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ABSTRACT

The aim of this research project 1s to explore a new technique, Acoustic Emission (AE).
on both the diagnostic and prognostic capabilities in monitoring gear teeth degradation
(pitting), and compare with the more widely used techniques such as vibration
monitoring and Spectrometric Oi1l Analysis (SOA). Furthermore, by employing the
experimental results and past literature, a model 1n predicting the amount of gear surtace
pitting wear using AE activity level was proposed. The successful formulation ot this
proposed model may be able to predict the remaining life of the gear after pitting has

been detected, thereby allowing timely replacement to be carried out without the risk of

catastrophic failure.

A series of experimental tests which include seeded defect simulations, study on the
effect of operating parameters over AE (under isothermal conditions), AE source
determination tests and accelerated gear fatigue tests have been performed to investigate
the diagnostics and prognostics capabilities of AE via a back-to-back gearbox set up. The
experimental results achieved have highlighted some significant findings: (a) The
variation in rotating speeds, change the AE levels in a much significant amount as
compared to the same variation in applied load. (b) The prime source of AE was
postulated to be asperity contact under rolling and sliding of the meshing gear teeth
surfaces. (¢) AE technique has a far better degradation (pitting) monitoring capability

compared to vibration and SOA techniques.

These findings have made a vast contribution in condition monitoring of gearbox using
AE technique and the proposed model has also offered opportunity to make AL a
potentially viable and effective tool in diagnosis and prognosis of gearbox or even other

rotating machinery defects.
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1

INTRODUCTION

1.1 Background

In the aviation industry, particularly for the helicopter platform, it is important to detect
damage 1n the rotating components before catastrophic failure occurs. especially the

gearboxes. It was reported by Vinall [1] that 22% of the fatal accidents between 1964 and

1979 1n the UK were caused by the malfunction or failure of the gearbox systems. In the
USA, a similar percentage (20.1%) of fatal helicopter accidents was attributed to the
failure of the gearboxes between 1956 and 1986 [2]. This indeed 1s an alarming figure.
Furthermore, the maintenance of helicopter gearbox contributed to 30% of the total
helicopter maintenance costs [3]. Hence, a failure in the gearbox will lead to long
downtime and stoppage of operation, which translates to high maintenance and usage
costs. In addition, the gearbox is the most critical and complicated component on the
helicopter platform, catastrophic failure of which will lead to loss of life and assets.
Hence, it is reasonable to make gearbox the subject of study in this research project.
Among the major sub-components of the gearbox, gear failure had contributed 16% of
the helicopter fatalities and subsequently fatal helicopter accidents [2]. National
Aeronautics and Space Administration (NASA) has realised this fact and tocussed their

researches in detection of gear failure, especially in the surface distress failure modes,

such as pitting and scuffing [4].

Traditionally, gearboxes and other critical rotating components in the helicopter platform
were maintained based on preventive maintenance philosophy due to tlight safety
requirements. This type of maintenance policy entailed scheduled checks, and removal
and repair of the unserviceable item before failure occurs. This approach had resulted 1n
high maintenance costs and under utilisation of component lite. The implementation ot

Helicopter Health and Usage Monitoring Systems (HHUMS) has facilitated the transition

of preventive maintenance philosophy to condition based maintenance philosophy [5, 6].



Condition based maintenance will result in the reduction of maintenance costs which was

evident in Byington’s report [3]. Although the usage of HHUMS could reduce

maintenance costs, the principle of ensuring flight safety must still be enforced. This

enforcement entails accurate detection and timely diagnosis of potential faults via the

usage of current technologies.

The current techniques employed in HHUMS are either onboard the helicopter or oft-

line. These techniques include wear debris and vibration monitoring [3, 6, 7. 8, 9. 10, 11].
The wear debris monitoring technique usually captures wear debris information from the
used o1l, the o1l filter and the magnetic chip detector using various analysis methods such

as Spectrometric O1l Analysis (SOA) and Ferrography Analysis (FA). These analysis

methods were among the first condition monitoring techniques used in the aviation
industry, especially the helicopter platform, to monitor rotating components such as
engine, transmission, drive trains and rotor systems. With the development and viability
of vibration analysis techniques for fault diagnosis and monitoring, it became the only
condition monitoring technique onboard of all helicopters equipped with HHUMS. This
technique achieved the monitoring tasks through the measured vibration level in the
gearbox using accelerometers mounted at various critical locations onboard the aircratt.
The recorded vibration data was further processed into different types of vibration

parameters which will change when gearbox or gear damage develops.

1.2 Helicopter Health and Usage Monitoring Systems (HHUMS)

HHUMS are defined as the application of a set of equipment, techniques and procedures

by which selected incipient failure or degradation of components can be determined. In

general, HHUMS comprise three major elements:

a) Health: Monitoring component condition through vibration analysis techniques.

b) Usage: Monitoring components usage via recording of the flight regimes tlown.



C) Others: Monitoring other aspects of the rotational components such as Rotor-

Irack and Balance (RTB), and recording critical flight data for investigation

purposes such Cockpit Voice Flight Data Recorder (CVFDR) and Flight Data
Recorder (FDR).

In order to support these three elements of HHUMS, several monitoring devices such as
accelerometers, optical sensors, tachometer blade trackers, magnetic chip detectors and
counters have to be installed onboard the helicopter to capture the respective monitoring
data. A typical HHUMS contiguration of the AH-64A aircraft is depicted in figure 1.1.
The recorded data, in this case the vibration signatures of the monitored component could
be downloaded to the computers for further analysis via cartridges, tapes or PCMCIA
cards. The aircraft maintainer analysing the data could follow up with any necessary

maintenance actions if the component condition was found to be unsatistactory.

Main Rotor

LN Tachometer HKain Transmission iearbox :

#1 hose T (3) Tachometer Tail
i/ E.._q_ #4 Eﬂﬂlﬂ N p Intermediale I}ear Box (2)

mnn %\_\- | x.\ \‘L f_,-"! n'arhn}[
lateral S | \‘ | / 11
RTab ,5'_\\—*—-3 . ‘ " ******** ——— _,_L Tach
Vertical ~-.

Fud Hanyer Bearing At Hanuer Beariny

Al the Aircraft Diaunostics usiny PG or
SPORT

Centrali: :d Heel Ana h.ﬂs and Diaynostics

Figure 1.1 Typical HHMUS configurations for AH-64A.



The benefits of HHUMS have been well established and recoenised [35, 9. 10. 12, 13].

These benefits are listed as follows:

(a) Reduction 1n life cycle and maintenance costs

(b) Farly warning of incipient component failure

(¢) Improved safety

(d) Greater aircraft availability

(€) Lower insurance cost

All the abovementioned benefits can only be realised, provided that HHUMS accurately
detect the fault present in the component. Pusey et al [S] highlighted a report by
Chamberlain that 64% (1980-1990) and 79% (1992-1993) of the mechanical faults that
attributed to helicopter mishaps could be prevented by the implementation of HHUMS.
Subsequently, both the US Army and Stewart Hughes Limited have reported that
HHUMS have successfully detected approximately between 60% and 70% of the fault
arisings respectively [4, 14, 15]. Although the performance of HHUMS 1s progressing,
there are still some shortcomings especially in the fields of health monitoring and usage

utilisation.

The following are the drawbacks or shortcomings in current HHUMS, some of which are

key focus of this research project.

(a) The usage of vibration monitoring and SOA techniques do not give an early
detection of defects. Irving et al [6] have pointed out that the failure mechanisms
of gear and bearings within a gearbox usually have no more than 10% to 20% or
even as small as 1% of total life remaining when cracks or pits developed 1n
excess of 1 to 2 mm. This inability to detect gearbox faults earlier has been
demonstrated for both the vibration and SOA techniques. Thus, new technique

needs to be explored so that timely fault detection can be achieved. As Acoustic

Emission (AE) is generated from microscopic processes within materals.



researchers believed that AE will be able to detect the defect well in advance of

the two current established techniques.

(b) The prognostic capability; the ability to reliably and accurately predict the
remaining useful life of an operating component, of current HHUMS is not fullv
realised. Currently, there is no working HHUMS that has prognosis capability.
Prognostic capability not only would provide the prediction of the time to failure
but 1t would also give the operators an opportunity to modify their operations to
extend the component’s life and adjust the maintenance schedule to reduce
downtime and maintenance costs [16]. Prognosis of the helicopter component
could be done 1n two ways: (a) the usage of health monitoring data is unable to
provide damage progression information below the detectability threshold. Hence,
prognosis could only be done through the extrapolation of past trends (b) the other
way of performing prognosis 1s to use usage monitoring techniques. In helicopter
gearboxes, the key input for determining the service life will be the service
torque. Reviewing the service torque spectrums would allow stresses acting on the
sub-components such as gear tooth root, between gear surtaces and bearings, to be
determined. With the known material and fatigue properties of the bearings and

gears, prognosis could be performed through either the safe life or damage

tolerance approaches [4, 17].

(c) Not all of the mechanical damage can be detected using current HHUMS, ftor
instance, corrosion, damage in splines and epicyclics. In addition, due to the
nature of the defect and characteristics of each individual condition monitoring
technique, some failures could be detected by only one monitoring technique but
not others. In general, the vibration monitoring technique 1s good in detecting
fracture modes of failure where minimal wear debris 1s released into the system.
On the other hand, wear debris and SOA monitoring techmques are able to pick
up defects such as pitting, spalling and scuffing where wear debns 1s removed
from the damaged surfaces [9]. These observations have been highlighted as

important lessons learnt in both the Canadian Forces and the US Army [4. 18].



Hence, the possible solution to this problem may require fusion of various
condition monitoring techniques to provide a better fault diagnosis and detection
capability. The industry, operators and academics have attempted to perform the
Integration of these condition monitoring techniques to increase the probability
and accuracy of fault detection [8, 19-22}. They have concluded that combination
of various condition monitoring techniques are highly complementary which

reinforce indications seen in each technique, and have unique strength in

highlighting specific wear conditions.

In view of the shortcomings of the current HHUMS monitoring techniques, it was

proposed that an alternative monitoring technique, AE, to be explored and compared to
the current HHUMS monitoring techniques. Close examination of the AF technique in

the areas of defect detection and prognosis potential would be carried out.

1.3 Project objectives

T'he objectives of the project are as follows:

() Assess the defect detection capability of the AE technique through seeded defect
tests.

(b) Establish a relationship between AE and gear operating parameters such as load,
speed and o1l film thickness.

(c) Identify the possible sources of AE excitation during meshing of gear teeth.

(d)  Compare and quantify the effectiveness of AE 1n relation to SOA and vibration
techniques in detecting and monitoring the natural progression of pitting wear on

a gear set.

(e) Establish the relationship between gear operational life and AE, vibration and

SOA.
() Establish the relationship between AE r.m.s. and the damage status of gear tooth

surfaces.



1.4 Gearboxes

1.4.1 Helicopter gearboxes

The gearboxes or transmissions are deemed as the most critical and complicated rotating
component of a helicopter platform. The gearboxes serve the platform with two
functions. The primary function is to deliver shaft power to the rotor to provide lift and to
transmit the thrust to the hull. The secondary function includes driving the tail rotor
systems and vital services such as hydraulic systems, generators and cooling systems 1n
the helicopter. In general, the six types of gearboxes which are commonly used 1n the

single and multi-rotors helicopters are listed as follows:

. Main Gearbox (MGB) or main transmission

. Intermediate Gearbox (IGB) or 45 degrees gearbox
. Tail Gearbox (TGB) or 90 degrees gearbox

. Noise Gearbox (NGB)

° Combiner Gearbox (C-box)

o Accessary Gearbox (AGB)

Among these gearboxes, the MGB is considered as the most complex and heavily

maintained rotating component in the helicopter. Typically, the MGB consists of the

following major sub-components:

o Gears, includes planetary, spur and helical gears to transmit power

° Bearings to support rotating components such as gears and shafts

. Input and output shatts to convert power from the engine(s) to thrust and lift via
the gearbox

o Pumps to circulate the lubricating oil for the bearings and gears



Filters to capture wear debris from the gearbox and improve the cleanliness of the

lubricating o1l

Chip detector or magnetic plug to capture metallic debris from the gearbox and

provide warning on the degradation status of the gearbox
. Clutch systems to enable the engine to disengage from the gearbox

- Cooling systems to remove heat from the lubricating oil and lower the

temperature of the gearbox

< Sensing and 1ndicating systems to provide information and warning on the

operating conditions of various systems in the gearbox

Figure 1.2 shows a conventional single rotor helicopter which has a main transmission,

45 degree gearbox and 90 degree gearbox and their respective locations in the helicopter.

For further appreciation of the various sub-components and their layouts in the gearbox, a

simple MGB from the OH-58 1s presented in Figure 1.3.
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Figure 1.2 [Mlustration and location of the various types of gearboxes of the UHI1C

helicopter.
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Figure 1.3 [llustration of the gearbox layout and sub-components of an OH-58 MGB.

A helicopter gearbox design is usually based on single load path of failure, i.e. single sub-
component failure will lead to catastrophic failure of the gearbox. Hence, the failure of
the gearbox will not only lead to loss of assets but also the loss of lives. Typical gearbox
detects or failure usually arises from defective sub-components such as bearings, gears,
lubricating systems and shafts [13, 15]. Based on the helicopter accident analysis data
provided by UK CAA [23, table 5], defective or tailed gears were the highest contributor

to gearbox failures that lead to the loss of helicopters.



1.4.2 Gear failure modes

In general, a gear may fail in various modes through different damage processes. In

general, gear tooth failure falls into the following two forms:

¥ Fracture of gear tooth which usually happens at the root of the tooth where a

whole section of the tooth breaks away- tooth root bending fatigue

5 Damage or destruction of the working surfaces of the gear tooth- surface wear and

contact fatigue

A graphical representation of various forms of the two major failure modes was depicted

in figure 1.4.

Gear Failure

Tooth Surface
Fracture Damage

CauscCs

Scoring/ Plastic Wear |
Scuffing Flow

Figure 1.4 Classification of the various gear failure modes summarised from [24].

In general, tooth bending fatigue failure usually starts from small stress raisers such as an
inclusion or cavity at or near the root of the tooth. The crack propagates from the initial

defect site progressively until partial tooth failure or loss of the whole tooth occurs. Other

causes of tooth fracture can be attributed to overload or impact. However, 1f the gear
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teeth are supported by a very thin rim and web, the bending stress over the rim and web
become very significant. The initial crack will propagate from the root section through

the web and rim of the gear. This type of failure frequently causes catastrophic damage to

the gearbox.

Surface damage of the gear tooth usually occurs on the working tooth surfaces and is
classitied into wear, plastic flow, scoring/scuffing and pitting. Since pitting is the main
Interest 1n this research, the former three types of surface damage will only be briefly
summarised 1n this section and their detailed descriptions can be found in [24]. Wear
usually occurs when there 1s 1nadequate lubricant film between the two meshing surfaces
to prevent metal-to-metal contact. Other factors that may lead to wear of the gear tooth
are abrasive particles in the lubricant and presence of corrosion within the gearbox.
Plastic flow usually occurs under a combination of extreme load and sliding speed
conditions. These conditions cause the gear tooth surface material to flow plastically
which, with progression 1n time, leads to catastrophic failure. Cold and hot flows, ndging
and rippling are some examples of plastic flow in gears. Scuffing or scoring 1s a thermal
phenomenon which occurs when the lubricating film breaks down to allow metal to metal
contact of the gear teeth. This gives a local welding followed by tearing of the surfaces

when the welds are sheared.

The last category of gear tooth surface damage is pitting. Pitting can present itself in
various degrees of severity; micro-pitting and spalling. Although both micro-pitting and
pitting show similar features microscopically, micro-pitting is usually differentiated from
pitting by shallower pits in the affected zone [25, 26]. In most of the literature, spalling
and pitting are used interchangeably but with different degrees of severity assigned to
them. Ding and Rieger [27] defined pitting as the formation of shallow craters ot depth
less than 10 um which originate from surface defects; while spalling 1s formed by deeper
cavities of typical depth between 20 and 100 um that are developed from sub-surtface

defects. Ding and Rieger went further to attempt to differentiate the formation ot spalling

from pitting; the detailed investigation is described 1n [27].
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Pitting occurs when two meshing gear teeth come into contact under load. This contact
can be either along a line, point or small circular/elliptical areas. Due to the small contact
area, high shear stresses can build up at or near the surface. Usually the maximum shear
stress occurs at some distance below the surface. Pitting in gear teeth usually develops in
three areas; (a) along the pitch-line where pure rolling stress 1s experienced, (b)
addendum and (c) dedendum where both rolling and sliding stress are present. When the
velocities of the two contacting curved surfaces are the same, pure rolling conditions
prevail. The stress distribution resulting from this condition usually established at the
pitch-line as shown in figure 1.5. The maximum shear stress occurs at some distance
underneath the surface just at the front of the contact point. Cracking will start at this
point where the maximum shear stress is located and propagate parallel to the surface.

The continuing rolling action and the hydrodynamic pressures from the lubricant will

force the crack to deviate upwards to the surface and material is removed to form pit. The

formation of the rolling contact fatigue pits does not come with surface plastic

deformation.

When there 1s a velocity difference between two contacting curved surfaces, such as the
gear teeth, a sliding/rolling condition prevails. With the introduction of a sliding element,
there are some modifications to the stress distribution of the contacting surface. These
modifications are shown 1n figure 1.5. The effect of the sliding element 1s to move the
maximum shear stress nearer to the surface with a higher shear stress level compared to
the pure rolling condition. Gear teeth contact each other with a complex combination ot
sliding and rolling that vary along the gear tooth involute profile. At the addendum,
positive sliding occurs where both rolling and sliding are in the same direction. At the
dedendum where rolling and sliding are in the different directions, a negative shiding
condition prevails. Figure 1.6 illustrates the direction of sliding and rolling along the
meshing gear teeth involute profile. It is most likely that contact fatigue and pitting will
be initiated from the dedendum [28, 29]. In contrast to rolling contact fatigue, the sliding-
rolling contact fatigue present in the dedendum causes plastic deformation on the gear
tooth surfaces. Under real situations, pitting usually occurs first at (a) the dedendum of

the smaller gear (usually the pinion) since it undergoes more stress cycles (provided the

12



two meshing gears are of the same material and hardness) (b) the lowest point of single

tooth contact where it takes the full load together with the high sliding speed.

s ™ Combined rolling
V_ //}"" and shiding
y
!."
| f
a’
.f
/
I‘ /
/
Figure 1.5 Stress distributions at and near two contacting surfaces under pure rolling

conditions and sliding-rolling conditions [28].

13



' = e e ‘* ]
l I
! |
] - - i .
— I | B
T . _I*_ I ) - _
Ir .h‘"\. I---' -, ' ‘-“___’____:_.
I ) \ ti It S U S - - W- o
l * II 1 - -
I‘\ 1 .l'l' -
! -\ .‘. |
* ' |
~ ' _
i N )
No e /
e !
Y x
N A /
! , \ \” \\ "-.\ \ )
i p) . b . ™
| "-' "~ g '-1‘. g ‘f
d PRl « \;}‘ - . :,*'l
I B — “ N l._~..,l I{ 4
t . N -
\ . §ORUL S
v L7 - LN e
..l""df ;,/ i R -
s e
7 Y .
4 4 +‘| f-"'r'
e ", v ..
. \ Novmg gear
‘ S \ .
rd r
¢ .
H.l
| R nningaf:nn R - rollu.l.g
/ c8! Tact S « sladunyg
)
7
i’. 3
S | /
PRt Driven geag :
- N . .- '
; t
’ - | , R
= “'I‘.a""“Ir F .'Il ‘.:. ' ll
- e . H ’ ‘l
o = = - - L] m- -l i'J II I‘ x 'I l
- o- ol .J' i 1 1 I
‘-n._-'h.__ -~ r-r + |I II ' II II . _
. e ' ' \ k i ) _ I
. T — o N p " ] l g |
- f——— L ) _t' . -
- ;"’ a— - - o I - '.
7 e | |
’ \ I." |'
. . ]
l' " 1
¢ b ,
| A .
1 b

End of contlncl

Figure 1.6 Combination of sliding and rolling in gear teeth [28].
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1.4.3 Elastohydrodynamic Lubrication (EHL)

In critical and highly stressed rotating machine elements such as bearings and gears.
Elastohydrodynamic Lubrication (EHL) is the dominant mode of lubrication for meshing
surfaces. Indeed, it was the gear lubrication problem that led to the studies and
development of knowledge of EHL. The operating experiences accumulated in gearbox
operation suggested that severe metal-to-metal contact was not actually happening even

in highly loaded gears if appropriate lubrication was provided. This observation pointed

toward the fact that the meshing gear teeth surfaces were separated by the protective oil

film between them. Dowson has provided a comprehensive and detailed review of the

history, development and future of EHL throughout the 20" century [30, 31].

In the early 20" century, calculated value for the minimum oil film thickness for the
lubrication of gear teeth was based on hydrodynamic lubrication theory. However, the
predicted film thickness based on this analysis methodology was much smaller than the
surface roughness of the gear tooth surfaces. This revealed the inadequacy of
hydrodynamic lubrication theory to explain gear lubrication. In the mid 20" century,
researchers realised that additional factors, such as lubricant viscosity and local elastic
detormation, have to be included into the analysis. This major conceptual breakthrough
resulted in the derivation of various empirical dimensionless minimum oil film thickness
equations detailed in [30, 31]. In all these equations, it was clearly evident that the
minimum oil film thickness was strongly influenced by the speed of rotation and material
parameters. Furthermore, since the range of material parameters is very small in practice,
at any rate for metallic contacts [32]; the speed parameter became the most dominant
factor in determining the oil film thickness. Although an increase in the load parameter
has negligible effect on the minimum oil film thickness, it actually increases the size of
the effective loading carrying region, and thus the load bearing capacity. The minimum
o1l film thickness behaviours observed thus far were applicable to both line and point

contacts, as the nominal point contact oil film thickness was modified and estimated from

the line contact ones.
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The typical features of an EHL line contact in terms of pressure distribution are shown 1n
figure 1.7. For the requirement of continuity mass flow of the lubricating film within the
two meshing surfaces, the product of the density and film thickness of the lubricant has to
be constant. Hence, an almost constant film thickness occupies most of the central region
of the Hertzian contact zones. At the exit end, the film pressure will have to return to
ambient condition when the fluid film exits the meshing surfaces. As this pressure
quickly reduces to atmospheric pressure, a restriction or choke point will occur (see
figure 1.7). In order to maintain the continuity of mass flow of the film. the mass flow at
the entraining end has to increase. Coupling this phenomenon and the geometrical form, a
secondary pressure peak arises at the exit end. This feature characterises EHL. The
magnitude of the secondary pressure peak always far exceeds the maximum Hertzian
pressure. It is also at this exit end where the minimum film thickness 1s located. This

minimum film thickness is usually 80% of the central film thickness.
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Figure 1.7 Pressure distributions in an EHL line contact and the constriction at the

exit end [33].
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Dowson and Higginson [32] provide detailed graphical plots to illustrate the changes in
the secondary pressure peak with changing load and speed. For compressible lubricant.
an 1ncrease 1n load has very little effect on the magnitude of the secondary pressure peak
as compared to a change in the material and speed parameters. Between the material and
speed parameters, the speed parameter turns out to be the more dominant factor in
determining the secondary pressure peak behaviour. When the speed parameter increases.

not only does the amplitude of the secondary pressure peak increase but the secondary
pressure peak also moves towards the inlet or entraining end. If the speed is high enough,
the secondary pressure peak can occur at the inlet end. With the inclusion of lubricant
compressibility, this behaviour remains largely the same in general. However, additional

factors such as lubricant compressibility and magnitude of the pressure must be

considered in determining the film thickness and the pressure distribution.

[t is important to recognise that the analysis of EHL detailed above was done without the
consideration of surface roughness. For very highly stressed machine elements, such as
gears and bearings, surface roughness is of the order of the film thickness. In such cases,
asperity contacts between the meshing surfaces are unavoidable, although the lubricant
film actually separates the two meshing surfaces. In determining the pitting life ot such

machine elements, the degree of asperity contact taking place in the lubricated zone

becomes a major consideration.

1.4.4 Gear life

Currently, there is no official standard from the International Standards Organisation
(ISO) and British Standards (BS) to determine the predicted remaining life of gears under
defective conditions such as scoring, pitting and tooth bending fatigue. However. the

ISO, BS and American Gear Manufacturing Association (AMGA) do provide methods

and standards for users to calculate the limiting stresses distribution between detect
occurrence and remaining life. In the context of this thesis, only those standards

involving pitting will be mentioned. The following standards provide various

17



methodologies for gear designers to determine the permissible contact stress in a pair of

involute spur gears.

. B5436: Part 3: 1986:- Method for calculation of contact and root bending stress

limitations for metallic involute gears [34]
. ISO 6336-02:- Calculation of surface durability (pitting) [35]
o ANSI/AGMA 2101-C95:- Fundamental rating factors and calculation methods for

involute spur and helical gear teeth [36]

Common to these three standards are the approaches that the maximum surface contact
stress should be limited to a value less than the surface endurance limit of the gear
material. As long as this requirement 1s met, no pitting should occur during the gear
operational life. Although does not necessarily hold true for practical world, 1t provides
sufficient awareness to the designer as well as the user that pitting can occur beyond the
design life eventually. In general, the ISO and BS standards present this limit in terms of
contact stress wherecas AGMA expresses the pitting resistance in terms of power and
torque. For illustration purposes, only the BS contact stress calculation will be briefly

mentioned in this section. The details of the other methodologies can be found elsewhere

53, 36].

The British Gear Association (BGA) has developed a complex program to calculate the
load capacity of gear in term of contact stress based on BS436 part 3 [34]. This program
will be employed for this investigation to ascertain whether pitting will occur for the
accelerated gear fatigue tests. The permissible and actual contact stresses can be
calculated based on equations (1) and (2) of BS436 part 3 respectively. In these
equations, effects such as material and processing, tooth profile, contact ratio, lubricant
etc present themselves as correction factors in determining the contact stresses. The eftect
and computation of each correction factor is illustrated in [34]. Similar approach 1s

employed in ISO 6336-02 and ANSVAGMA 2101-C95, differing only in the details of

the correction factors.
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National Aeronautics and Space Administration (NASA) Lewis Research Centre adopted

a different approach in predicting gear tooth life from the standards mentioned above. In
the mid-1970s, Coy et al [37, 38] developed and formulated a model for surface fati ague

life of low-contact ratio spur gears. This surface fatigue life model was based on the

Lunberg-Palmgren theory that is commonly applied to bearing life prediction. In addition
to Lunberg-Palmgren theory, Weibull analysis was also employed to allow this model to
predict the expected fatigue life (with 90% probability of survival) of a single gear tooth,
gear and gear set. Furthermore, Coy and co-workers derived an expression to determine
the dynamic capacities of gear tooth, gear and gear set. This dynamic capacity is defined
as the transmitted tangential load that gives a 90% probability of survival of the gear set
for one million pinion revolutions. In the late 1970s, Townsend et al [39] conducted life
tests for three different loads on three groups of AISI 9310 steel spur gears. The
objectives of these tests were to experimentally determine the load-life relations of the
tested gears and to improve on the life prediction model detailed in [37, 38]. The gear
surface fatigue life was found to be inversely proportional to the applied load to the
power 4.3 at Lo life as compared to 1.5 and 1in between 8.5 to 9.5 used 1n [37] and [36]
respectively. Furthermore, the Weibull slope was observed to increase with load varying
linearly with contact stress. The average value for the Weibull slope was 2.5, which was
0.5 lower than [37]. For the subsequent 10 years, as different gear materials, methods of
manufacturing and lubricants evolved, Coy and co-workers [40] updated the surface
fatigue life prediction model for spur gears and relate this model to the experimental
results from the various NASA tests. Since this update, this surface life prediction model

has been used widely by NASA researchers and documented as in the NASA retference

publication for gearing [41].
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2 LITERATURE REVIEW

2.1 Acoustic Emission (AE)

AE, typically between 25 kHz and 1 MHz, 1s defined as transient elastic waves generated
due to the rapid release of energy from localised sources in a material. There are a large
variety of source mechanisms which give rise to these AE activities. Among these AE
source mechanisms are crack initiation and propagation, plastic deformation, friction

(asperity contacts), fluid cavitations and turbulence.
There are three types of AE wavetorms:

(a) Burst type waveform which characterised by short rise time and an exponential

decay (See figure 2.1(a)).
(b) Continuous type waveform (See figure 2.1 (b)).

(¢) Mixed type waveform in which a burst type waveform is superimposed on a

background of continuous type waveform as shown in figure 2.1 (c).
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a) Burst type

h) Continuous

¢) Mixed mode

Figure 2.1 [llustration of different types of AE waveforms [42].

AE was originally developed as a method of Non-Destructive Testing (NDT) where it
was readily applied on structural components. In the late 1960’s [42], this technique was
further explored in the field of condition monitoring of rotating machinery. The

advantages of this technique that motivates its application and development are:

e As AE is non-directional, one AE sensor is sufficient to collect the monitoring
data compared to other condition monitoring techniques such as vibration
monitoring which requires three accelerometers for the principle axes or an
expensive tri-axial accelerometer.

8 As AE only detects high frequency elastic waves, it 1s thus insensitive to
structural resonances and typical mechanical background noises (Typically less
than 20 kHz).

. Since AE is produced at microscopic level of the material, it 1s highly sensitive

and offers opportunities for identifying defects at an earlier stage.
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However, there are disadvantages of this technique that need to be carefully considered

during application.

° The application of the AE technique may be hindered by the attenuation of the
signal during propagation and as such the AE sensor has to be as close to its

source as possible. This limitation may pose a practical constraint when applying

this technique to certain rotating machinery.

. High background noises may lead to difficulties in data collection and
interpretation.
. Difficulties in determining the AE source mechanisms when more than one co-

ex1sts simultaneously.

2.1.1 Brief history of AE

Dated back 1n 6500 BC, AE activity was used by potters as an assessment tool to evaluate
the quality of their products. AE could provide an accurate indication on whether the
ceramics pots were defective or failed structurally. The earliest application of AE was in
metal working, termed as “tin cry”. The first documentation of this observation was made
in the eighth century by Jabir ibn Hayyan. Subsequent observations and experimental

work on AE have been detailed in many standard texts, for instance [43].

These earlier observations and experimental work were not further investigated until
1945 to 1950, when Josef Kaiser performed his investigations on the AE phenomenon.
The most significant discovery in the AE field was the irreversible AE phenomenon that
now bears his name, the ‘Kaiser effect’. The ‘Kaiser effect’ is defined by Holroyd [42] as
‘Material does not start to re-emit AE activity until the applied stress exceeds that which
it has previously experienced’. In Kaiser’s Doctorate thesis, he also suggested a
distinction between burst and continuous type AE waveforms. He further concluded that
AE was emitted from (a) frictional rubbing of grains against each other in polycrystalline

materials and (b) inter-granular fracture. The contribution of Kaiser’s work in AL

22



Investigation and development were presented in the papers by Drouillard [43]. Henning
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