given
in figure 10, Those rosulls are Clearly approximate bl Indicate the general
ferm ol Fhe lechnique. The high lavel of ney indleales Thal for This component
the coupling belwoen cover and block is the dominant {erm, any increase In y.,
the cover damping, would have lo be very fargo to have any signlficanl erffect
on the cover vibralion.  The levels also indicale 1hat additlonal damping may
bo requirest 1f the cover were isolated.  This addilional damping way, in
praclice, be proscnt in the isolation syslen.

LES CONUCLLS TONS

G, Trawsiont acicloration dala can be andlysod to provide informalion oo the
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instantanaous combustion and mechanical nolse elements. Both are evidently
increased under transient condl!{iions when compared wilh stahilised ruining.
Mothads of control must therefore act on both sources fo obiain opltimum
results.

6.2 Computer assisted calculations such as Finita element dynamic modnlling
and modal analys|s can both be applled to engine vibration studles and work to
provida such analysis at reasonable cost and wilhin 2 sensible budget- in order
lo refine structures for minimum noise and weight.

6.5 Mathematical modelling techniques for plston stap and energy flows in
engine siructures extend 1he understanding of The existing problems and provide
direclion indicators to improvements.
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APPENDIX |

Derivation uf separation ftechnique

Since 1he madal of 1he radiated noise Is the sum ot the combustion noise and the
mechanical nnise:

log )
Sa = Qla + s ()
log
PR = O + N 2)
whor:
SPL - sound pressura level tsulfices A and R being at

advanced and retardad conditions

(N -~ combustion nolse rospect lvaly)

M - mechauical uoise

Il is assumad that e mechanical nolse remains conslont over the limited limfng
swing, so that:

M = MR ‘ ¢

The siructural altenuation of the anglne to combusiion forces is assumed to
renain conslont (linear syslem}, so lhat:

L - (N
M - QR

1]

R where (PL is the Cylindor Pressure level, and so

Pla - (Ar €1}

n

Rewriting aquations (1} and (2) in ferws of pressure glves:

PFe110 %hgl + P?‘olloﬂl%\ ‘ (5)
a0 91%3 + Prefrld -'%‘l . | (6}

tar clarily Pref will be omitted from here onwards).

P10 Syt

Prer1p St

ERTI:!
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Suhtracting (6] from (%) gives:

sPLy sPL N MNA Mg Mt
lUTJA - lOT)B =10TUA +10 'ng'lﬂ‘TﬁR‘ tn
using equation (3), 1his raduces to:

05 - 035 - D -5 ®

now coensidering equalion {(4}:

Mr = Gl - (PLa + (PLR ‘ _ 9
LN CN - P CPL

or 10 48 = 108 A (PR (o)
oF even .

(N - UM ST ui'L

(j,} = 10763 X IU—RF / ].U'j—uﬂ an
Using equation (11} lo subskitule for UNg fn equation (03, this gives:=

‘vl"l _ SPL - CNp _ N crp oL
10 "1n 0% = 03 05 * 055 / 10 '"TD‘A ()
or

;I"I A SR - CMA, CPI CPLp Ol
AL N R [1 - 0% /1 —U-] 1

or

10 _ll'HL) - 10 ‘.)PLI

[ %/lﬂ%ﬂ][lﬂ%ﬁ - 1{]1_”11] (1)

Taking logs and mullipiying by 10 (1o convert from pressures to pressure lovals
.o, dR) gives:-

(Pla _ 10 CPLR {15
X []-D_I() 10 m]
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ar
10 109 [105-‘,# - 105%13] = 10 t1og 1052 - 10 109 10 532
+ 10 1og [ g -1 C%%] (16)
Rewriting equation (16) in the form of equatlons (1) to (4) gives:-
P 'Y PR = Ma - (Plr - CPLa 'S PLlRY ()

From enquation (17) a value of (g can be obtained, as all other quantities

in the expression are known aasured values. Whence by hack substifution iu
equation (4) a valuc of (R can be calculated. Substiturion of (Na and (MR
Info equations (1) and (2} ylelds values of A and MNR; which will in fack be
identlical by definition,
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Supsmary

The causes of loss of contact in pear drives and the effects on nuise emission
are discussed. Identification of loss of contact is not clearcut since
conventional apptoacher are of little help. A possible measurement technique
is descrihed and some simple methods for attempting prediction of contact loss
are given.

Intruduction

lncreasing emphasis on noise and the corresponding improvements in cugine noise
levels have focussed attcotion on the noise from the remainder of the deive and
in particular gear neise and chain drive woise.

If the gear systom remains linear i.e. the teeth do not lese comract, the
aystem is relatively simple to analyse and the conventional approaches work
woll to locate troubles and hence to eliminate them. The exritavion [or the
ayatem is provided by the gear errars which remnin constant in amplitude but
whose (roguency varies as speed varies while the gearcase, engine hlock and
gsurrounding supports and structure behave as a complex but coensistent system
whese response can be described as a conveational [requency response or in
verms of an impulse response. Provided that tests may he carried out wver a
range of speeds, preferably at constant terque, a fwaterfall' plot may be
displayed showing the variation of noise power over the frequency range as
apeed varies (1), When sophisticated computer displays are not available the
same esscatial information can be abtained by using a variable Erequency filter
set Lo a multipie of tooth Ercquency to determine system resnnance and a
fixed [requency [ilter to determine the frequency content of the Eorcing
excitation from the pears.

Onee the systen vesponsc is known any troublesome resunawces can be identified
and eliminated and checks on single Elank pgrating equipment (2) will show
quirkly whether there are pear ervors which are wnaceceptably large. Lo cases
where there are isolated errors such as single damaged teeth, time averaging
tecliniques are better than the Fourier analysis approach and will locate the
damape wagily (3).

1T luss of contact oceurs between gears, analvsis bocomes much more complicated.
Since the system is no longer linear it ia not possible to regard it as having
a aimple input-output response and the techniques described above do not work
correctly and in mauy cases give deceptive answers.. For example gear errors

at touth frequency may give strong resonances at ball tooth [requeuncy or two

or three times tooth frequency bul little response at tooth Frequency itself.
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Causes

The simplest type of loss ol contuct accurs due to engine speed variation.
Under idling conditions the cnergy required to accelerate and deccelerate the
pirtons and to provide compression in a 4-cylinder enginc pives a speed
variation of the order of 1.5% correspondiug tu a torsional vibration anmplitude
af the order of 0.5 at twice enpine rotatiou frequency. Unless drapg torques
are cxceptionally high the driven gears will not decelerate with the engine and
loss of contact will sccur. This type of rattle is relatively easily identi-
fied since load application stopa it immediately.

A pear drive itself gives loss of conmtact when it provides a speed variation
due to design ar manufacturing errors greater than the variation which the
aystem dynamics can accommedate; some very simple estimates can give an idea
of the quantities involved, When tootl Erequency is much greater than the
main resonance frequencies ol the system, the pears do not respond and so loss
of contact oecurs if the errors are greater than the elastic rooth deflections.
A loading of 175 Nfmm (1000 LbE/inch) Faccwideh gives an elastic deflection of
12.5 wm assuming the standard tooth comtact elasticity of 1.4 ¥ 1019 N/m/m,

40 that om error in excess of this value will give loss of contact.

lass of contact gives rise to very heavy impact loadings when the gear tecth
meet again; rhese hiph loads may have cffects on gear life but are usually
troubilesome due Lo noise radiation through the strucrure. It ig however rather
#ifficult to dotermine whether or not the gears are losing contact in an
installation. The most obvious difference in the respuonse of a non-lincar
system iz shown in Fig. 1 where the characteristic "jump® effect is shown,
Some car gearboxes show this effect fairly clearly; the vihration level at
once-prr-tooth frequency denps very suddenly at a point in the range and there
can easily he 10 dB differences between Uhe puwer levels at that frequency
dependant on whether speed was increased or decrcased to the test point {4},
1 a 'jump' oceurs it is a clear indication of non—lineacity bul the converse
ir net true.

1n a pear mesh, in addition to regnlar errors at once-per-tooth [eequency amd
harmonics {here are lower [roquency errors associated with pitch errors or
synchromesh problems. These errors may be of aufficient magnitude to disturh
the regular response from point A to point B in Fig. 1 or vier versa sn that
the response keeps changing between the Lwn states. This is somctimes observed
ns n "warbling” sound if the changes are infrequent. An additional effect of

a non-limearity as indicated in Fig, 1 is thac there is no lenger a clear
resonant [toquency but increased amplitudes occur over a wide range of speed,
sometimes down to half the ‘nmatural’ frequency of the system,

A regular once-per-tooth errer which gives rise to loss of contact may give a
respense shown diagrammatically in Fig. 2 where che rasponse is alse periodic
at once=per-tooth Erequency and the gears hounce elastienlly nn the rising
portion of each sinusoid. In this figure the full line is the disturbance in
the system due ta orrors; this is nermally rcalled the "static! transmisainn
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error. Transmission error for a gear drive is defined as the differcnce
between the actual position of the output and the position the output shoutd
be if the drive were perfectly smooth with no errors or deflections, The
dotted line represents the artual position of the output relative tn its correct
position: at impact the lines cross due to elastic deflectinn of the rerth,
The most ohvious effect of loss of coptact in this case is the increage in the
levels of second and third harmonic vibration from the impact. It is rhus
rrasonable to assume that 1f harmonic tevels increase as load is reduced that
loss of coatact has oceurred. Unfortunately this is not always Crue as is
shown diagrammatically in Fig. 3; in this case under high Joads high harmmic
levels are assvciated with following the transmission error while woder low
loads the high frequency components of error are avaided,

Feequeacy analysis of the noisc or vibration is of very litile direet use in
diagnosis since it cannot show any essential difference between contact and
non-gontact couditions, particolarly wheo there are addivional random vibrations
present from other sourees. The time—averaging approach is more powerlul and
may typicnlly give traces as shiown in Fig. 4; again there ts no Fnedamental
difference hetween comtact and nom=-contact conditions but if variation of Load
affects part of the trace only there is a strong pessibility of non-linearity.
tt shautd be noted LF Frequency analysis methods are used with long averaging
timesg that only multiples of oace per revaluticn can exist in theary theugh in
practice there may be clear vibrations at Trequemnies which are not exact
wmiltiples of onco per revolution; the difference is ane of definition only,

MHeasurement

Noise and vibration measurcment will not directly detarmioe whether contact has
heen lost hut transmission crror measurement at specd can show what is happen—
fnp. Small radial pratings may he artached to the ends of shafrs in Fig. 5;
accuracy is relatively low, abont 5 seconds of arc but is more Lhan suflicient
fur avtomolive purposes and the grating can run up to 6,000 rpm (5}, The
priucipal limitation on performance is that the grating vibrates torsionatly

on the flexible comection to the shaft end and this imposes an upper Limit

af about 600 Hz for reliable information. At low speed the pratings measure
the "static' transmission error in the system, giving a good check on asscmbly
and mawsfacturing errors, thon as speed rises, the observed transmission error
is distorted due Lo resonant effects and due Lo loss of eontart. Since the
rransmisston errnr measures the movement apart of the gear teeth it is pessible
tee soe how far Lhe gear Feeth sepavate and wholher or oot they travel fully
across the backlash zone. The limitation te this measurcmenl is due to Lhe
[act that the gratings ouly mrasure torsional movement but do not respond o
Lateral movemeni s so that where high lateral movements are pnssible, as in a
machine tool gearbex with long shafts, separation may occur without affecting
obmcrved tranamigsion error.

Predictians
Since detection of separalion is very difficult, if not impossible, it is

nsually necessary to attempi Lo predict whether or not il is ocenring., This
diagnosis is imporiant because Lhe effects of changing =tilfncss, masses,
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damping or accuracy will depend greatly on vhelher or uct separation occurs;
in particular decrease of stiffucss will aften preatly imprave a linear system
but will correspondingly make a non-linear system much worse, The information
necessary for prediction is

(i) The *static' or manufacturing transmission errar,  ldeally this should
be the error under load but Lor most drives, particalarly lightly
loaded ones, the zero lead erver is suflicient, [L is possihle to
deduce the loaded rrror from the ne load ervar provided the gears are
made accurately and consistently, If engine rorsionals are invelved
these are usually well known,

(ii) ‘fhe dynamic response of Lhe gears and their sopports tu excitation at
the mesh poink,  The response is usnally reasonahly linear but is complex
sinee everr a single pair of pears will normally have six deprees of
Feeedom, A full analysis of the vibeation respouse of a multi-degree
of freedom will involve a laborious maLeix approach to delermine system
™ Hl!ﬂl’l.‘ip .

Fartunaiely the dynamic response can usually be predicted with safficient
aceuracy hy relatively siople methods al particular Tregoencies.  Fig. 6 shows
an ddealised systom for a pear pair and the respouse of the system to loreing
is easily Jdedeced,

It is the relative displacemeat between the teeth rhat is imposed by the
Lransmission error hot it is simplest to start by considering a lorce T belwecn
the teeth., e total deflectiom at the tonth js then the alpebraic sum of the
clastic tomih deflection, the response of the gear as an inertia on a torsiownal
pring and the response of rhe gear as a4 mass mounted on o Linear spring (6,
The dynamiv response of system X is then

The transmission error ¢ = L 4 yp. taking nole of signa sao that frem a piven

¢ we vian deduce P oamd also deduee rhe forces which act upon the hearing
hensings; these are piven by

5 5
Foo= et and P = I

X

S, - me'? ! sy - My...?~
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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 gear
might be £ = .075 m, J = .00 kgm?, S, = 7 = 10% W/m, 5, = 10% W/m, M = 10° kg,
K, =5 « 10% NMm/radian. The corresponding deflections at a tooth mesh
frequency of 80G Hz arc a deflection per unit force of 1.4 *x 1077 due to the
teeth bending, — 2.2 = 1078 due to rotation effects and — 6.5 x 10”7 due to
gear movement giving a tetal of ~ 2.7 x 107% m/N. The negative sign shows that
the system i5 sbove a resonance i.e. i8 deflecting in the opposite direction to
the instantancous force. 1If this gear were mating with a similar gear whose
response (without Looth deflection) was ~ 2,85 x 107% the comhined response
vould be 5.56 x 107% B/m and so an ervor of 10 micron would generate 1AD N
force; this compares with the 1000 N force that would he generated if the gears
cauld not move. With this error the forces at the bearinpgs would be 113 N,

There are particular cases where a simplcr approach is informative. The
condition of rooth frequency much higher than dynamic response [requencies has
already been mentivned aud leads to a simple eriterion that the elastic tooth
deflection should be greater than the amplitude of transmission errov to
prevent separation, AL froquencies muech lower than resonanee with low tooth
deflections a criterion is that the nominal load on Lhe system should be
sufficient 1o accelerate gear inertias fast enough Lo maintain contacr; this
gives the criterion that F(nominal} > Mr(2nL)}? where [ is toorh meshing
frequency and M is the effective masa of the system: this asswunes that rhe
crror is prodominaetly at toorh [requency.

Once sceparation has occured it is desirable to know whether the gears will
cross the backlash zone rompletely. [If this ocecurs the resulting homnce Lrom
the backs of the teeth can give very powerful bursis of vibration hamering
across the bLacklash. It is not easy to predict bhanmer without a Futl non-
linear model; even Lhen results arc not reliable since virtwally nothing ts
known ahout loss of energy at tooth impacts. However an order of size estimate
can be ohtained by assuming pear contact for part of the mesh and hence
deducing the relative velocity between the pears when coutact is lost. This
gives the time of loas of contact and the maximam separation,

As a simple example consider a pinion of inertia 1072 kgm?, piteh circle
diameter 1 mm, torque 50 Nm, 2400 r.p.m., errors of 14} pm at 25 times per
revolution and BO um at once per revolution and meshing with a larpe massive
wheel; assume that the wheel does not deflect, that the pinion drive shaft is
sufficiently Flexible that the torque remains constant and that conly tersional
motian is involved. The figurcr are typical of a medium accuracy reduction
gear suitable For general use for low apeed machinery,

A quick check shows that the torsional acceleration due to the once=per=tooth
componcot is 1073 (2000n3?/.05 which involve a torque of 10~2, 1075 (2000n)° /
.05 i.e. 79 Nm which is sufficient to give loss of coontact., The maximum
increase in speed above average for the pinion js 1073 x (2000n)/.05 + 8 x 1075
x (ROn) /.05 which is 1.66 radiaws/sec. Whilst ont of contact the deceleration
involved is 50/1077 i.e. 5000 rvad/s?. This 'take-off' velorcity amd decelera-~
tien comhine tu give an oul af contact time of 0,66 ms and a maximum ‘height'
of 13.7 ymi this time estimate assumes that contact ovecutrs at the zame ‘heipht’
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as lass of contact. When the time of lost contact corresponds to tooth
frequency there is a strong possibility of the type of response indicated in
Fig. 2. 1In this case the velocity would have to he about 507 greater for
bouncing to occur powerfully and the bounce height would then he about 30 ym.

Hoise Reductinn

When the mechanism of moise generation has been identified it is possible to
start assessing likely effects of possible medifications. The most Eundamental
choice is whether to alrer design ar attempt to improve manufacturing accuracy;
inevitahly economics must influence such choices very strangly. Within the
design ‘arca two approaches may be used gince it is pessible either to minimise
the Likelihood of impacts eccurring in the first place or to allow the imparts
to occur but to isolate their effects From the remainder of the system. Iu

the very Few cases where gear damage is occurting the fatter approach may, of
vourse, not he used. There are unfortunately no general rules for deciding
whether stiffness and massea should be increased or decreased to improve
matters. [t is however rare for additional damping to give higher noise levels.
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ampl.

Fig., 1 Response curves for simple lincar (dosbed Fiue)w
now-linear (fvll linc) systems.

Fig. 2 Sketch of veospanse of non-linear system to sinusoidal
excitation. The full line indicates the srtatic
rransmission crror and the dotted Vine shows Che vespousoe,



Proceedings of The Institute of Acoustics

GEAR IMPACT NOISE IN DIESEL fIRIVES

stalic 1E

Fig. 3 Effcct nf load on sysrem response with some harmonic ercors.
The fall line indicates the static transmission crror and
dashed line is the response at luw applied leads.

Fig. 4 Vibhration trace with contact lass,
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Fig. 5 Grating head in position on a Ltest rig.
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Fig. & ldealised gear model.
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