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SUMMARY
This paperpresentsthe resultsof experimentaland numericaltestson the behaviour of radial lip sealsin order to
characterizeamodelof theeffectsof vibrationsandworking temperature.
Startingvalidation of the numericalanalysis,performedwith the Finite ElementMethod, is obtainedmeasuringthe
frequency responsefunction(FRF)by usingdifferentexcitationsignals.
Seal's lip displacementnear the dynamic clearanceis measuredwith a strain gaugetransducerin actual operating
conditions.Resultssuggesta relationshipbetweendisplacementsandleakages.

1 INTRODUCTION

Radial lip sealsfor rotatingshaftsarelargely usedboth
to preventoil leakageandto avoid dustadmission.They
presentsimplicity of maintenanceand installation and
have low friction torque,wearandheatingwith respect
to othercontacttypeseals.

Lip sealsconsistof an elastomerring equippedwith a
strenghteningmetallic insert. The ring ends, at shaft
interface,with a lip. A garterspringstiffensthe lip and
assuresabetteruniformity degreeof thebearingpressure
betweensealandshaftonvaryingworking 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 complexity of the phenomena,involving different
disciplines as hydrodynamics,materials science and

tribology, still doesnot allow to developa completeand
satisfactorymodel.

Fig. 2: Simpli�ed sectionfor FEM analysis.

Explanationsaremainly basedon micro-ondulationson
the lip surface[2], [3], in�uence of temperature[4] and
visco-elastohydrodinamiclubrication [5], [6], [7], but
do not completelyjustify experimentalresultsthatshow
severalstagesof theleakagerateatdifferentshaftrotating
speed.

At low rotatingspeed,the �o w increasesproportionally
with the speed;increasingthe speed,the �o w reachesa
maximumwhichdependson thedynamiceccentricity;at
greatershaftspeed,the�o w decreasesup to a minimum;
further speedincrementscause�o w leakageincreasing



overagain.

Fig. 3: VonMisesstressin asection(staticanalysis).

However, experimentaltestsgainedsuf�cient knowledge
about the working parametersthat characterizethe
behaviour of theseals:

speed: motorrotatingspeeddeterminesthefrequency of
thesealstress;

operating cycle: thein�uenceof theoperatingcyclehas
alreadybeenstudied[8], [9]. After �rst cyclesof
test, sealperformancesconsiderablyworse, then
reachsteadyconditions;

temperature: the temperatureaffects both viscoelastic
propertiesof therubberandlubricantviscosity;

assemblyinterfer ence: difference between shaft and
internal lip diameters. This parameter, �x ed by
the manufacturer, is fundamentalfor assuringthe
correctbearingpressureand,by consequence,the
properworking of theseal;

static eccentricity: the distancebetweenthe centerof
the internaledgeof the lip and the shaft rotation
center;

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

The sum of the effects producedby the eccentricities
determinesthe entity and the distribution along the
circumferenceof thesealstress.

In point of fact, dynamic eccentricity causesa radial
oscillationof the lip pointstouchingtheshaft,while the
staticeccentricitymodify thepressurevalueslenghtwise
the circumference,showing a preferentialzone(where
thepressureis lower) for theclearance.

In orderto reachabettersynthesisof thetestsresultsand
the theoreticalstudies,we procedeedwith experimental
and numerical tests aimed at the investigation of
effects causedby temperatureand vibrations due to
eccentricities,in actualworkingconditions.

Fig. 4: Vibrationmodeat 420Hz.

2 VIBRATIONS INFLUENCE

A �rst approachto themodelingof thestudiedradialseal
hasbeenturnedto createa modelsuitablefor theFinite
ElementsMethod.

Fig. 5: Partecipationfactorof naturalfrequencies.

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

The geometricmodelinghasbeenmake up by a solid
of rotation obtainedfrom a simpli�ed section. Figure



2 shows the choosensolution, which has the merit to
restrict the analysisto the moststressedpart of the seal
(thelip). This modeltakesinto accountthestudies[10],
[11] and[12].

The viscoelasticbehaviour of the elastomerNBR 70
is simulated in two ways: the static analysisof the
interferenceadoptsa non-linearMooney-Rivlin model
with constantsC1 = 2; 746 M Pa, C2 = 4; 597 M Pa
anddensity� = 1460kg=m3. Thesevaluesare taken
from [11].

Fig. 6: Accelerometerfor shaker tests.

Fig. 7: Acquiring instrumentsfor shaker tests.

Thedynamicanalysiswouldrequireaviscoelasticmodel
de�ned asa functionof thefrequency. Nevertheless,the
viscoelastictheory[13] allows to regardtheviscoelastic
materialsbehaviour as elasticones,with instantaneous
modulus E0 = (C1 + C2)=6, under the following
conditions:if theviscoelsticrelaxationmodulusreaches
the asymptotic value E1 and if tan � is lower than
the 15% of maximum value. Theseare satis�ed at
frequencieshigherthanabout150Hz.

Boundaryconditionsincludescontactsbetweenthe seal

Fig. 8: FRFmeasuredwith BurstRandomexcitation.

surfaceand the metallic ring, a garterspring with k =
0; 00437N=mm [14] and the axisymmetricconditions
thatallow to restrictcalculationsto a90� arc.

Fig. 9: FRFmeasuredwith StepSineexcitation(130-180Hz).

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

The analysis, performed between 0 and 1000 H z,
shows lots of vibration modes,startingfrom the natural
frequency of 240 H z. Figure 4 shows the mode
correspondingto thefrequency of 420H z.

A more signi�cant result is given by the partecipation
factor that the softwareABAQUS usesto indicatehow
muchthevibrationmodescontributeto thedisplacement
of the lip. As �gure 5 shows, the naturalfrequenciesin
ranges250� 550H z and700� 820H z mostlyupsetthe
seal.

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

Moreover, a FRF (Frequency ResponseFunction)
analysis,thatseemsto bethemostsigni�cant validation



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

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

for the naturalfrequency calculus,needsto be executed
with a specialapparatuswhich allows to sollecitatethe
sealby meanof a shaker.

Thus, a special testing apparatushas been built up
exciting in �x ed direction. The used specimenis a
nitrile elastomer(NBR) with hardness70 ShoreA and
dimensions70� 100� 10mm.

Theexperimentalapparatusis madeupby:

� a steel ring that simulatesthe sealhousing,with
diameter100mm;

� an aluminium disk that simulatesthe shaft, with
diameter70mm;

� analuminiumfork thatlinks theshaker to thedisk;

� a shakerBruel& Kjaer4810;

� a loadcell Bruel & Kjaer8200;

� anaccelerometerBruel& Kjaer 4344;

� anampli�er OSD1500;

� aninterfaceDifaScadasQ BundleSC206;

� a workstation HP Visualize 3000 with software
LMS;

Moreover, asaccelerometerdimensionsdo not allow to
secureit directy on the lip, a steel pin with diameter
0.5 mm hasbeeninsertedin the lip andboundedat the
otherendwith a rubberholderthatallows rotating. The
accellerometeris �x edto thepin asdisplayedin �gure 6.

Figure7 outlinesthecontrolandmeasuresystem.

Firstly testshave beenperformedwith Burst Random
excitationin frequency range0-900Hz. Theresult(�gure
8) pointsoutthreemainresonanceranges,at130-180Hz,
275-320Hz and490-560Hz with correspondingpeaksat
150,300and530Hz.

Afterwards,theseresonancepeakshavebeeninvestigated
with StepSineexcitation tests,progressively increasing
theappliedforce.

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

Experimentalevidencesareconsistentwith FEM analysis
results, particulary at high frequencies. This merely
con�rm that the implementedelastic model has an
application�eld limited to elevatedfrequencies.

3 TEMPERATURE INFLUENCE

For the purpose of achieve informations on the
temperaturein�uence, anothertest rig hasbeenmade,
reproducing the true seal lip operating conditions:
variabledirectionof thestress,presenceof lubricant,lip
wear and working temperature,that in�uence both the
viscosity of the lubricant and viscoelasticbehaviour of
therubber.

Studiesof thetemperaturein�uencehavebeenperformed
measuringthe Frequency ResponseFunction [15] in
testswithoutlubrication.Otherinvestigationsconcerning
the leakage rate have been handled under varying
temperatureconditions.

Insteadthis work is turnedto thevibratingmotionof the
lip at working temperatureandwith thepresenceof oil.



Fig. 12: Testrig.

3.1 Testrig

Testrig includesarotatingshaftmachine,measuringand
acquiringinstrumentsandastraingaugestransducerbuilt
up following theconceptproposedby [16].

More in details, the shaft is moved by a direct current
electricalmotorthrougha coggedbelt transmission.The
speedis manuallycontrolledandcanvary continuously
in the300-8000rpm range(at theoutputshaft).

At theend,theshafthasa disk of circularpro�le which
is in contactwith thetestseal.Thedynamiceccentricity
of this disk canbesetto any valuecomprisedbetween0
and0.52mm by meanof a conicalcoupling.Thedisk is
polishedandhasa surfaceroughnessRa = 0:188�m ,
asmeasuredby usinga pro�lometer. Thepositionof the
�x edsealhousingcanalsobeadjusted,giving thedesired
staticeccentricity.

A �ber opticslamplights thesealfrom the insideof the
housing,allowing to directly verify, whenthe measures
point out a clearance,thepresenceof a gapbetweenthe
lip andthedisk.

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

As �gure 14 shows, closeto thedisk pro�le is mounted
a inductive sensorthat collects the disk motion and
hencethe radial displacementimposedon the lip. The
transducerdepictedin �gure 13 is insertedin the lip, in
thezonecorrespondingto themaximumeccentricity.

In details, the transduceris made up by two brass
cantilever located at right angles to each other, of
dimensions25 � 12 mm. On eachcantilever areglued
two straingauges,onefor eachside. At the endof the
brassplatethereis asteelneedlewith diameter0; 5 mm.

Seeing�gure 12 canbe notedthat the inductive sensor
andthecantileverstransduceraremountedwith a phase
difference of 180� , as the two signals may easily
superimposed(inverting one of them) in order to point
outwhenactuallytheclearancedoeshappen.

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

Fig. 13: Thecantilever transducer.

Fig. 14: Thesensorsassembly.

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

3.2 Experimental results

It is known [7] thatworkingcycleshaveagreatin�uence
on thesealbehaviour. In orderto reachsealsteadystate,
� ve working cycle of onehour 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 has to be noted that also at maximum shaft speed
the excitation frequency is still lower than the natural
frequency of thecantileversensor.

Staticanddynamiceccentricityare, respectively: es =
0; 2 mm, ed = 0; 35mm.

Collecteddataclearly point out the behaviour of the lip
zoneinvolvedin theclearance,asresultsfrom thegraphs.

Figure 15 shows that at low speed(in this test until
1600 rpm) lip motion follows the radial displacement
withoutstrayingfrom theshaftpro�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.
Increasingspeedthecontactrenewal is gathered.Graph
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Fig. 15: Lip and shaft pro�le radial displacements,samplerate
1200Hz.
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Fig. 16: Lip and shaft pro�le radial displacements,samplerate
3800Hz.

of �gure 17, takenat 2200rpm, is meaningfulaboutthe
contactresumption.

Finally, higher speedsstill causeincreasinglip detach-
ments,as can be noticedin �gure 18, that shows data
collectedat 5100rpm.

This behaviour reoccurs in every test executed and
correspondsaccuratelyto leakageratesstudiedfrom [8],
[9], [7].

Figures19 and 20 show the hysteresisloop of the lip
motioncausedby thephasedisplacementbetweenradial
andtangentialdisplacement.In particular, in caseof lip
detachment,a part of the hysteresisellipsedegenerates
into astraightline andtheoverall loop areadecreases.

4 CONCLUSIONS

Experimentalevidencesshow that, at high frequencies,
dynamicsealsbehaviour canbe well approximatedby a
non-linearMooney-Rivlin model.
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Fig. 17: Lip and shaft pro�le radial displacements,samplerate
4000Hz.
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Fig. 18: Lip and shaft pro�le radial displacements,samplerate
5000Hz.

Hence,theimplementedmodelshouldbeagoodstarting
point for simulatingtheradialsealat working conditions
and with the measureddisplacementsof the lip in the
clearancezone.

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

Thesemeasures,obtainedwith a customstrain gauges
transducer, seemto offer usefulinformationsbecauseof
theagreementwith expectedleakagerate.
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Fig. 19: Hysteresisloop in caseof clearance.

Fig. 20: Hysteresisloop in caseof sealing.
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