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Abstract

The application of higlirequency Acoustic Emissions (AE) for mechanical seals
diagnosis is gaining acceptance as a useful complimentary tool. Thisipastigates

the AE characteristics ahechanical seals under different rotational speed and fluid
pressure (loadjor develop a more comprehensive monitoring methodheoretical
relationship between friction in asperity contact and energy of AE signals iopegel

in present work. This motlelemonstrates a clear correlation between AE Root Mean
Square (RMS) value and sliding speed, contact load and number of contact asperities.
To benchmark the proposed model,nmeechanical seatest rig was employed for
collecting AE signalsinder differenbperating conditionsThen, the collected data was
processed using time domain and frequency domain analysis méthedppressing
noise interferences from mechanical system for extracting reliably th&gh@ls from
mechanical seald’he results reveahe potential of AE technology and data analysis
method applied in this work for monitoring the contact condition of mechanical seals
which will be vital for developing a comprehensive monitoring systems and supporting
the optimal design and operationméchanical seals.

1. Introduction

Mechanical seals are one of the most important types of shaft seals which are found on
rotating machinery and can protect against leakage across much higher pressure
differerces than the other sedlg. The seal is made between the very smooth, very flat
faces of two rings, one is attached to and rotates with the shaft, and the difaehesda

to the housing and is stationary. A schematic illustration of the components of a
mechanical seal is shown kigurel.

Stationary face

Rotating face

Contact ared|

Figure 1. Schematic illustration of mechanical face seals[2]

Since AE signals carry information about the details of mienmage process, a
significant amount of resear@mouwnt of researcthas been reported on the condition



monitoring ofmechanical sealssing AE technology3]. for instance, lingard et §i],
Hisakado et dl5] and Hase et 6] investigated the correlation between AE signal
characteristics such as AE coutunt rate and amplitude wigiding contact During
condition monitoringof mechanical seals, today's AE systems are able to process
thousands of AE events per second and record them to data storagenber of
studies have investigatedthe use of thaime-domain andfrequencydomain
techniquesin processinghe AE signalsfrom mechanical seals and showed that using
these techniques, it is possible to process AE signhals using sophisticated computing
methods T-8]. Analysing the AE signal in the frequency domain could characterise the
AE signals especially under noisy conditions, however it is often difficult to iglentif
effective features for fault diagnosis in the frequency spectra due to theidingtat
mainly caused by the nature of AE evemisch ashigh frequency, attenuation,
dispersion, multiple reflections and the ndimear character of AE signal during its
propagation 9]. Holstein et al[8] claimed that analysis in the frequency domain was
investigated in the research on fault diagnosis afhaeical seal. However, they failed

to present the analysis results to prove the effectiveness of this mBthwess and
Mcbride [10] performed acomprehensivestudy involved the measurement of AE
signals in sliding contact and reported that impact afifm surface at microscopic
level (asperity contact) was the main source of acoustic emissions during pung slidi
friction. They also proposed an empirical model which presents AE RMS valuens ter

of wear volume. Miettinen and Siekkiner{11] studied he AE response to the sliding
contact behaviour of a mechanical seal on a centrifugal pump under different working
conditions. They reported the possibility of detecting leakage, dry running and
cavitation in face sealby measuring the RMS value of AE s@. In subsequent
studies, Mba et al. confirmed that the RMS value of AE signals can be used to monitor
seal condition 7]. In another study, Fan et al. developed a mathematical AE model
based orelastic asperity conta@nd pointed out that thievel of AE measurement
depends on the sliding speed, the load supportedobtact the number of asperity
contact, and surface topographic characteristrosng others [12].

In this papera matematical model of the AE generatedfiictional asperity contact is
developed to establish a relationship between AE RMS value and working pasameter
of seals (rotational speed, load and number of asperities in contatherfmore,the

AE characteristicof mechanical seals are presented in the time domain and the
frequency domain firstly and then AE feature paramseteach as RMS and kurtosis
values aresuccessfullyexplored in associatingith fluid pressurgload) and rotational
speed of shaft

2. Mathematical model concept

2.1 Modelling friction

The basic idea behind this work is modelling the frichetween the asperities which is
assumed to béhe main sources of AE in mechanical sehisgeneral, the tangential
contact friction betweea pair ofasperities in contact can be definedby]:

F= “.z' dA 1)

where,A andr are the area of one asperity in contact and shear stress at the asperity
contact respectivelyThe coefficient of friction f of a single asperity can be expressed
as:



f:%) (2)

where, P is the normal pressure in a single asperity cont@abstitutingz from
Equation 2 into Equation 1 and rearranging the intggeéds to:

F:”rdA:”fpdA - fw 3)

WhereW is the normaload Considering th&sreenwood and Wi anson models14]
for the contact of real surfaces, th@obability of making contact atry selected
asperity can ® expresed as (see Figuzg

n(z) = f(2)dz (4)

If the nunber of asperitiesper urit areais D, the expectednumber of contacts any
unit aea is:

n= D |f(z2)dz ©))

Contactarea Smooh surface

T \n J 1 ‘l
Wf::“\:‘ja‘cf ';\\ = - -1‘1

Reference plane in the rough surfac

Figure 2. Greenwood and Williamson for contact model

Based on Hertz theothe maximum deflection in th@ontact area can be ergsed as:

2 13
W
5= (—5) (6)
E'“R

2.2 Friction energy release rate model

Thefrictional work done byfriction forceF on a point thamoves a sliding distanc&in
the direction of tangential sliding contact is the product:

Ui = j Fds (7)

Now we calculate slidig distanceS in asperity contact based dxigure 3 In this
Figure,a is the Hertzian radius of the asperitpntact circle given by:
WR 1/3
E

(8)



Figure 3. The concept of displacement in asperity contact

Thussliding distancé&sin asperity contact can be expressed as:

S=2a+ 2a=4(V\|/i; ) = 46 R)Y 9)
SubstitutingF from Equation (3 andextractingdsfrom Equation 9), Equation (Y can
be rearranged as:

2 2
3

4
4 E )3 E\s, -
uiAE:des:j§ fW[W—RJ dW:f(Ej WE (10)

Equation (10 can be re arranged in terms of maximum deflectidolbsv:

4z 2
U = f [%]Msa (11)
Sinceo = Z - d, the mean frictional workf one asperity contact is:

0 2
1 |W3(z-d) f(2)dz

iAE = f[E—RAJS o (12)
j f(2)dz
d

cl

The total frictional work in the asperity contatls: can be expressed as:
Upe = ANUie (13)

whereA is the apparent contact aresis the number of contacts in unit area given by
Equation (5.Thus,the total frictional energy can be expressed as:

o0 2
1 |W3(z-d) f(2)dz

Upe=AN f[E—F:]s d (14)

0

I f(2)dz

d
Substitutingn from Equation (%into Equaton (14 will result in:

1

4\3ze 2
Upe = AD f[%JSJWS(z— d) f(z)dz (15)
d
The total tine in frictional contact can be calculated as:
n1/2
(.S_4a 46R)"" (16)
vV oV v

wherev is sliding speedJsings = z—d , the mean friction contact time is:



4] RY2(z-a)V2 t(»az (17)
(_ d

\C/? f(2dz
d

Now we define the total number of asperity contacts between thsusacess:

0
N= AD [f(z2dz (18)
d
Dividing Equation(15) by Equation(17)and defining all constant parameters astie
acoustic energy release rate can be expressed as:

U= Nv (K,W?2/3) (19)
Supposinghat a portion (k; ) of the energy released as a result of fricticonverts
to AE pulses and the gain of t& measureentsystemis (kg) we have

Upg= KKy Nv (K,W2/3) (20)

2.3 Frictional AE Model

Based on detailed discussion found in the work of Fan et al. [11], the RMS value of the
AE signal excited by the contact friction can be expressed as:

Vrms_ RU AE (21)
whereR is the electrical resistance of the Ateasuringecircuit. Substitutingequation
(20) into Equation (21)and defining all constants witk, V.ms in frictional asperity
contact can be expressed as:

VrmS:\/KNvWZ/B (22)
Based on th&quation (22)the RMS value of AE signahcreasesvith load, rotational

speed and number of asperitiesamtact.

3. Experimental Test Rig and Test M echanical Seal

The test rig isshownin Figure4. The driving power is 8.0 kW, 3phase AC electric
inductions motorlandthe drive shaft can be run at different speeds up to a maximum of
2800 rpm.Two JohnCraneType 1648MP pusher cartridgeseals and a stainlesssteel

tube formed apressurizedchanber. An auxiliary ciralating systen, was connected

with the chamber to pressurize the workingluid (plain water in this researchand

take away the heat generatedby the fiction of mechanicalseal Two WD S/N
FQ36 AEsensorgchl and ch2with an operating frequenawngefrom 100 kHzto
1MHz wereemployed to obtain the AE signals, allowing high frequency events due to
asperity contacts to be monitoretihe trasducersvereplaced directly on the cartridge

of the nondriven end (NDE) seahs shown in Figure 4(right)'he signal from AE
sensor is amplified and acquired by a 2MHz high speed data acquisition systebé wit
bit resolution



Figure4. Layout of thetest rig (left) and position of AE transducers (right)

4. Experimental Procedure

In the industrial applications, the AE signal is created not only by the contact of the
mechanicabeal facesbut also from other sources, such as the bearatgstricalmotor

and electromagnetic noise$n order to monitor thaliding contactof the mechanical
seat, it is necessaryo distinguish the AE signals generated by the seal facesthe
backgroundnoises, which requires an appropriate experimgmatedureand signal
processing methodlThe experimental study in this work included faomparative
programs manual operation of seal (MO3¥nningwith sensor on segRSS) running

with sersoron flange(RSF), andtestunderdifferent speeds and pressu(@®SP) In

the MOS experiment, the shaft was turned manually to genesditirg of seal faces.

The purposéo carry out this test was to relate gmoustic emission event to the sliding
contact of facesin addition, MOS and RSS were used to compare the difference
between AE signals picked up under static and running conditionREReefers to
running the test on condition that the AE sensegse mounted far from sédacesas
shown in Figure5As can be seen, in RSF experiment, the position of AE sensors is far
from thesealingarea, consequently it is expected thatAE signalwould be picked up
from the seahg interfacedue to the quicker attenuation of higher frequency signal
Puposeto carry out this test was to evaluate tiogses.

Figure 5. Position of the sensorson flange

Both the RSS and RSF teswere carried outinder 4 bar (sealed pressure) an@GQ
rpm to allow the seafaces to come into contacthesetess would be compared to
evaluate the proper frequency band of frictioAd signal and eliminate the noise
signalsThe aim of TDSP programwasto establish a correlation between AE activity



with rotational speedndload. This was accomplished by controlled incremental load at
constant speed The TDSP experimentconsisted of five different speeds:
900,1200,1500,1800 and 2100 rpm,eaich speed thereere three different loads
(sealed pressure3bar, Bar and8bar. To evaluate the repeatability of the tests, each
test has been run for three tim&srough all the tests theealswere cooledwith plain
water The tests were performadhder near isothermal conditions astdrts savet a
temperaturearound 28°C, so that ¢heffect oftemperature on the acoustic emission
responses can lveduced.

5. Results and Discussion
5.1 Frictional AE Generation

During thistest theAE data acquisition system was kept on working and the shaft of the
test rig was turned manualljE events were clearly observed in the signals picked up
by both AE sensorssince it is impossible to generateiseby just turning the shatft, the

AE was likely caused by the rubbing of seal faces rather than Inpibe sourcesf the

test rig.As an examle, Figure6 shows the typical raw AE gigls around an event. It

can beobserved that only background noises were recorded before and after the turning
of the shaftThis proves that the signals from the AE sesaoe the acoustic emissions
caused by the rubbing of seal faces. When the shaft of the test rig was turned, the
amplitude of AE signals from théoth sensors increased significantly and their
magnitudes were similar

1.5
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Figure 6. Theraw AE signal in the M OS experiment
5.2 I dentification of the AE Signals from Faces

To insight into theAE signals from seal faceanalysis in the frequency domain was
carried out orexperimental datandthe resuls are shown in Figuré-9. The AEsignal
from RSS test coincidegery well with the signals in thBIOS test. It can be seen that
the frequencypeaksis approximatelythe samebut the amplitude of the former was
higher than that of the latteCompared theMlOS test, theRSStest generates more
background noisesand burst type emissiondn RSF, the AE energy mainly
concentrated in two frequency bands whose center frequencies weré@lama100
kHz, as shown in Fige 9. In RSS however, in addition to thabove two frequency
bands, theravere somehigher frequency bandshose center frequencies weabout



200,270,370 and 49¢Hz. Based on our comparison of AE spectra, It cacdeluded

that thefrequencyof AE from the seal faces was concentratesiifrequency bands at
center frequencies of abot0, 100,200,270,370 and 450 kHz, and that flet two

lower frequency bands also existedalhAE signalsand signaldrom other sources of

the test rigThese results led us to consider the frequency bemghdfrom 100 t0500

kHz to be the specific band from the seal faces. To eliminate the noise signals, we used
a digital banepass filter of the frequency barid0-500kHz. RMS, skewnes and
kurtosis ofthe filtered signalsvere calculated to express thE energy generated by

seal faceand to characterize AE signals from mechanical seals.
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Figure 7. The AE spectrum in MOStest for chl
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Figure 8. The AE spectrain RSStest for chl
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Figure9. The AE spectrain RSF test for chl



5.3 AE Waveform

Figure 10shows the amplitude of the AE time domain signals of the Ni@Ehanical seal
when operated at 1500 rpm rotational speed thitbeloads;3 bar, Sbar and 8 barThree
tests were performed. As can be seen, the AE signétsda tests show no significant
differencein each columnlt can be concluded that the eapability of AE signal was
good furthermore in each row, when the load increadesm right to left) the
amplitude of AE signahcreases

ch2
chi Test 1 under 8bar-1500 rpm Test 1 under Sbar-1500 rpm Test 1 under 3bar-1500 rpm
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Figure 10. AE signal for NDE mechanical seal
5.4 AE spectrum

Figurell shows the spectrumAE row sgnals shown irFigure 10.As can beseenin

each rowwhen the load increasésom right toleft) the peak value also increases due

to more asperity contaethich clearly shows the effect ofdd on the frictional AE
signals.
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Figure 11. AE spectrum for NDE mechanical seal
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5.5 Speed and Load Characteristics

The correlation between rotational speed andRMES values forNDE mechanical seal

is presented irFigure 12.Based on the proposed model in section2, the relaijpns
between AE RMS value and contact load is a square root trefwdf however the

AE RMS value is proportional to the square root of sliding speed. From here, it can be
concluded that the contact load has less influence on AE RMS value compared with
sliding speedAs can be seem Figure 12, theAE RMS valueincreased slightly with

load (the curves are very close to each other) igntligher for the higher load
conditions. Furthermore, the AEMS value increaseihcrementallywith the sliding
speedAs can be seethe slope of each curve is relatively higtwever the curvelsave

the same trend which givg®odevidence that the effect of sliding speed is more than
contact load. These results are in good agreement with the proposed model.

AE RMS value in chl
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Figure12. AE RMSvalue and rotational speed for NDE M echanical seal
5.6 Thevariation of AE Kurtosis under different operating conditions

Figure 13gives kurtosis of AE signals measured during TDSP experirttestnoted

that the value shown in thiHgure is the difference between the kurtosis of measured
AE signal and Gaussian distributiofs discussed in Sectid? the height distribution

of asperities is an important propettydescribe the characteristic of rough surface. As

it is assumed that acoustic emissions only generate at the asperity contacts, the
distribution of AE signal will be an indication of distribution of asperity cont&tgs.ce

if contact only occurs at some peak asperities, the distribution of AE signal has a
kurtosis greater than 3. The more asperities contact each other, the more kdrtioesi

AE signal generated is close ta@ achieveGaussiardistribution As can be seen in
Figurel3, for the experiments conducted at low speeds (900 rpm), kurtosis peaked under
5 bar and dropped to the lowest value under 3Waen the sealed pressure was 8 bar,
kurtosis value lays in between the 5 bar and 3 iace kurtosis at low speegaried
randomly with the sealed pressure, it does not supportrabelts presentedby
mathematical mdelthat theAE activity increases witmumber of asperity contacta

1C



plausible explanation is that at low speeds only the hydrostatic lubricattivated and
kurtosis is not sensitive enough to the change of asperity contacts under hydrostatic
lubrication conditionsHowever, Kurtosis of the AE signals measured at speeds higher
than 1200 rpm only varied in a narrow range around ZEnis is because of the
hydrodynamic effect at higher speed, which helped to establish gonddstable
lubricant films inthe range of tested pressure. These reputige the effect of number

of contact asperities on distribution of AE signal as presented in mathematd=il m

Kurtosis value in chl
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Figure13. AE Kurtosis value and rotational speed for NDE M echanical seal

6. Conclusion

This paper was combined with two established signal processing methods: tiaia dom
and frequency domain analysis in an effort to produce a powerful combination that in
common can distinguisAE feature parameter such as RMS and kuriosisechanical
seals Based on obtained results AE characteristiesdirectly correlated to the load
(sealed pressure) anotational speedt successfully demonstrated the AE endegpel

is higher for the higher load and speed conditions due to higheofrixtetional energy
release from asperity contackhe variation ofKurtosis value showsthe effect of
number of contact asperities on distribution of AE sigialese results are in good
agreenent with mathematical model developed in this w@&sed onthe proposed
model, AERMS value increasesith fluid pressurelfad), rotational speed and number
of asperities in contact.he results reveal the promising potential of AE technology and
data analysis method applied in this work for monitoring the cordandition of
mechanical seals and may help in the design and operation of seals.
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