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Abstract—Manufacturing industry drives the world. Every integrity as compared to the well established vibra
manufacturing industry is having number of machines and  mgnijtoring techniqué’.
gearboxes. These are used for power transmission, speed T Application  of
reduction and torque amplification and vice versa. Any defect ) .

induced in gear may costs high at the time of failure. For that, detecting defects
early prediction of breakage of gear tooth is essential to avoid

Acoustic Emission in

stoppage of that machine to enhance utilization and reduce
breakdown and production. This paper highlights details about
experimental programme to ascertain and validitate the
applicability of acoustic emission to initial gear defect. The
general relationship between the monitoring parameters such
as vibration, acoustic emission indicators, visual inspection and
the gearbox operating conditions such as load, speed and oil

film thicknessis highlighted in this paper.

It has been seen that many branches of industry
uses Acoustic Emission(AE) technology in detecting
defects, for example in the machining industry, the
Acoustic Emission was used in detecting tool wear ,
process industrial machinery Acoustic Emissionssduin
detecting the defects of rotating elements suchitisg,
cracking, scuffing, rubbing and tooth breakage @arg,

bearings and shaft-seal rubbing in the rail trartsgion
industry where Acoustic Emission is used in assgssi
surface integrity of rail track in the liquid trsportation
industry, it is also used for detecting cavitatiand in
centrifugal pumps and gas void fraction measurement
piping transportatiof? .

Prediction and control of gear vibration become

. . an important concern particularly in automotiveroapace
Gears are the most important mechanisms for P P y

transmitting power or rotation, which play an imimt and power generation industries. One of th_e mosulam.

role in many sorts of machineries. Smooth operaéind applications of gear sets can be found in the Vehic

high efficiency of gears are necessary for the Mrmgearbox

running of machineries. Therefore, gear damage .

assessment is an important topic in the field ofdiion - Experimental Set Up

monitoring and fault diagnosis. Typical localizgéar

damage types include pits, chips, and cracks ontgeth l.

surface. With such damage existing on gears, tle ge

tooth meshing will not be as smooth as the norreat.g
Prediction and control of gear vibration become an

important concern particularly in automotive, a@axe

and power generation industries. One of the moptilao

applications of gear sets can be found in the Vehic

gearbox. The vibration generated at the gear mesh i

transmitted to the housing through shafts and bgalff.
Acoustic Emission is defined as the transient Elast

wave generation due to a rapid release of straerggn

within or on the surface of a material. These waaes

detected at the surface of the body by a suitadihesa.

The principal advantage of AE comes from its high

sensitivity. Since AE is produced at a microscdei@l, it

is more sensitive to detection of loss of mechdnica
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spectra.

gearbox, vibration,

l. Introduction
l. Gears And The Acoustic Emission

Gear box

Fig.No.1 Test-rig gearbox set up.
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the oil temperature for computation of oil film ¢kihess.

The test-rig used here has two identical oil-batiThe oil bath temperature is measured through aninge
lubricated gearboxes which are connected in badlatk on top of the gearbox casing using the specifiexintial
arrangement as shown in “Fig.No.1”. The 49 ande@%h couple probe. This position for acquiring oil tengteres

gear sets were made of 045M15 steel without heaf adjacent to the gear mesh position as thisesclbsest
treatment. The gears have a pressure angle ofiffifle  osition the observer could get access.
of 3 mm and surface roughness between |2¥8before

operating. Each gearbox has four identical bearifige
method of applying torque is a simple mechanisnt tha
allows a pair of coupling flanges to be rotatedtiek to
each other and locked in position. This effectividgks
the torque within the gearboxes ensuring that tldom
used to drive the test rig only overcome power dess
associated with the meshing gears. It is to be thatethe
0 Nm condition is not actually ‘O Nm’ but there néxist

a light load at this condition due to the bearingtibon and
losses or resistance associated with the rubbés. SEae —
motors for driving the gearbox are single speedomot Fig.N0.3 Accelerometer located on bearing
(1.1 kw and 0.55 kw) providing a rotational speéd 45 casing.

rpm and 1460 rpm respectively. For this experimesgs
up, five torque loadings are used i.e., 0 Nm, 55, Nf&D
Nm, 183 Nm and 220 N/

The accelerometer as shown in“Fig.No.3” for vikmat
measurement in this set-up is resonant type semisiora
flat frequency response between 10 Hz and 8000 Hz
(Model 236 Isobase accelerometer, ‘Endevco Dynamic
Instrument Division¥. The accelerometer is mounted on
the base of the pinion bearing casing to captuoeation
data of the gearbox. The charge amplifier usedsmgle
channel PE amplifier (Endevco Dynamic Instrument
Division, Model 2721B). The accelerometer is cortedc
to a charge amplifier and the signal output from fine-
amplifier is fed to a commercial data acquisiticarcc
on Energy, r.m.s and frequency domain information is
computed from the raw time-domain data.

Il. Data Acquistion Procedure

[Il. Test Procedure

Fig.No.2 AE sensor located on pinion

The AE sensors used here is wide band type
sensors with a relative flat response between H¥dnd
1 MHz (WD model, ‘Physical Acoustics Corporation’).
An AE sensor was placed on the pinion (49 teeth), a
shown in “Fig.No.2”. The cable connecting the pmi
sensor was fed into the pinion shaft to the preldiep
via a slip ring. This allows the AE sensor to baceld as [
close as possible to the gear teeth. Both the serge
hold in place with mechanical fixtures. An ‘IDM i 7 T - %
Electronics Ltd’ manufactured PH-12 slip ring iseds Fig.No.4 Seeded large addendum defect.
The slip ring used sliver contact and could acconet® a
maximum of 12 channels. The cooling air pressuregHe
slip ring is 1400 kg/mfm Pre-amplification was set at
40dB. The signal output from the preamplifier
connected directly to a commercial data acquisitiard.
The data acquisition card could provide 10 MHz damgp
rate and incorporated 16-bit precision giving a ayic

'!~

Before starting an experiment the gearbox is
“allowed to operate for 15 hours. After that a large
ISaddendum defect (extended from the pitch-line) meag
12 mm along the face width and 3 mm from the plica-
to the gear tip is seeded on one of the piniorhtsatface
as shown in “Fig.No.4”. Total five experimental

range of more than 85 dB. Prior to the analog-gitali ., mpinations is undertaken: two speed and thred loa
converter (ADC), the card uses anti-aliasing fdt#rat can  ongitions. For each test condition, the gearbcdlmved

be controlled directly in software. A K-type thedma, r,n from a cold start for several hours untié tbil
couple, rated from — 28 to 1378 C is used to measure temperature reached equilibrium, ie. it reach a
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temperature that did not change as a function ohing 200 e
time. Equilibrium is observed when oil temperatuagied 180 T — A e 55Nm
by less than 0%2C for a period of one hour. The oil - e L o0 Nm
temperatures and vibration data is taken at 15 t&inu _ 5, T T
intervals throughout the duration of the test whiA& 4 100

. . . E o -
r.m.s. and energy values is monitored continuouAk. R R
time signatures were got for each test conditidera30 3?3
minutes from the start. For analysis of AE dataawistd 090
from these experiments, r.m.s and energy were tsed oo~ T T T e v T
provide a comparison and because of the simplimitst terrse TRe;ong 101z s s

proven robustness of these parameters for maclgiakhh
diagnosis. Fig.No.7 r.m.s against loads for 2-teeth

analysis at 1460 rpm (15 regions).
IV.  AE fault identification capability
The centre region ‘4’, where the seeded defect is
introduced, did not exhibit the highest r.m.s. ealas
AAANNANALRANANANAAA Gor Teeth expected. The same observations is made for thdawoal
| 23456 78 0101112 13 14 15 16 (Teeth Number) speed of 1460 rpm, the highest r.m.s. values didaund
A A A A A A J

Ay N A v in the seeded fault region of region ‘8, shown“Fig
1 2 3 ¢ 5 6 7 8 .No.7".

Defective Tooth

Fig.No.5 Sectioning of gear teeth for analysis.
V.  Vibration Analysis
“Fig.No.5” shows the sectioning of gear teeth for asf ' ' ‘ ‘ ]
the analysis. For the rotational speeds of 745 4D wal oM i
rpm, the recorded AE time waveform is split intgions
representing 2-teeth and 1-tooth. “Fig.No.5” ilfases the £ ™| sus wan ]

case for 2-teeth regions at 745 rpm. The r.m.suevébr 02f ]
each region is calculated for each data set. This o} 1
equivalent to ‘8’ and ‘16’ r.m.s values for 2-teethd 1- 0 b M“ R ‘ i

tooth data sets respectively. A total of 50 dats see ' ' '

acquired for each test condition and the r.m.s esmlu %5 ]
shown is averaged for each region over all fiftyadsets. 04| .
The averaging can be accomplish due to the opticiz ;|
triggering system used ensuring that the acquisitistem  *
always start at the same rotational position ofgéears. It

is assumed that this method of grouping the datamre il 1

Dzr B

the possibilities of detecting the seeded defediqudarly 0 s i — : =
as the defect had been seeded in the centre of t 'f ' ' ‘ ‘ "
acquisition window, shown in “Fig.No.5". nal -
0.70 ° 0B B
060 .y D = 04k i
0.50 -"\.,\_‘;;—f,—,l?:‘--{:;':_‘7_7_ — ‘/' 7/J.\\ ol 4
5 o = . —— _— ‘ (- :
E 020 e ONmM 0 500 1000 1500 2000 2500
= e 55Nm Frequency (Hz)
020 —a 110 Nm Fig.No.8 Frequency spectra for (a) 0 Nm, (b) 55 Nm
L e . and (c) 110 Nm load conditions at 745 rpm.
0.00 T T
1 2 3 4 5 5 7 8

From the acquired vibration signatures, the r.m.s.
) ) and energy value is calculated, and vibration fesqy
Fig.No.6 r.m.s against loads for 2-teeth spectrum studied. A sampling rate of 8192 datatpgier
analysis at 745 rpm (8 regions). second (8192 Hz) over duration of approximatelye fiv
seconds (40000 data points), which is approximately
For the seeded defect simulation at 745 rpm, trequivalent to 61 and 119 revolutions, is used fbration
r.m.s. values remained random for the three loadirdata acquisition at rotational speeds of 745 arDIgpm
conditions, shown in “Fig .No.6". respectively. For the rotational speed of 745 rplinthree
load conditions exhibited similar frequency contethie

Region
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highest peaks in the frequency domain occurrelleagéar increases with a reduction in load. Hence, a liglthded
mesh frequency, 608 Hz, and sidebands is observedndition is suspected to exist under certain domh at
around this frequency as shown in “Fig .N0.8". 1460 rpm. It is thought confirm to ascertain if thest

Harmonics of the gear mesh frequency wergears could be considered as lightly loaded. Assgrai
noted at 1200 Hz, 1800 Hz and 2400 Hz. The peakeval Transmission Errors (TE) of pm, which is typical for
at the gear mesh frequency increased from 0.5Qogl. spur gears , the torques required to maintain thshing
from no-load condition to 110 Nm. As side bandsuibo teeth in contact is calculated at 43 Nm and 107fbinthe

the gear mesh frequency were seen, as shown
“Fig.N0.8”, this is indicative of a defective tooth
Vibration frequency spectra results at 1460 rpmsai@vn
in “Fig.No.8". A unique observation is that the witdand
of frequency response ranging from 0 to 2600 Hztvlis
not present at the lower speed of 745 rpm . Undepad
condition, the peak value at the gear mesh (GMjueacy
of 1200 Hz was 0.03 g. The dominant frequenciethim
spectrum were noted to be the sub-harmonics oféae
mesh frequency at 300, 400, 600 and 800 Hz (0.3, 0
0.5 and 0.67 GM). When the load increased to 55 e,
dominant frequency was at 400 Hz (0.33 GM). Follayvi

pmion and gear respectively, both at a rotaticpeded of
1460 rpm. Hence, for the 55 Nm test condition,applied
load is lower than the required torque to mainttie
meshing teeth in contact, 107 Nm, hence loss ofacbiis
likely to occur, as confirmed earlier. For the 1N test
condition, the applied torque is marginally highiean the
required torque of 107 Nm. Thus, it is concludedalt tho
contact loss occurred under this situation, wh&chvident
from the differences in the frequency spectra betwe
“Fig.N0.9 (c)” and “Fig.No.9 (b)”. Based on the sam
concept, the required torques for the gear teettereain
in contact are also computed for the case of 74% dd

an increase in load to 110 Nm, the dominant frequenand 28 Nm for the pinion and gear respectively.hfite

shifted back to the gear mesh frequency with a paike
of 0.2 g. It is also important to note the stromgsence of
the second harmonic gear mesh frequency at 2400 Hz.

U2

alsr =

U1 —

Vaols

5M (1200 Hz) B

“olts

Wolts

T T 2000

Frequency (Hz)
Fig.No.9 Frequency spectra for (a) 0 Nm and (b) 55
Nm and (c) 110 Nm load conditions at 1460 rpm.

More study is undertaken to understand the

unique frequency spectra at 1460 rpm. Gears awzided
as lightly loaded when applied load on the geanas

sufficiently high enough to maintain contact during

minimum applied torque of 55 Nm, which is highearh
the required torque of 28 Nm, the gears will notfigbtly
loaded. Clearly, vibration analysis is capableiafdosing
the large seeded defect.

VI.  Qil Temperature and Film Thickness

[}
a

s
[

e e T
PR SPEETECE=sbaabioe
e

s
o

)
[}

w
o

N
w

—— 0 Nm
—=—55 Nm
—— 110 Nm

N
o

Temperature (Degree C)

o

o

o

o

T L e e e e T T
1 2 3 4 5 6 7
Time (hours)

o

Fig.No.10 The effect of load on oil temperature for
speed of 745 rpm.
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Fig.No.11 The effect of load on oil temperature for
speed of 1460 rpm.

meshing. The phenomenon usually occurs due to light

loads or high loads with large transmission err@rg).
From “Fig.No.9", the presence of strong harmonicthe

gear mesh frequency is evident and the harmonics
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« The assumption of constant density, as oil dgnasitl

60 change with temperature and affect on oil film kiniess.
© 50 0oz ETEEs » The measurement of oil temperatures. It is nesjide to
5 40 W measure the oil temperature in the gear mesh due to
Q . .
a W obviously access problems. Hence, the oil temperatu
2 30 1% . .
5 were taken at the oil bath location as near tayttsr mesh
Il . . .
g 20 D as possible. The oil bath temperatures recorded wil
§ 10 certainly be lower than the actual oil temperatures
—&— 1460 rpm
[0 e e R L e e e e s s s
o 1 2 3 4 5 & 7 VII. Constant Temperature Tests
Time (hOU I’S) Acquisition systems paused for load change.
0.8 — —
Fig.No.12 The effect of load on oil temperatureof Zg — o e
load of 110 Nm. =05 ™ “ﬁr""““’lrf"‘“"
4 0.4 '
E 0.3
0.2
0.1
14 0.0 i T ’ § T
-\ 0 600 1200 1800 2400 3000 3600
12 <~ TIime (seconds)
E 10 Q\'\\%‘M PUN— . . . .
I ettt e seaat s SO U Fig.No.15 AE r.m.s. remained constant with increase
i load at 745 rpm
- 086
£
£.. — g
°© -+ 55 Nm . \:\\
° —~—110 Nm : Z ‘/’r{ﬁJ\M{\”\_‘:ﬂ
0.0 — 1.0 " M~
o 1 2 3 4 5 6 7 =
Time (hours) % o8
Fig.No.13 The effect of load on oil film thicknesfor os
speed of 745 rpm. 0o ‘
20 N Time (secon ds)
o \\\ Fig.No. 16 AE r.m.s. remained constant with increasl
B - “\::\:2::::“?% load at 1460 rpm
5o The three main factors affecting the AE signal in
" os T oeme these experiments are namely; speed of rotatiopljegp
0o SmuELRAL torque (load) and the oil temperature. In ordefutther
Time (hours) examine the speed and load effect on AE signakHisr

back-to-back gearbox arrangement, constant temperat
tests were taken. Since the oil temperatures wep k
constant, the oil viscosity and film thickness réma

To understand the limitations of the AE techniqu&onStant_l_%uring thbe experiment. 245 ith a load of
for defect identification further tests were cadrut. This 290 N fe gseir ox was rr:J_nhat_ me ylwt aload o
involves measuring the oil temperature of the gearb J\m for ours at whic t!me the oil temperatur
sump from a cold start to the operational oil terapee St?b"'sed at 42°C. The ge_a_rbox is brought to a stop and
and calculating the oil film thickness between fears. adeUSted fto 28 Io_ad cond|rt]|_(|)n. Th? gearb’z)é 'g mt:d
Results from the six test conditions is plottedotiserve and run for minutes while continuous ata_ @
the effect of speed and load over the oil tempegatund form of r.m.s and energy IS recorded. The gearb@gam
film thickness. For both speeds (745 and 1460 rghg, brought to a stop and adjusted to the next loadiition.

operational oil temperatures increased with inadas Evc_ery load co_nd|t|0n was run for a 10 minute !n&trv
loads and speeds, as shown in “Fig.No.10". t&\/hlle the continuous AE r.m.s. and energy datalken.
“Fig.N0.14" ’ The time taken to strip the rig and set the newuerlevel

Results of theoretical oil film thickness are showr® approximately three minutes. During this perit

in “Fig.No.13". and “Fig.No.14”. Based on the suia acquisition system is paused. A total of 5 loadditions;

finish of 1.75um, the results shows asperity contact for al?' 55, 110_’ 183 and 220 Nm, is tested_. In theste_,tﬂm
test condition. average oil temperature was at 4Z.4nith a maximum

Possible sources of errors for the oil film€mperature f(rnfference of @ to minimise the
thickness calculation are: temperature efect.
At the rotational speed of 745 rpm, the
continuous AE r.m.s. values were plotted for tHedgling

Fig.No.14 The effect of load on oil film thicknesfor
speed of 1460 rpm.
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conditions and shown in “Fig.No.15". It is observiétht but more importantly, the source of AE under luaréd
the AE r.m.s remains constant at 0.58 volts withiéasing sliding conditions is attributed to asperity comtald is
loads. For the 1460 rpm test condition, the sanst testudied that the basic mechanism for AE generatian
procedures were done, the oil temperature stabhilse the elastic deformation of the material at asperitytacts.
51.8C. The mean oil temperature is kept at 80.8ith a This deformation is mated by increased rates (slidi
maximum temperature difference of %¥5to ensure speed), contact forces and lubrication. The ranfe o
constant temperature condition. The AE r.m.s. @ttptl surface finish for the materials highlighted wagnir1 to
against the five loading conditions, as shown idum; comparable with the gears tested.

“Fig.No.16". Similar trend is observed when compghte All the above comments provides strong evidence
the lower running speed condition. With increasiogd, to suggest that the source of AE during gear messh i
the AE r.m.s remained constant at 1, 2 volts. Fthm attributed to asperity contact.

above results, it is concluded that at constant oil

temperature, the applied load on the gear systedh hg|. Conclusion

negligible effect on AE r.m.s. On the other hangeesd
had a more significant effect on the AE indicatdgy.
doubling the rotational speed from 745 rpm to 146®,
the AE r.m.s increased from 0.58 to 1.2 volts lgcdor of

2. Between the two rotational speeds, there is gste that various indicators within a monitoringheique
temperature difference of 8a. _ o _must be used simultaneously in order to establisth a
The AE r.m.s increased with decreasing viscosityypjain the phenomena observed. The most ideaitisitu
Hence, for this experiment, the increase in the Afg i yse various techniques to monitor the geatimaith
parameters at 1460 rpm is partially due to the énighil ;a1 at the same time. This paper has showngtat

The general relationships between monitoring
parameters such as vibration and AE indicators thed
gearbox operating conditions such as load, speddo#dn
film thickness has shown in this paper. It is inmpaot to

temperature at the higher rotational speed. defect detection with AE is little difficult. Seedialefect
o . identification with AE r.m.s. and energy were not
VIII. Friction and asperity contacts satisfactory. The influence of oil temperature o A

activity has shown as the primary reason for this
During the gear mesh; sliding, rolling or ajimitation. It is concluded that the source of AE
combination of both will occur. As the gear teetinfaces mechanism that produced the gear mesh bursts was fr
are limited to manufacturing capabilities (approately  asperities contact. Vibration measurements can usll
0.4um) asperity contacts will occur during meshing ompout the condition of a gearbox, if properly doB¢her
almost all gears, particularly as the calculatedfih  physical parameters besides vibrations can be wielpf
thickness in this case is less than the compositghness.  Trending of data should be helpful but only if tHata
During the test, it is noted that transient shockeing trended is collected consistently. Methods of
pulses during gear mesh at the gear mesh frequéinisy. mounting of transducers such as accelerometers fosed
concluded that these shocks were attributed tor.ﬁlﬁpe measuring h|gh frequency data are important_
contact. While a single asperity model is presea®dhe Repeatability of data collection is the most impatt

probable cause of the shocks, such scenario ifigeas  consideration in choosing a mounting method in ¢haise.
limited, multiple contacts is seen.

However, it is seen that based on an asperif@eferences
width of 5um and sliding and rolling velocities of the[1] shawki Abouel , seoud, Ibrahim Ahmed and Mohamed

order of 500mm/s, the raise time for such a tranigeent Khalil , “An Experimental Study on the Diagnostic
is 1Qus. It must be noted that the sensors use has emhatu  Capability of Vibration Analysis for Vv_ind Turbine
frequency of 50 kHz and is outside the range of AE. Planetary Gearbox evaluation through multibody HSea

simulation.” , International Journal of Modern Emegring
Research (IJIMER) , Vol.2, Issue.3, pp-667-6751SSND224
6645, May-June2012.

[2] Chee Keong Tan and David Mba, “Identification of the
Acoustic Emission source during a comparative stady
diagnosis of a spur gearbox, " Tribology Internatib
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[3] Shuib Husin, D.Mba and R.l. Raja Hamzah, “Viakildaf

the Application of Acoustic Emission (AE) Technojofpr
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Defect Detection, On-Line Condition Monitoring,

Diagnostic and Prognostic Tools”, Proceedings o th

International Multi Conference of Engineers and Cotepu

Scientists 2010 Vol III,IMECS 2010, Hong Kong, 17-19

March 2010.

The relationship between sliding and rolling
friction has been found. It is seen that while théing
friction traction is independent of load the slglifriction
traction is influenced by the lubricant viscositydaload.
Moreover, it is seen that increasing rolling speesllted
in a reduction of friction traction for a fixed ldaand
lubricant viscosity. Following observations seenehis of
relatively constant r.m.s. values at a fixed spesd
temperature irrespective of load, some resembltntiee
phenomena of rolling friction, and elasto hydrodyia
lubrication.

It is observed that the oil viscosity effects on AE
and wear in lubricated sliding contacts. Several
observations were seen including an increase ir.AEs
with decreasing viscosity and increased rotaticpaed,
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