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Abstract

Gearstypically operate in mixed lubricatioronditions wherethe lubricant film is too thin to prevent
opposingsurfaceasperitiedrom interacing with each otherThelikelihood/ intensityof interactions

is indicatedby thes ratio: the ratio of film thickness to surface roughndgssearchers have asserted
thatasperityinteractionsarethe predominant cause &€oustic EmissionAE) in healthygear contacts.
However direct experiments on gears have yet to yieldea oidationship between thesperity AE
(AAE) ands ratio, this is inpart due to the complexity of gear tooth contaletghis paper a disk rig
was used teimulatea simplified gear contacso that the fundamental relationshigtween AAE and

s could beinvestigated more effectively. By varying oil temperature and entrainment speed a wide
spectrum of lubrication conditions was generakedontrast to other published stud@&sndependent
measurement technique, the Contact Voltage (@} used to véy the amount ofnteractions and
repeated roughness measurements weeglto confirm minimalsurface wear. A simple, consistent
and precise relationship between AAmplitudeands wasidentified and definedor changes from
full-film to mixed lubrication.Within the mixed lubricatiorregime,the AAE amplitudeincreased
exponentially ag decreasedt all speeds tested. It walsoobserved thainincreasdn speedalways
resultedn anincrease ilAAE amplitude independety of any changes ig. This directeffect ofspeed
was modelled so that the AAE could be predicted for any combination of spegadvithth thetested
envelope This papetlinks gear contact tribology and A®&ith new precision andlemonstrates the

potential of using AAEAs a sensitive monitoring technigjiee the lubricationcondition of gears.
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1 Introduction

Acoustic EmissiofAE) refers to thelasticwaves that areaturallyreleasd by, and propagate through
dense fongaseoupmaterials AE is localisedandis caused byariousmicro-medanicalmechanisms
such agrack growth and changes to the crystal structure in metal®y cavitation and turbulence in
fluid flow [1]. AE measuremenis well-establishedas atool for condition monitoring and nen
destructive testing of static structardor examplaletecting the location of flaws in pressure vessels
This paper is concerned with using AE tadstgonditions irmachinepartssuch as gear contastéere

both rolling and sliding motion and significant effects of surface roughness occur
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Recent gtemptshavebeenmade tadetectincipient damagendadverseoperatingconditionsin gears

by analysisof their AE &ign a t .uSomedf this research takes the pragmatic vielmat a full
understanding othe fundamentasourcesof AE from gears isunnecessary: athat is required is to
show that some AE parameter chanffem a healthy gear to a damagecde ddsing this approach
researchers hav&hownon laboratorytestrigs thatAE measurementsan detectartificially seeded
(spark erodedyurfacedefects with greater sensitivity than vibration measureni@htandthat they
canalsodetect tooth crack propagation atwth lossmore effectively[3i 5]. The limitation of this
healthy vs. damaged characterisai®that it is difficultto quantify the results in such a way that they

can be extrapolatedeyondthe parameters of thepeciic experiment.

In contrast to direct tests sralworld componentsometribologists have investigated the nature of
AE froma variety ofmore idealised, or basimoving contacts. For exampisamene and Sundaresan
[6] measured the AE from unlubricatpdds moving in a stieklip cycle (the contagjeometrywas
analogous to that of a rotor between brake pddsy found thalAE occurredpredominantly in the
slip cycle and this was attributed to numesaollisionsbetween opposingughness asperities. They
alsoidentified signal characteristics that variggistematicallywith changes to the contaptessure,
sliding speed and surface roughnddsing a nicro-scale piron-block geometry Haseet al. [7]
determined that changes to the spectral content of the AE sigi@lked discriminatiorbetween
adhesive andabrasive wear mechanisms.Testing a lightly loaded ball-on-cylinder geometry
Benabdallah and Aguil§8] found that for dry contastthe AE amplitude had a correlation with friction
and wear rate; and for grease lubricated cogtacoarsedepenénce on the film thicknesThereis
now a sufficiently diverse body of work smggest thaih general anyinteractionsbetween opposing
roughness asperitiés moving contactwill be a source oAE, here this ise¢rmed AAE (Asperity

Acoustic Emission) to distinguish it fromore generalAE.

Gear toothcontacs can be lubricated effectivehecause of thelasbhydrodynamianechanism. This

entrainsa film of highly pressurised, and therefore viscanisb et ween t he sufages.6cont a
The oil film, if thick enough,can separate the surfaces to the extent that ttoeighnesshasno
significanteffectson thecontacta nd t hi s 3 | tnmedr netdwvedefénahiahy practical
applicationghe surfaceshave roughnesasperitiesof a simlar scale to theil fil m thicknessand it is

possiblefor opposing asperitig® interactt hi s i s t er me d Andnteragtienchadybeb u b r i c a
0 c |-pasdevherebythe oil film maintainsa marginalseparation between passiagperitiesbut is
extremelythin andcan havelargelocal pressurespike.Alternatively, an interactiormayinvolve local

rupture of the oil film and direct ontactbetween asperities.e. a localised incidence of boundary
lubrication Mixed lubrication is a spectrum within which the number andesgv of asperity
interactioncanvary depending on the precise surface and operating condifieassurfaces operating

in mixed lubrication are at risk of damage from wear mechanisms such as micrdpittiopand



therefore methods to measure #mount and severity of asperity interactions are of great interest for

health monitoring purposes.

The propensity for asperitinteractionss typically indicated by the Lambda rat®, (also known as
the specific film thickness)irst proposed byallian [11], this is defined as
0 0

Q = 1
Y v v T (1)

where Qs the film thicknesg$or an equivaleh contact with smooth surfacemd’Y is the composite
roughnessY is composed off and’Y , which are thé¥ (RMS roughness) of the twsurfacess

is a measure of the inherent film forming capability of the lubrication mechdaisng into account
load and temperature variation,withd r e a s i n g singuearkasirgjbn formind ¢apahility.

s is a widely used parameter in thibtdogical consideration abughsurfaces and has been shown to
correlate with gear and bearing fatigue [if&]. It is alsoan active factor in ISO and AGMA gear design
standardsAss uc h s i ad vdadelyw aceptedpdrameterwhich it is helpfulto establish by
independent measuremenAE providesa practical route to achievesuch measurementSeveral
established laboratory techniques are already available, such as optical interfefd3jetynd
electrical resistance measuremei#] but these cannot easily be applied in the field. Measuring the

AAE potentially offers a more practical way to detére the lubrication conditions in realbrld gears.

Someresearcherbavesoughtto identify AAE from gears diredy, i.e. usingactualgearcontactsput
this is difficult due to the inherent complexity of gear contacts. The oil film thickness, anfbtbsre
variesnot only with the global operating conditions (e.g. speed, torque and tempevatwasp locally
overthe tooth contact cycle due variations ingeometry, kinematics and load sharing betwiseth.
For healthyspurs gears operating #teady stateconditions,the observedAE is typically continuous
but with transient spikes in amplitudeccurringat the frequency dahe tooth contactcycle [15i 17].
Researchers at Cranfield Universityno have undertaken a variatfyexperiments directlpn gears,
concluded thathe AE is predominantly caused by asperityteractionsand that thepure rolling
conditionsat the pitch pointireresponsible for théransient spike$16,17] Howeverthey offer no
explanation as to houhe state ofpure rollingcauss AE of higher amplitudehan rolling/slidng
conditions away from the pitch poimdditionally there are therpossiblesourcesof AE in gearssuch
as tooth resonandé?], the outlet pressure spike associated with E[ME], and the shock loading

caused by tooth engagemé¢t] which have not been fully investigated.

As well as investigating the fluctuations in AE over the tooth contact,d)@€ranfield resarchers
have also investigated the effects of chamgése global operating conditions. Testing different steady
state combinations afpeed and torqudRaja Hamzah and MbA 6] found that ass decrease the
AErus (the RMS of theAE) increased linearlyin anotherexperimentRaja Hamzalet al. [18] used
temperatureontrol to induce largescale change the oil film thickness. For both spur anelical



gears two different lubricantsandsix differentcombinations oforque and speedere studiedand
liquid nitrogenwas usedo coolthe gears to0 °C before allowinghem topassivelyreheat.For the
helical gears the relationshigtweers and theAErmsduring the reheatg wasinconsistenthowever
for the spur geargshe AErus consistently increaseakss decreasedb valueswhich typically indicate
mixed lubrication Unfortunately theapparentrelationship betweers and the AEgrwms differed
considerably depending on the specific combination of speed, torque andrubestedFor some
combinations thé&Erusincreased only slowlyf at all,until alow s threshold waseacled after which

it increased seemingly exponentially. But fohet conditionsthere was no threshold, instead the
increase was more gradual asaturred from higlg values Although he results of these experiments
show that ABncreases ifine with theprobability ofasperityinteractionst is unclearhow well their

s valuesrelateto the precisecontactconditions s was calculated on the assption of constant
roughness, i.e. no weamdthere is no explanation dbw the calculationaccountdor film-thickness

variationsoverthe tooth contact cycle

To further complicate mattethe Cranfield researchef$6i 18] and otherd15,19] have found that
increasing the speed of gears dramatically increaseantipditude ofAE despitethe corresponding
increase irg which should causany AAE to decreasdn other wordsthe speedhas a direceffect on
the AE independent of its effect gnThisé d i r e ceffecthas aseyef no establishea@xplanation
Some lave attributed it taheincreasedtrainrate of asperityinteractiong17], however it has aldeeen
observedn experiments oibothrolling elementnd plain bearingsperating in fullifilm conditions

[20,21]so itmust have other causes as well.

Although it isapparenthat, in generalthe amplitudeof AE from gears increases asdecreasedo
dateno experimentshave establistda precise and coherent relationship betweandAAE in mixed
lubrication.This paper seeks to rectify this bging a disk rig tesimulate a simplified geaontactand

by validatingthe amount ofsperity interactionsby direct measuremenis demonstratedy Merritt

[22] the contact geometryand kinematicsfor any point in the gear tooth contactcycle can be
approximated byan equivalentcontactbeween twodisks (rollers).Contactbetween two disks can
replicate, continually and in steady state, an instantaneous momentgaattteoth contact cycle.
Advantags of testingon disksas opposed to geaasethatmore of the contact parameteanbe set
asconstantsthere are neontinualstart/stop effectdue totooth engagements and disengagements
surface measurements aasier as the flanks of gear teeté difficult to accss. The disk rig usefdr

this workcan generata contat having a load, area, motion and roughness equivalent to a gear tooth
contact andis also instrumented so that tipeecise lubrication conditions of the contact can be
determined. It represents a good compromise dxtwealism and simplicitypridginga gap between
condition monitoring experiments on real systemd taibological investigationsn small scalenicro-

contactsUsing this rig, the experimespresented in this paper uncover the relationship betyasl



AAE in new detailand it is envisag@d that ths will prove useful for those seeking to use AE

measurements for condition monitoring of gearsfandnixed lubricationcontactanore generally.

2 Test Method

2.1 Thedisk rig

Figurel shows a schematic die rig. The testisks are driven byreinterchangeablieelical gear pajr

the ratio of which determes thesliding/rolling ratio (SRR) of the test contact The fast shaft is
supported by fixedbearings anthe slowshaftby bearings in a pivotingousirg. This allows theslow
disk to move towards and away from the fast disk in response to thlbgdraulic ramis used to
apply the loacandwhenthe ram isunpressurisedhe disksare separatetd allow the rigto be run up

to speed before the tesintact ismade Therig is driven by a variable frequency electric motor geared
to give fast shaft spesdf 2007 2000 rpm. An encoder on the fast shafbvidesa pulse once per

rotation and this is usead synchronise all measurements.
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Figurel. Schematic of theisk rig.

For this work the rig wakibricated by a naval gear oil with extreme pressure additeegormingto

Defence Standard OEFD [23]. It is pumpedrom atemperature controllethnkto a manifold which

supplies the test contact, drive gears and support bearings. Jets are positioned directly on the inlet and
outlet of the contact to ensure it is always flooded. The tempesatupoth disks aremeasired using

thermocouple embedded3 mm below thig contact surface Thesetemperaturesignals are routed



throughslip ringsat the ends of the two shafts. The temperatul @t the inlet of the contaé also

measured usingthermocouplattached tahejet nozzle.

The disk rig is instrumented to provide an electrical resistaased measurement of the amount of
asperity contacil o facilitate this the slow disk i®lectricallyisolated fronthe body of the rig using a
combination oteramic bearig elements and polymerouplings. A potentiadivider circuitmeasures
the potential between the disks, termed here Guatact Voltage (CV)The lubricated contact is
analogous to a variable resistor placed across the tlisksl film lubrication, when theoil film fully
separates the disks, the contact resist@éessentiallynfinite and the C\will be at a maximumin
boundary lubricationthe number of direct asperity contadss sufficient toprovide a continual
conduction path through the dilm and the contact resistan@nd CVis at a minimum In mixed
lubricationconditionsthe contact resistandductuates rapidlywith the instantaneous amountdifect
asperity ontacts and the CVtakesintermediate valuesccordingly[14]. Continuous and ilgh
frequencyCV signals termed here CVagvealtherapid fluctuationsassociated witlthe progression
of asperitieghrough the contacMean CVmeasurements (over timagrmed her€Vm, indicatke the
lubrication regime For the expaments presented in this paper thetential dividercircuit was
calibrated so thahe maximumCV was44 mV. For ease of interpretatioall CV results(CVc and
CVm) presentechere arenormalised so tha is the minimum and is the maximum(full film

conditions) A more detailed descriptionf the CV technique used on the disk rig can be foimid4].

2.2 The test disks

Thetest disks hava diameter of 76.2 mpwidth of 9.5mm and aslight crownwith aradiusof 304.8
mm. When laadedan ellipticalcontactareais generateavith the minor axis aligned in the diction of
rotation and an aspect ratio 8f91to 1.Testinga long andhin elliptical contact is preferable to testing
alinear (roller) contacas it avoidsuncontrolla end effects caused by geometric discontinuity, (i.e. the
edges of the disks) andsgslf-aligning Thelong, thin ellipse simulatethe contactof gear teeth with

axial crowning relief

Thedisksused for this paper were madeaofear steel, RoHRoyce6010, and werease hardened.
They werecrownedusing a special grinding techniq[#4] which gives a roughnessopographywith

a lay and direction of motiogimilar to that ocommonhelical gear teeth. Th®ughnessopography

of the disks consists sfightly curvedridges and vadlysrunning transversely to the directionmbtion
Figure2 shows the roughness topographyttué fast and slowdisksindividually within the Hertzian
contactand thecompositeroughnessopagraphythat resultswhen the disks are in thetssembled
orientation.The individual disk topographies curve in opposing directiwhih resuls in a cros-
hatchedcomposite topography, i.the ridges and valleys of each disk intersect those of the other at a

shallonv angle
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Figure2. Thegroundroughness topograplas orientated in
the contact for (a) the fast disk, (b) the slow disk and (c) their
composite (sum) roughness. The direction of surface motion
is upwards (for both disks). Theear shown corresponds to

a maximum Hertzian pressure of 1.2 GPa.

Two pairs of disksvere used for the experiments presented in this papeone pair the dissurfaces

wereleft asground(as shown irFigure 2). Forthe other mir, the surfaces weremoothedusing an

isotropic superfinishing processhese two di sk pairs are termed Or
Prior to the experiments presented here dlogh disk pair had been used extensiveipvestigate the

AAE from runningin and so thesurfaces had thiypical post runningin characteristicsa negatively

skewed roughness profile with flattened andnded asperitiedThe effects of runninin on similar

disks have been investigated previoustd are described inethil in [19. The smooth disk painad

not been tested previouslyablel gives the Vickers hardness aid of thedisksat the start of testing.

Tablel. The hardness and roughness of the disks fwitesting.

Vickers hardness 'Y (RMS roughness)

(Lm)
Rough fast disk 760 0.37
Rough slow disk 765 0.35
Smooth fast disk 735 0.067

Smooth slow disk 740 0.064




2.3 Acoustic emissiomstrumentation

Useful AEis typically very highfrequency, 10s ta00G of kHz,andattenuates rapidly with distance
and across mechigal interfacesThusthe choice ofensor psitionprovides some means to selectively
detect the AE from a specific componelhtwas decided to positioa sersor on the fast disk as this
favoursdetecting AE frontherelatively close test contaatther than theelatively farawaybearings

and gears. Inrtherexperimentby the author$25] an additional sensor wagdaced on one of the
support bearing housings.was found that thamplitude ofAE at this site waan order of magnitude
less than that at the tadisk. Sowhen the additional attenuation distance / interfaces are taken into
account it is extremelynlikely that any AE from the bearings, or even more distant geadd,

significant amplitude if it reaches the sensor on the fast disk.

The sensor sed to measure the AE wa$hysical Acoustics Pico sensdrhis type of sensor has a
nominal operatingange of 200F 750 kHzand a resonant frequency of 250 kHizwas selected
primarily for its small sizerather than frequency characteristibg rigwas not originallydesignedor

AE instrumentatiorand consequently theveas little space near the test contact within which to add a
sensorThesensomwas clamped directly to the side of the fast diséir its outer edgd silicone sealant

was used aan acoustic couplai(to aid transmission across the disk / sensi@rfacg and aslip-ring

was used to connect the sensothe AE acquisition systerithe signal wagonditioned bya pre-
amgifier with a gain of 40 dB and 20 kHzhighpass filterThe 20 kHz hghpass filter helped ensure

that vibrational frequencies associated with the various rotating components of the rig were not
measured. (For examptee highest gear mesh frequency for the procedure used in this paper was
approximately 6 kHz)A dedicated Physical Acoustics computesis usedo performthe Analogue to

Digital Conversion(ADC) on the signaand saveét when triggered by the rig computer.

2.4 Testparameters

Thetest parameters and procedure were designgéreratea wide range of lulication conditions
from full-film to well within the mixed regimavith the rough disk paiiTesting on the smooth disk pair
was onlyintendedto provide full-film control data for comparativieurposeslit was decided teffect
different lubrication condiinsby varyingthe entrainmentselocity (disk rotational speegandthe oil
viscosityby means of its temperaturhe loadwas not chosen as a variablgthis primarily affects
contact area ratherah the lubrication condition§he SRR was also kept consgtao that thepecific
compositeroughness topography, ihich specific opposing asperities metthe contact, was also

constant Thevalues of the constant parameters are giveralyie2.



Table2. Constant contact parameters

Slide / roll ratiq [Gear ratio] 0.5, [5/3]
Load(calibrated alOC*C) (N) 1460
Maximum Hertzian contact pressyf@Pa) | 1.2
Hertzian contact dimensions (mm) 0.773 3.01

Because ofhe anticipateddirect speed effedt was decideda vary thespeedn discrete steps dbat
changes to the AE caused by thiuld easily be discriminated from those of changing lubrication
conditions For each discrete spedte lubrication conditions werenade gradually more sevebgy
coninual heatingof thelubricatingoil. Temperature induced changesraterialpropertiesgeometry
andsensor characteristican affect the observed AR6], however thex is no evidence that these

effects are significant in comparison to changgassed byhe lubrication conditiongL8].

2.5 Test sequence

For consistency it was desirable to minimise the amousuirdce modificatiomluring testingSo pior

to themain experimeral programmethe testcontact wasoperatedfor a short periodat lubrication
conditions more severthan any subsequety used This ensurd that any runningin of asperities
wouldoccur inthis pre-conditioningstageand noin subsequent tesffable3 presents the test sequence
for both disk pais. For thepre-conditioning test stage Othe rig was preheated by circulating hot
lubricating oil for several hours until the temperature of the test enclossrenised to near that of the
oil bath The disks were then loaded and ruslatv speed for severalinutes Forthemain test stages,
1to 5, the rig was cold started as folloWéth the oilbath and test enclosuréambientabtemperature
the lubricanppumpwas started and the nign up tospeedOnce at speedata acquisitiomommenced
andthen the loadvasappliedto start the testAt this timethe oil bathheater waswitched on and rig

allowed torun until theoil bath temperature reachei10°C.

Table3. Testsequence

Test Stage Mean entrainment spegal Oil bath temperature

(m/s) Q)
0 (Preconditioning 0.64 110

1 0.96 Ambienti 110

2 1.60 Ambienti 110

3 3.19 Ambienti 110

4 4.79 Ambienti 110

5 6.38 Ambienti 110




2.6 Sampling regime

The AEand CVcweresampledevery 2% rotation of the fast disk faa period of one rotatiorfFor the

SRR of 0.5 he specific compositeoughnesdhas a lengttof five fag disk mtations i.e. the same
opposing roughness features meet evérfaStdisk rotation. Using anacquisitionintervalthatwas a
multiple offive ensuredhatsampling was syncbnisedwith the specificcompositaoughnesswhich

was desirable for consistendyor testing onthe rough disls the ADC rate was 5 MHzand for the
smooth disk 2 MHz, (an additional ancillary sensor was added to the rig for the smooth disk tests and
hardware limitations necessitated the decréas&DC ratg. Other rig measuremnts: temperature,
load,speed,andCVm, were sampled and averaged every fast diskotation.

2.7 Surface measurements

Surface profile measurements were madsitin (with the disks assembled in the rig) using a portable
Taylor Hobson 2D profilometeBbue tothe nature of mixed lubrication some wear watcipatel, and
so for the roup disks measurements were taken before and afidrtest stageThe smodh diskswere
not expected to generateveramixed lubricatiorconditionsand sdor thesemeasurements were only
taken before and aftéine preconditioningtest stage, ahthen at theend of theentiretestsequence
Themeasurments were repeatadiprecisely specified dighositions so thahe wear history afpecific
surface features could be recordde procedure used to make repeat positieaitu profile
measurements is dedsed in detail in25]. For each diskmeasurements were made on the cdintee
of the contact path arat three circumferentigbositions The length of eacprofile was 12 mmThe
roughnesgrofiles were extracted from thieroadbandsurface measuremeniising a Gaussian filter
with a 0.8 mm cubff This cutoff was chosen as @orrespondgo thelengthof the contact in the

entrainment directionhe'Y of each individual profile was then calculated.

2.8 Calculation ofthe film thicknesands .

The centrasmooth surfacglm thicknessQ was chosen as the representative filmkihgss parameter.
"Q is the film thicknesst the central paralleegionof a smooth surface EHtontact, as opposed to
"Q which is the minimum film thickness which occurs at the constri¢2@h "Q was calculated using
the appropriate BDT formulg in this case the variafdr entrainmenin the direction of the minor axis
of a contact ellipsf7]:

(o] YE @Y 0% ® 8 p Qwn p&n% ' 2)
where’O and’Q are the dimensionless and dimensional central film thickhés®andc are the
dimensionless groups representiegpectively the influence of speed, material and load;Yarahd
'Y are the effective radii of curvatuoéthe contact bodie$he measurementd the disk temperatures,

load and speed taken during thet procedurdrf conjunction with tempeiturepressureviscosity data



for the oil, the disk geometry and elastic modulaBowed™Q to be calculated for each fast disk
rotation (Note: it shouldbe emphasised that at points in the test procedure where surface roughness
wassignificant "Q does not indicate the actuainditionsbut those that woultave been expected had

the surfaces been smooth).

Finally Equation (1) was used ¢alculates for each fast disk rotation usifi@ and’Y . For each test

constant value o wasused which washe averageof the'Y measuremesttaken before and after

the test

3 Results and discussion

The results and discussion are structured as fellBikst theresultsused to calculaté (the surface
roughness, temperature, lcandQ) are preseied and discusseih Sections 3.1 and 3.Zhen theL
resultsare introduced in Section 3a&hd compared against the contact voltage measurements in Section
3.4 to verify the lubricatiogonditions. The®AE measurements from the rough djskir are presented
Section3.5 andanalysed irelation to he known lubrication conditions. Finally a comparison between

the AE from the rough and smooth disks is made in Section 3.6.

3.1 Surface roughness

Figure3 shows theY of each disk vs. thprogress througthe test schedul&ach’Y valueshownis
the meanfrom the three circumferential positions sampled each diskFor the rough disk pair
the'Y of the unrun surfaces is also shown for comparisdrng snooth disk paithad not been used

for prior testingso themeasurement takdyefore test stagei® the unrun surfacg
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Figure3.'Y measurements

For both the rough disks there wasraall decrease ifiY over test stag O (the preconditioning).
However,the scale of the decrease compared to that from the previous testing is small indicating only
marginally more runningn. That there was any runniig at all can be attributed to the lubrication
conditions of test stag0 being more aggressive than any of those from previous testing. Critically, after
test stage O there is no systematic variatiol ifeither increasing or decreasing) that might indicate
significant wear: for test stages 1 to 5 teof both disks remained within a rangetd.005 pum. The

'Y of the smooth disks remained essentially constant throughout the experamemtscipated. The

ratio between th&' of the rough and smooth disk pairs remained within a narrow rang# of0.2
throughout test stages 1 to 5 so that for an equiv&@eif@was always ~ 5.6 times greater for the

smooth disks compared toet rough disks.

To evaluatethe stability of the roughdisk surfacesthe topographical history of theurface was
examined bycomparingthe profiles measured at different times huitthe samdocation Figure 4
showsan example fothis using &.3 mmlength of the fast disk circumferend®& mostlocationsthe
profiles are all of similar shape.e. they overlay to form a single tragedicating negligible wear
Howeverat somelocations the profileare dissimilar, with some imchtingthe presence of asperity
and others a vallefgature This pattern isndicative of wear, specificallgnicro-pitting. Two prominent
micro-pits are labelled ifrigure 4. Sporadic micrepit locationswerefoundalong allmeasured profiles

from both diskslt is evident that micrgitting occurred at some point during testing, but that it only



affected a small proportion of the total surface. The rate of mpitting is unknown, it may have
occurred in a single test stage,in all. A method for evaluating the rate of migitting using insitu
3D surface measurements is currently being developed by the adthergnplication of the micro
pitting on the lubrication conditions issdussed shortly in Section 3.3
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Figure 4. A short lengttof the rough fast diskoughnesgircumference
showingprofile measurments made at different timéke dik materialis
below the profiles.

Thesurface measurements serve to confirm and quantify two impodaditions of the experiments,
firstly, the stability of the rough surfaces, i.e. lack of any major wear, and secondly, the fundamental
difference between the rough and smooth finishes.

3.2 Temperature, load an@®

Figure5 presets thetemperaturg, load andQ for teststage onevith the rough disk As soon as the
load was applied at time zethe temperature of the disksickly roseabove that of the lubricadue

to contact (frictional) heatg. The slower response oftloil heater raised the lubricant temperature to
match that of the disks withia fewminutes and from this point on the increase in disk temperatures
was driven primarily by oil heating. Thiate oftemperature increaseducedver the test stage as the
rig radiated more hedthe oil heating was at constant power). At the end otdbestage the disk
temperatures were approximately 10°C above that of the lubricant aisdetkidained by the continued
but limited contribution of contadtictional heating. Thigattern of heating was similar for all other
test stages and both disk pairs.
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Figure5. Temperaturs, load, and"Q for test
stage 1 of the rough disk pair

Figure 5 shows that although the load wasminally specified as a constaiit actually decreased
slightly over the course of the test stagaislis because the hydrauliam circuit takeil from the
lubricanttankandas thdubricanttemperaturéncreasedhe pressursupplied to the ram drped The
instantaneous value of the loa@s used foralculating’Q (Equation 2).As the temperaturprofile
was similar for all test stages abothdisk pairs, so was the decrease in |@duktotal decreasin load

correspond$o al2%decreasén thewidth of the contact path (using Hertzian analysis).

For test tageone "Q decreasethy an order of magnitudeom start to finishThis decrease occurred
because of the substantial effects of temperatutthenil viscosity. The rate of decrease was highly
nortlinearin accordance with theate of temperaturgse. The form of the decreasén "Q was similar
for all test stagedputhaddifferent values as thentrainment speegisohas a strong effect dQ. Table

4 shows herange ofQ for the rough diskests therangesveresimilar fortesting on the smooth disks.

Table4. "Q rangedor the rough disk paifall
values rounded to 2 significant figures).

Test stage Maximum™Q Minimum™Q

(Lm) (kM)
1 0.70 0.074
2 1.1 0.10
3 1.8 0.16
4 2.4 0.20
5 3.0 0.25




3.3 Lambda

Table5 shows theange ofL for each test stagm the rough diskgrom the maxinum at the start when
the oil wascold, to the minimum at the end when it whset. It canbe sen that for all test agesL
dropped below unitythuspredictingwith high likelihood that alstageggenerated mixed lubrication

conditions at some point.

Also includel in Table5 is the ratio3'Q¥s'Y scalculated for each test stagdigis the ratio of the

total change ifQ2, and the total absolute changeYn (the absolute value was used as for some test
stages the change ' was negative). This gives an indicatiohthe relative influence of changing

film thickness and changing roughness anThe values are all orders of magnitude above unity
indicating that, as was hoped, the influence of changing roughness was negligible. It is concluded that
any effect of weaon the lubrication conditions, including the limited miguitting (as shown idFigure

4) was insignificant in comparison with thelativelydramatic changes in film thickness.

Tableb. L ranges for the ragh disk pair (all
values rounded to 2 significant figures).

Teststage MaximumZ  MinimumZ  3QT®Y S

(kM)
1 1.4 0.15 73
2 2.2 0.21 290
3 3.6 0.31 420
4 4.9 0.41 1700
5 6.0 0.49 540

3.4 Contact voltage

In this sectior. is referenced againgte CV, a proven and direct measure of the amount / intensity of
direct asperity contacts, arder to identify the range défvalues that correspoadto mixed lubrication

conditions

Figure 6 presents th€Vm (CV mean)vs. L for the rough disk pairAs the changén L over each
individual test stage was continuous fivees are formed. Each can be read chronologically and in

terms of increasing temperature from right to left.
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Figure6. CVmyvs.s for theroughdisk pair

TheCVm measurements show that both fiilin and the mixed lubrication conditions were tested, and
clarifies theL range associated with eachs Adropsfrom 6to 1.5 theCVm remainsbroadlyconstant
atits maximumindicatingfull-film lubrication, i.e. negligibledirectasperityinteractions Below unity

the Cvin dropsdramatially for all test stages indicatira transition tahe mixed lubrication regime.

To verify that the drop in Cy¥h wascaused by increasing asperityntacs, the CVc (CV continuou$
measurementaereexaminedFigure7 showsthe CVc vs. fast disk agular position vsZ. (TheCVc
signak from all the sampled fast disk rotatisrwere sorted in order of and stacked so as to be
synchronsed with the angular position of the fast disk). It can be seemvkathe 90%f fast disk
rotationshown, he C\t fluctuatesrapidly between high and lowalues.There isa specific pattern of
fluctuations, evident as horizontal banding, thatlically repeatswhilst slowly changing in intensity
across theé range. There is som&aviness in the banding, but thissisply error in the measurement
synchronisation). Theyclic nature of theCVc fluctuationshelps to verify that the CV measurements
are rgpresentative oéhanges irasperitycontact For example at approximately 57° theraéark band
that extends across almost the entirange shown. This indicategasition on the fast and slow disks
where one or more relatively aggressive and oppasaperitiecyclically contact.In other positions
the CVc measurements change over the test in accordance with the changing horaloel Other
phenomengasuch aslebris passing through the contact and bridging the oil film, would not be expected
to be synchronised with disk position in such a w&revious experiments on the disk rig have
established the repeatability of the Cveasurement relation to the angular position of the disks
[14].
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Figure7. CVc vs.fast disk angular positiovs. L for test stage one on the rough disk paar succintness only
an arbitary 90° of fast disk rotation is shown and resilt greater than 0.6 have been omitted.

Regarding the smooth disk pathe C\Vin measurementsonfirm that as expectethe lubrication
conditionsbarely entered the mixed regintégure8 shows theCvVmvs. Q for both disk pairskor the
three fastest speeda the smooth disks the GiWremained atinity over the entire decrease'@and
so the curves are indistinguishable. For the slowest speed, the curve labéliedC¥n did decrease
at low™Q, indicating perhapthatsome contiued low level runningn was taking placebut despite
this the Cim still indicatessignificantly fewerdirectasperityinteractionccompared to the rough disks.
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Figure8. CYmvs."Q for all teststages and both disk
pairs. The curves have been filtered to reduce noise.



3.5 Acousticemissiorfromtherough disk pair

a) ldentification of AE from asperity contacts
Thebroadchaacteristics of the AE measuremefrtam the rough diskare now examined with the aid
of Figure9 which presents AE parameters gsfor the 1 test stage (the slowest speée)r each AE
sample, the paramegemwhich consist of RMS and FFT calculatiomgere calculated over their full
length: a period of one fast disk rotatidihis ensured that noise caused by rotatibegluenciegreater

than trat of thefast disk(e.g.the gear meslirequeniceswasfiltered out.
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Figure 9. Various AE parameters vs. for the P test
stage and rough disk§he AE parameters ar@) the
broadbandRMS ampitude (b) the binnedfrequency
distribution (Using 10 kHz wide bins and(c) the AAE
amplitude (RMS of the 150- 300 kHz AE) All
amplitudes are plotted on a lineacale between the
minimum and maximum.



Figure9 (a) shows the broadband Aks vs.s. Over this test stagéhe amount ofsperityinteractions
increased continuously and monotonicaliith decreasing, (as evidenced by the CV nsmements)
andthereforethe amount ofAAE is predicted talo likewise Clearlythe broadband Admus does not,
initially it has high scattey it then becomes more precise whereupatedreass increagsandthen
finally decreassagain The complexity ofthe broadband\Ervs is due to conflict between AE of
different frequencied=igure9 (b) showsthefrequency distribution (in bins of 10 kHg$.s. There are

three frequency ranged significant andlistinctly differentAE behawur, these are labelled A, B and

C. Range Ais centred aaipproximately 1 MHz anthe AE in this behaveentirelyincongruously with

the changingamount of asperitynteractions As L decreases towards a value of,@&sétivity in this
rangeremains at a \rg noisy but constant amplitugdter whichit rapidly decgs away.Thereareno

easily identifieccharacteristis of the test contact that might explain this change arfiorsbe purposes

of this papeit is treated as nois®ange B, defined as 15000 kHz is the important range as far as
these experiments are concerned. In this range the AE amplitude increases smoothly and continuously
over the entire decreasegnThe form of the increase is also in accordance with the changing amount
of asperity iteractions, i.e. its rate of change also increases from high tg.lowtheabsencef any

other obvious source of AE that might be expected to have a similar behavour it is concluded that range
B consists primarily of AAE. The AARarameters thus defied here as the RMS of the 15800 kHz

AE, andFigure9 (c) shows this vss. The AE inRange C, defined as 20150 kHz doesbehave
partially in accordance with the changing amourasgferityinteractions, however its increais not as
simple or consistent as that of rangdtBs reasonedhatthere isat least some AE related to asperity
interactionswithin range Cbut since its relationship witk is not as clear as that from range B, it is

not consideredurther.

b) The réationship betweethe AAE parameterands.

The mathematicarelationship betweethe AAE parameterands is how examined in detaiAs
predicted speed changes had a direct effect onAA& and consequently the results from different
speeddo not align in terms of their absolute valyee. at any constant. valuethe AAE in mV is
different for each speed. Nevertheless there was consistency in the fornrel&tiomship across all
speedslt was foundhat foreverytest stage the relationship cobleldescribed by the following general

&onstansp e e dd® model

00000Q 0 (3)
whereo, 6 andd arecoefficientswhich are constant for a specific spe€dble6 presentspecificfits
for each speedndFigurel10 showsthe fitsalong with themeasurement8ecaise therate of change
of L was highly noHdinear with respect to time, (see tieprofile in Figure5), therewere relatively
few AAE samples at thkigh end of the. rangefor each test stag@o obtain good fits it was necessary

to resample uniformly with spect toL and asmoothing splinénterpolation was used to do this. The



amount ofsmoothingwvas choseso that the spline faithfully follwed theform of the original samples
but alsofiltered out high frequencymeasurement noiselable 6 also gives the coefficient of
determinationR? for eachfit between the constaspeed model anthe resampled measuremeiitse
R?valuesandFigure 10 showthat the model accurately describes the relationship betivesn the

AAE parameteat all speeds tested.

Table6. Specific fts of the constantspeed model.

Test Mean entraiment Coefficiens (to 3 s.f.) R
stage speedd (m/s) A B C
1 0.96 36.9 2.93 1.18 0.9996
2 1.60 84.3 2.76 2.79 0.9987
3 3.19 231 2.10 8.70 0.9996
4 4.79 375 1.83 21.6 0.9991
5 6.38 448 1.51 41.6 0.9972
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Figure10. AAE paranetervs. s for the rough disk pair, showing both the measurements and fits of the constant
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The constanspeed modeils composed of ta terms, one a constant and the other an expoaedit,
togetherthesedescribethe transition fronfull-film to mixed lubrication. Ats values consistent with
full-film conditions the exponential term becomes negligétnld the remaining constant represehne

background levebdf AE (in the 150- 300 kHz ranggthat isunrelatedto asperityinteractions As s



drops to mixed lubricatiomaluesthe exponential term becomes significant and then domihasthis

term which represents tlecreasingAAE.

c) The relationship betweethe AAEparametey s and speed.
A model that incorporates the speed amplification is poggentedThe five constantspeed fitsin
Table6 show thatA, B andC arefunctions of speedtigurell (a) presentshe variation ofA, B andC
with speedwhich is linear forA andB and has @ower lawform for C. Fits of the three relationships
definethe6 var-$ pbd é @ § whivloid e |

000000 00 (4a)

whereo is the mean entrainment speed and

66 XRBO ¢ & (4b)
¢ T® ¢p o ¢ (49)
606 mxwe (4d)

The three fitsEquations 4b-d), are also plotted iRigurel11l (a). Figure1l (b) presents a comparison
of theAAE vs.s measurementsnd the variabkspeed modellhe R? values forA, B andC are 0.987,
0.969 and 0.999, respectivelyhe error betweerthe measurements anhodel is greaterfor the
variablespeedmodel tranthe constanspeedmodels and his is to be expected as it is more restrictive
having6 parameters rather than I%he increased erraccursprimarily because of apparestatter in

the linearrelationshipof A and B vsspeed



Figurell. (a) Thed, 6 andd coefficientsfrom the constarspeed fitsrs. 6, with the fitsfor the variablespeed
model (Equatioa4). (b) Semilog plot of theAAE vs.s measurements and the variable speed model.

For the constant contact panaters of thseexperimems, the variablespeed modetan be usedo
predictthe AAE within the speed and envelopetested. It is not yet knowhow changes tmther
common contact variables such as SRR laad may affect the relationship betwe@®E and L
presented herdut this testing could easily be extended to include these as variakitassifficient
experimentation ishouldbe possibléo define a general relationship betweekE and L that covers

most common operating conditions.

3.6 Comparison othe AE from the rough and smooth disk pairs.

Comparing the measurementbtained with therough and smooth disks providesiditional
confirmation thathe AAE (AErwms in the 150 to 300 kHz range) is caused by asperigyactionsand
notdirectly by thereducing film thicknes®r any other temperature effect$ie CV measurements
Figure8 showthat the smooth disk pair did nenter or barely enteredhe mixed lubrication regime
at low™Q. So for the smooth disk pair theskould be no, or minimal, increase in th&E andFigure
12, which presentthe AAE vs. Q for both disk pairs andll test speeds, shows this to be the case.
"Q decreases belo@.5 mm, (which is approximately equivaleto as of unity for the rough disks and

s of 5.6for the smooth), thAAE increases exponentially for the rough disks but remains at a low level






