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SUMMARY

This paperpresentsthe resultsof experimentaland numericaltestson the behaiour of radial lip sealsin orderto
characteriz&a modelof the effectsof vibrationsandworking temperature.

Starting validation of the numericalanalysis,performedwith the Finite ElementMethod, is obtainedmeasuringthe
frequeng responsdunction (FRF) by usingdifferentexcitationsignals.

Seals lip displacemennearthe dynamic clearanceis measuredwith a strain gaugetransducerin actual operating
conditions.Resultssuggest relationshipbetweerdisplacementandleakages.

1 INTRODUCTION

Radiallip sealsfor rotating shaftsarelargely usedboth

to preventoil leakageandto avoid dustadmission.They

presentsimplicity of maintenanceand installation and
have low friction torque,wearandheatingwith respect
to othercontacttypeseals.

Lip sealsconsistof an elastomering equippedwith a
strenghteningmetallic insert. The ring ends, at shaft
interface,with alip. A garterspringstiffensthelip and
assures betteruniformity degreeof thebearingpressure
betweersealandshafton varyingworking conditions.

Fig. 1: A radiallip seal.

Investigationson the sealingand lubrication of radial
lip seals have a long tradition, begun indentifying
[1] a possible working principle. In spite of this,
the compleity of the phenomenajnvolving different
disciplines as hydrodynamics, materials science and

tribology, still doesnot allow to develop a completeand
satisactorymodel.
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Fig. 2: Simpli ed sectionfor FEM analysis.

Explanationsare mainly basedon micro-ondulationon
thelip surface[2], [3], in uence of temperaturg¢4] and
visco-elastohydrodinamitubrication [5], [6], [7], but
do not completelyjustify experimentalresultsthat shav
severalstage®f theleakageateatdifferentshaftrotating
speed.

At low rotatingspeedthe o w increasegproportionally
with the speed;increasinghe speedthe o w reachesa
maximumwhich depend®nthe dynamiceccentricity;at
greatershaftspeedthe o w decreaseapto aminimum;
further speedincrementscause o w leakageincreasing



overagain.

VON MISES (N/m2)

i 1.7e+05

Fig. 3: Von Misesstressn a section(staticanalysis).

However, experimentatestsgainedsufcient knowledge
about the working parametersthat characterizethe
behaiour of theseals:

speed: motorrotatingspeedietermineshefrequeng of
thesealstress;

operating cycle: thein uence of theoperatingcycle has
alreadybeenstudied[8], [9]. After rst cyclesof
test, seal performancesonsiderablyworse, then
reachsteadyconditions;

temperature: the temperatureaffects both viscoelastic
propertieof therubberandlubricantviscosity;

assemblyinterfer ence: difference between shaft and
internal lip diameters. This parameter x ed by
the manufcturer is fundamentafor assuringthe
correctbearingpressureand, by consequencehe
properworking of the seal;

static eccentricity: the distancebetweenthe center of
the internal edgeof the lip andthe shaftrotation
center;

dynamic eccentricity: the distance betweenthe geo-
metric centerof the shaftsectionandthe rotation
center;

The sum of the effects producedby the eccentricities
determinesthe entity and the distribution along the
circumferencef the sealstress.

In point of fact, dynamic eccentricity causesa radial
oscillationof thelip pointstouchingthe shaft,while the
staticeccentricitymodify the pressuresalueslenghtwise
the circumference shaving a preferentialzone (where
thepressurés lower) for theclearance.

In orderto reacha bettersynthesi®f thetestsresultsand
the theoreticalstudies,we procedeedvith experimental
and numerical tests aimed at the investigation of
effects causedby temperatureand vibrations due to
eccentricitiesin actualworking conditions.

Fig. 4: vibrationmodeat 420Hz.

2 VIBRATIONS INFLUENCE

A rst approacho themodelingof thestudiedradialseal
hasbeenturnedto createa modelsuitablefor the Finite
ElementdMethod.
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Fig. 5: Partecipatiorfactorof naturalfrequencies.

Thereforean analysisof the interferenceseal-shafthas
beenperformedin orderto obtain elastomerstressand
strainconditions. This allowed to implementthe modal
analysis.Figure3 shovstheVon Misesstressn asection
of theseal.

The geometricmodeling hasbeenmale up by a solid
of rotation obtainedfrom a simpli ed section. Figure



2 shaws the choosensolution, which has the merit to
restrictthe analysisto the moststressegart of the seal
(thelip). This modeltakesinto accountthe studieg[10],
[11] and[12].

The viscoelastichehaiour of the elastomerNBR 70
is simulatedin two ways: the static analysisof the
interferenceadoptsa non-linearMooney-Rivlin model
with constant€C; = 2;746 M Pa, C, = 4;,597M Pa
anddensity = 1460kg=m3. Thesevaluesaretaken
from [11].
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Fig. 6: Accelerometefor shalertests.
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Fig. 7: Acquiringinstrumentdor shaler tests.

Thedynamicanalysisvould requireaviscoelastianodel
de ned asa function of thefrequeng. Neverthelessthe
viscoelastidheory[13] allows to regardthe viscoelastic
materialsbehaiour as elasticones,with instantaneous
modulusEg = (C; + C3)=6, under the following
conditions:if the viscoelsticrelaxationmodulusreaches
the asymptoticvalue E; and if tan is lower than
the 15% of maximum value. Theseare satis ed at
frequenciesigherthanabout150Hz.

Boundaryconditionsincludescontactsbetweerthe seal
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Fig. 8: FRFmeasureavith BurstRandomexcitation.

surfaceand the metallic ring, a garterspringwith k =
0; 00437 N=mm [14] and the axisymmetricconditions
thatallow to restrictcalculationdo a90 arc.
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Fig. 9: FRFmeasureavith StepSineexcitation (130-180Hz).

Furthermore, a rigid cylindrical body with diameter
70 mm simulategheshaftinterference.

The analysis, performed between0 and 1000 H z,
shaws lots of vibration modes startingfrom the natural
frequeny of 240 Hz. Figure 4 shows the mode
correspondingo thefrequeng of 420H z.

A more signi cant resultis given by the partecipation
factor that the software ABAQUS usesto indicatehow
muchthevibrationmodescontributeto the displacement
of thelip. As gure 5 shaws, the naturalfrequenciesn
range250 550H z and700 820H z mostlyupsethe
seal.

Thefoundedfrequenciesarefairly far from the working
speed of these seals, so the results could not be
experimentallyvalidatedin working conditions.

Moreover, a FRF (Frequeng Response Function)
analysis that seemdo be the mostsigni cant validation



Fig. 10: FRFmeasureavith StepSineexcitation (275-320Hz).

Fig. 11: FRFmeasureavith StepSineexcitation (490-560Hz).

for the naturalfrequeng calculus,needsto be executed
with a specialapparatusvhich allows to sollecitatethe
sealby meanof ashaler.

Thus, a special testing apparatushas been built up
exciting in x ed direction. The used specimenis a
nitrile elastomerNBR) with hardness/0 ShoreA and
dimensions’O 100 10mm.

The experimentabpparatuss madeup by:

a steelring that simulatesthe sealhousing, with
diameterl00mm;

an aluminium disk that simulatesthe shaft, with
diameter7Omm;

analuminiumfork thatlinks theshalerto thedisk;
ashalerBruel & Kjaer4810;
aloadcell Bruel & Kjaer8200;

anaccelerometeBruel & Kjaer4344;
anampli er OSD1500;
aninterfaceDifa Scada$) BundleSC206;

a workstation HP Visualize 3000 with software
LMS;

Moreover, asaccelerometedimensionsdo not allow to
secureit directy on the lip, a steelpin with diameter
0.5 mm hasbeeninsertedin the lip andboundedat the
otherendwith a rubberholderthatallows rotating. The
accellerometeis x edto thepin asdisplayedn gure 6.

Figure7 outlinesthe controlandmeasuresystem.

Firstly testshave been performedwith Burst Random
excitationin frequeng range0-900Hz. Theresult( gure
8) pointsoutthreemainresonanceangesat130-180Hz,
275-320Hz and490-560Hz with correspondingeaksat
150,300and530Hz.

Afterwards theseresonanceeakshave beeninvestigated
with StepSineexcitation tests,progressiely increasing
theappliedforce.

Experimentswith 0,5 N, 1 N and 5 N force level
shav a signi cant nonlinearityof softeningtype andan
amplitudeincreasingwith theforce. Figures9, 10and11
summarizegheseresults.

Experimentakvidencesreconsistentvith FEM analysis
results, particulary at high frequencies. This merely
conrm that the implementedelastic model has an
applicationeld limited to elevatedfrequencies.

3 TEMPERATURE INFLUENCE

For the purpose of achieve informations on the
temperaturdn uence, anothertestrig hasbeenmade,
reproducing the true seal lip operating conditions:
variabledirectionof the stress presencef lubricant,lip
wear and working temperaturethat in uence both the
viscosity of the lubricant and viscoelastichehaiour of
therubber

Studieof thetemperaturén uence have beenperformed
measuringthe Frequeng ResponseFunction [15] in
testswithoutlubrication.Otherinvestigationgoncerning
the leakage rate have been handled under varying
temperatureonditions.

Insteadthis work is turnedto the vibrating motion of the
lip atworking temperatur@andwith the presencef oil.



Fig. 12: Testrig.

3.1 Testrig

Testrig includesarotatingshaftmachinemeasuringand
acquiringinstrument@anda straingaugedransducebuilt
up following the conceptproposedy [16].

More in details, the shaftis moved by a direct current
electricalmotorthrougha coggedbelttransmissionThe
speeds manuallycontrolledand canvary continuously
in the 300-8000rpm range(at the outputshatft).

At the end,the shafthasa disk of circularpro le which

is in contactwith thetestseal. The dynamiceccentricity
of this disk canbe setto ary valuecomprisecbetweerD

and0.52mm by meanof a conicalcoupling. Thedisk s

polishedandhasa surfaceroughnesfk, = 0:188 m

asmeasuredy usinga pro lometer. The positionof the
x edsealhousingcanalsobeadjustedgiving thedesired
staticeccentricity

A ber opticslamplights the sealfrom theinside of the
housing,allowing to directly verify, whenthe measures
point out a clearancethe presencef a gapbetweerthe
lip andthedisk.

The temperaturef the sealinglip is monitoredin three
differentpointsby usingthermo-couples.

As gure 14 shaws, closeto the disk pro le is mounted
a inductive sensorthat collects the disk motion and
hencethe radial displacementmposedon the lip. The
transducedepictedin gure 13is insertedin thelip, in
thezonecorrespondindgo the maximumeccentricity

In details, the transduceris made up by two brass
cantilever located at right anglesto each other of
dimension®25 12 mm. On eachcantilever areglued
two straingaugespnefor eachside. At the endof the
brassplatethereis a steelneedlewith diameter0; 5 mm.

Seeing gure 12 canbe notedthat the inductive sensor
andthe cantileverstransduceare mountedwith a phase
difference of 180, as the two signals may easily
superimposedinverting one of them)in orderto point
outwhenactuallythe clearanceloeshappen.

The apparatusalso includes a signal conditioning
ampli er Instrument Division 2120A for the strain

Fig. 13: Thecantilever transducer

Fig. 14: Thesensorassembly

gauges,a Kaman measuringsystemsP3500 for the
inductive sensorand a National InstrumentsPCI-MIO-
16Eboardthatcollectsboththesignals.

3.2 Experimental results

It is known [7] thatworking cycleshave agreatin uence
onthesealbehaiour. In orderto reachsealsteadystate,

ve working cycle of one hour at 1000rpm have been
done.

Then, datahave beencollectedvarying the shaft speed
between500 and 6000 rpm with stepsof 100 rpm.
Samplingratevary from 1000to 6000H z.

It hasto be noted that also at maximum shaft speed
the excitation frequeng is still lower than the natural
frequeng of thecantilever sensor

Staticand dynamiceccentricityare, respectiely: e; =
0;2mm, eqg = 0;35mm.

Collecteddataclearly point out the behaviour of thelip
zoneinvolvedin theclearanceasresultsfrom thegraphs.

Figure 15 shows that at low speed(in this test until
1600 rpm) lip motion follows the radial displacement
without strayingfrom the shaftpro le.

Figure 16 graph, concerning motion at 1800 rpm,
highlights that lip motion partially leaves the shaft,
generating a clearance betwen shaft and seal lip.
Increasingspeedhe contactrenaval is gathered.Graph
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of gure 17,takenat2200r pm, is meaningfulaboutthe
contactresumption.

Finally, higher speedsstill causeincreasinglip detach-
ments, as can be noticedin gure 18, that showvs data
collectedat 5100r pm.

This behaiour reoccursin every test executed and
correspondaccuratelyto leakageratesstudiedfrom [8],
91, [7].

Figures19 and 20 show the hysteresidoop of the lip
motion causedy the phasedisplacemenbetweerradial
andtangentialdisplacementin particular in caseof lip
detachmenta part of the hysteresisllipse degenerates
into a straightline andthe overallloop areadecreases.

4 CONCLUSIONS

Experimentalevidencesshawv that, at high frequencies,
dynamicsealsbehaiour canbe well approximatedy a
non-linearMooney-Rivlin model.
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Hence theimplementednodelshouldbe a goodstarting
pointfor simulatingthe radial sealat working conditions
and with the measuredlisplacement®f the lip in the
clearanceone.

Collecting both radial and tangentiallip displacement
allows to quantitatvely know the motion of the sealat
shaftinterfaceduringthelubricantleakage.

Thesemeasurespbtainedwith a customstrain gauges
transducerseemto offer usefulinformationsbecausef
theagreementvith expectedeakagerate.
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