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ABSTRACT

Health condition monitoring, commonly referred as Integrated Vehicle Health
Management (IVHM) for fleets or vehicles, studies the current and future health
state of a system. Health monitoring techniques based on data driven approaches
have proven successful in several areas and are easily scalable; however they
do not rely on the understating of the physics of failure; whereas Physics-based
Model (PbM) approaches require expert knowledge of the failure modes and are
based on the understanding of the component behaviour and degradation
mechanisms. The development of IVHM is particularly challenging for legacy

aircraft due to the restrictive regulations of the aerospace industry.

This thesis proposes a novel PbM technique to detect metal-metal contact in
hydrodynamic bearings. The planetary transmission of an aircraft’s Integrated
Drive Generator (IDG) is used as a case study. Research on the detection of
metal-metal contact in hydrodynamic bearings has focused on data driven
approaches using vibration or acoustic emissions rather than on PbMs. The
proposed technique estimates metal-metal contact by modelling the physical
phenomena involved in the failure mechanism and only the speed, load and
temperature are required as inputs, all of them available in the IDG and not

requiring any additional sensors.

The study of metal-metal in hydrodynamic bearings in the field of tribology has
focused on mixed lubrication models of the whole bearing, or computational
models accounting for local effect under the hydrodynamic lubrication region. In
addition to the IVHM technique, this thesis contributes to the field of tribology by
proposing a computational mixed lubrication model capable of studying metal-
metal contact locally along the lubricated surface of the bearing. Experimental
results of a plain journal bearing have been used to validate the PbM and a replica
of the transmission of the IDG has been tested to evaluate the effectiveness of

the proposed technigue at detecting metal-metal contact.
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1 Introduction

The study of the health of a system, commonly referred as health condition
monitoring, is a broad area of research where different disciplines are required.
Specific engineering disciplines may be required to understand the behaviour of
the system. Data analysis is also required to extract the health information from
the data generated by the system. In addition, maintenance, logistics and cost
analysis knowledge are required to obtain the maximum benefit of health

condition monitoring and create a business case.

Additional challenges appear when the system is a vehicle or fleet of vehicles,
commonly referred as Integrated Vehicle Health Management (IVHM). The
sensors should be integrated in the vehicle. In the aerospace sector the
integration of IVHM systems in legacy aircraft is an additional challenge.
Significant modifications of the design require certification processes that may be
slow and offset the benefit of using IVHM. Thus, minimizing changes in the design
by avoiding the addition of new hardware or sensors is an important aspect to

maximize the benefits of IVHM.

The health assessment can be divided in diagnostics and prognostics.
Diagnostics consists in the detection, localization and isolation of a failure.
Prognostics consist in the detection of the degradation of a system before total

failure occurs and may include the estimation of the Remaining Useful Life (RUL).



The health assessment, diagnostics and prognostics, can be conducted through
Data Driven Model (DDM) or Physics-based Model (PbM) approaches. DDMs
apply algorithms that do not require an understanding of the physics of the system
to assess its health state. The health assessment is obtained by looking at
statistical parameters or applying more complex machine learning techniques
into historical data. Whereas PbMs represent the system under healthy and faulty
conditions through physical principles by modelling its behaviour and degradation

mechanisms.

This project proposes a novel health condition monitoring technique based on
PbMs to detect metal-metal contact in the hydrodynamic bearing of the planetary
transmission of an aircraft system, the Integrated Drive Generator (IDG) without
any additional sensor. In addition, the proposed PbM is contribution to the field of
tribology. The PbM evaluates metal-metal contact effects locally along the

lubricated surface instead of considering a whole bearing.

In the following sections of chapter 1 the background of the project is introduced
along with a personal statement that includes the list of publications related to
this thesis. Chapter 2 will introduce the relevant literature. Chapter 3 describes
the research objectives based on the findings from the literature and defines the
contributions of the project. Chapter 4 provides a comprehensive description of
the PbM. Chapter 5 describes the application of the PbM, presented in chapter
4, for health condition monitoring of the IDG’s planetary transmission
hydrodynamic bearing. Chapter 6 describes the test rigs and experimental set-
ups required to validate the predictions of metal-metal contact. Chapter 7
compares metal-metal contact between the experiments and the PbM along with
additional experimental and PbM results. The results and relevance of each
contribution are discussed in chapter 8 and the key conclusions are summarized
in chapter 9. Finally, the next steps forward are proposed in chapter 10.

1.1 Background

The work presented in this thesis is part of an European project, RepAIR, which

aims to reduce the maintenance cost of aerospace industry through the use of



IVHM and new repair technologies, in particular Additive Manufacturing for

metals.

In order to explore novel IVHM techniques a real case study of an airplane is
used. The case study consist in the hydrodynamic bearings of a planetary

transmission, which is part of an Integrated Drive Generator (IDG).

This section presents the necessary background to define the research problem
definition. First, the function of the transmission is described (see 1.1.1),
secondly, the failures mode that requires a novel IVHM technique is presented
(see 1.1.2) and finally the requirements of an alternative IVHM solution are
provided (see 1.1.3).

1.1.1 IDG description

The IDG extracts mechanical power from the jet engine and transforms it into
electricity to feed all the elements of the electrical system. The IDG produces
electrical power that are distributed using a 3 phase A.C. circuit with a constant

frequency.

To ensure the speed of the electric generator remains constant, IDGs rely in the
use of a constant speed drive; which are a combination of a planetary
transmission with a hydraulic pump unit that modifies the gear ratio of the

transmission; thus, regulating the output speed that goes to the generator.

Some aircraft use two separate units: an independent constant speed drive, and
a generator. However, most modern aircraft use IDGs for simplicity and weight

saving (see Figure 1).



Figure 1 IDG - Source: www.megakeep.com

Several mechanical failures sustained by IDGs are caused by the constant speed
drive, specifically, by their planetary transmissions (see Figure 2). In addition, it
iIs common practise to consider the IDG as a line replaceable unit by the
Maintenance, Repair and Overhaul (MRO) organization responsible of the
maintenance of the aircraft. Thus, any failure leads to the replacement of the

complete IDG.

Figure 2 Open IDG showing the constant speed drive. The planetary transmission sits

on the front with twin hydraulic units on each side and control cylinder in the middle.



A faulty line replaceable unit is replaced for a healthy one without disassembling
its subcomponents when the aircraft is on the ground. The plane continues its
missions and the availability of the aircraft is only affected by the time required to
install a healthy line replaceable unit and replace the faulty one. The faulty line
replaceable unit is sent to the specialized workshop where it will be tested,
disassembled, repaired and tested again before it is installed in another airplane.

The transmissions controls the output speed through the hydraulic pump unit (see
Figure 2) by modifying the gear ratio of the transmission. Typically a planetary
transmissions consists in: carrier shaft, planetary gears and two crown gears. In
order to transmit the power one of these elements must be fixed (zero speed);
however, in the constant speed drive all these components are rotating. Instead,
one of the crown gears is connected to the hydraulic pump unit; which imposes
the crown gear rotating speed in one direction or the other (see Figure 3), and by
doing so, the gear ratio can be regulated and power transmitted through the

transmission even if none of its elements is at zero speed



Hydraulic pump unit

Planetary

gears @

Variable Output
Crown

[}
Input
, gear

Planetary transmisison

Figure 3 Planetary transmission diagram

1.1.2 Failure mode

Most critical failure modes of the IDG are due to electrical faults in the generator
or due to mechanical degradation of the rotating components of the planetary

transmission caused by fatigue, inadequate lubrication or excessive friction.

The input shaft that is attached to the turbine can be disconnected if total failure
occurs in the IDG; thus, effectively disconnecting the IDG and not providing
electrical power to the aircraft. The shaft can only be reconnected on the ground,
and not during flight. However, typically there are redundant IDGs in the aircraft:
one for each turbine and another one in the auxiliary power unit. The
disconnection of one of the IDGs does not compromise the safety of the aircraft
but it lead to the activation of the auxiliary power unit or the disconnection of non-

critical electrical systems in the aircraft.



In order to avoid disruptions in the operation of the aircraft and the subsequent
maintenance costs of replacing and inspecting non-faulty IDGs, minimizing the
number of false alarms is critical. Having the capability to pinpoint the cause of
the failure of an IDG can result in reduced time in the maintenance shop floor and

savings in labour cost.

Fatigue related failures, e.g. pitting in the planetary gears, are caused by
continuous degradation and most IDGs are replaced before a critical failure
occurs. However, a critical failure, consisting in metal-metal contact in the
hydrodynamic bearings of the planetary transmission, is not caused by constant
degradation and IVHM capabilities could lead to increased availability of the

aircraft and reduced maintenance costs.

In its current configuration this failure can only be detected through an increased
oil temperature at the sump. However, the failure is only detected when total
failure has occurred and the journal and planetary gear are stalled; thus causing

severe damage in the adjacent components as well (see Figure 4).

Figure 4 Example of damage of adjacent components (left: planetary gear @=37mm,
centre: carrier shaft @ =94mm and bearing shaft @ =24mm, left: carrier shaft 2
@=94mm)

It should be noted that the same oil is used for the lubrication of the transmission
and for powering the hydraulic pump unit that regulates the speed of the IDG.
The hydraulic pump unit requires a significant amount of lubricant when activated;
therefore, excessive friction in the transmission only increases the temperature

of a small portion of lubricant; whereas the heat produced in the hydraulic pump



can significantly increase the temperature of the oil that will be used for

lubrication.

1.1.3 IVHM solution requirements

The current system has proven ineffective in the detection of metal-metal contact
in the hydrodynamic bearings of the IDG. The current system only relies on the
lubricant temperature at the sump; however, this temperature is affected by the
hydraulic unit and the failure is only detected after total failure has occurred with

the subsequent damage of adjacent parts.

An alternative IVHM system must be able to detect or predict metal-metal contact
in the early stages to avoid total failure and the subsequent damage of other
components of the transmission. Thus, the IVHM tool would minimize the
maintenance cost by reducing the testing and inspection times, and avoiding
secondary damage to adjacent parts. In addition, the availability of the aircraft
can be increased if total failure is avoided due to the IVHM system, e.q. if the pilot
can actuate and avoid further damage. However, it should be noted that if the
false alarms rate is too high, the additional cost may offset the benefits previously

mentioned.

Certification costs can also offset any benefit if the design is modified and a
certification process is required. Therefore, avoiding any modification of the IDG
design is critical. If possible, the sensors and parameters already available in the

IDG must be used, avoiding the installation of any additional sensor.

The IDG in the current configuration measures: sump temperature, rotating
speed, oil pressure, and electrical parameters from the generator; thus, output
torque can be obtained from the generator as well. It should be noted that

information about input torque is not available, nor is vibration data.



1.2 Proposed solution

The proposed solution and main contributions of this thesis are described in detail
in chapter 3, based on the gaps in the knowledge identified in chapter 2. This
section only aims to provide a brief introduction of the content and contributions

of the thesis.

In order to detect metal-metal contact in the hydrodynamic bearing of the IDG’s
planetary transmission a novel Physics-based Model approach that does not
require additional sensors has been developed (chapters 4, 5). The model is
compared to experimental results of a replica of the planetary transmission and

a plain journal bearing (chapters 6, 7).

Metal-metal contact is estimated by a computational mixed lubrication model
capable of representing the hydrodynamic, solid mechanics, and asperity contact
phenomena locally along the lubricated surface; as opposed to previous mixed
lubrication models that evaluate metal-metal contact globally in the whole

hydrodynamic bearing.
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2 Literature Review

The aim of this chapter is to put together all the relevant literature to develop a
novel health condition monitoring technique to detect metal-metal contact in the
hydrodynamic bearing of the planetary transmission. Thus, providing an
understanding of the current state-of-the-art and a identifying the relevant gaps
in the knowledge. Part of this literature review is based on the published review
paper “A review of physics-based models in prognostics: Application to gears and

bearings of rotating machinery” [1] included in the appendix A.

First, the concept of health condition monitoring and IVHM in particular are
reviewed along with the research on hydrodynamic bearings’ diagnostics and

prognostics (see 2.1).

Health condition monitoring can be based on DDM or PbM techniques. Whereas
research in DDM approaches is extensive, PbMs applied to IVHM are more
limited, as shown in subsection 2.1, this is particularly true for hydrodynamic
bearings. Therefore, the state-of-the-art of PbMs for the diagnostics and
prognostics of gears, rolling bearings, and hydrodynamic bearings is introduced
in subsection 2.2. The research on IVHM for hydrodynamic bearings is limited
compared to rolling bearings or gears, but their failure modes and degradation
mechanisms have many aspects in common, which is the reason of extending

the scope of the literature review.

Models capable of representing the hydrodynamic phenomena, under fully
flooded and mixed lubrication, when metal-metal contact occurs, has been
studied in the field of tribology. These models can potentially be used by health
condition monitoring techniques to detect metal-metal contact. The state-of-the-
art of PbMs capable of representing metal-metal contact in hydrodynamic

bearings is reviewed in detail in subsection 2.3.
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2.1 Health Condition Monitoring

The review of health condition monitoring introduces the main potential benefits
and challenges normally encountered, the diagnostics and prognostics
techniques and finally focuses on the research in hydrodynamic bearings.

2.1.1 Benefits and challenges

Prognostics and Health Management (PHM) refers to the capability to assess the
current (diagnostics) and future (prognostics) health state of a system; which can
be a machine, a process or a vehicle. As a result the maintenance plan can be
optimized depending on the current health status of the system, called predictive
maintenance or Condition-Based Maintenance (CBM), instead of relying on
historical data and life estimation calculations (preventive maintenance) or

reacting only when a failure occurs (reactive maintenance) [2].

IVHM refers to the capability to assess the current and future health state of a
vehicle, integrating the whole picture in a framework that also takes into account
the available resources and operational demand of the whole fleet [3]; therefore,
the role of IVHM is to provide the required inputs to determine the optimal
maintenance operations depending on the actual health status of the system. It
should be noted that the term IVHM refers to vehicles and therefore the
transmission of data between vehicle and ground or the implementation of
sensors in the vehicle are also covered by IVHM. The IVHM architecture and data

flow is illustrated in Figure 5.

Signal Processing

Data Acquisition | Raw _ | Post- Feature
signals processing extraction

Sensors Features

Assessment
Operational actions

e RUL ! . .
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Figure 5 Architecture of an IVHM system
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The examples of a vehicle that implements a complete IVHM system are limited.
One of the best examples of IVHM in an aircraft is called Health and Usage
Monitoring System (HUMS) that came into service in 1991, included in many
helicopters nowadays. The functions and capabilities of HUMS are described by
Land [4], showing that it is economically effective; however, a better
understanding of how the aircraft will be used by the operator is needed along

with full cooperation with the design authority.

The main benefits of a CBM strategy for diagnostics are the cost and time
reduction due to fault localization and isolation capabilities as less testing and
inspection are required. For prognostics, secondary damage can be avoided if
the failure is detected in the early stages and a higher availability of the vehicle
can be obtained if the failure is prevented due to the IVHM prediction. In addition,
a planned maintenance operation can take place when the vehicle arrives with
the subsequent benefits in terms of cost reduction and improved availability
mentioned above if the RUL is estimated and the prognostics window is long
enough to allow for a remedial action [3], [5].

Additional benefits include the reduced mean maintenance time due to fault
localization, the reduced disruption and the increased safety due to the reduction
of unexpected failures [6], [7]. However, these benefits must overcome the

additional cost of the technology required to implement CBM.

All these benefits cannot be accomplished without overcoming the challenges of
implementing the technology. The main challenges are related to the cultural
change, the prediction of the health of the system and the management of the
data. One of the most important threads to these new systems is the resistance
to the necessary change of the organizational culture to address the barriers of
IVHM [6], [8]. Baroth et al. [7] identify the cultural shift from conservative
preventive and corrective maintenance strategies towards pro-active strategies
based on the data provided by IVHM systems as the key aspect that provokes

resistance in the organizations.
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An additional problem is the extra cost due to false alarms, i.e. detecting non-
existent failures. An increment of the value of the thresholds would reduce the
false alarm rate but may also increase the number of undetected failures.
Bechhoefer and Bernhard [9] have developed a methodology for minimizing false
alarms affected by variations in the operational conditions and Dempsey et al.
[10] have analysed the rate of false positives of an aircraft's gearbox and
developed a methodology to define a threshold that minimizes the number of
them while maintaining sensitivity to the failure. The optimization of the health

indicator thresholds is out of the scope of this thesis.

The implementation of the sensors in the system or vehicle also has to be
considered. The optimal selection of sensors is crucial to minimized extra weight
and data stored and processed. Niculita et al. [11] showed how the optimal set is
selected taking into account number of sensors, cost, weight, reliability and
coverage from experimental data from multiple sensors using an unmanned

aerial vehicle fuel rig as a case study.

If extra sensors are required, their implementation and their connection to a
power supply in a vehicle can be problematic from an engineering point of view,
but also due to regulations, which is especially evident in legacy aircrafts because
the design cannot be modified without the certification authority approval, as
shown by Esperon-Miguez[12].

2.1.2 Diagnostics and prognostics techniques

The information generated by a PHM system can be divided into diagnostics and
prognostics: diagnostics includes anomaly detection, fault isolation, fault
classification and its uncertainty [13]; while prognostics includes the estimation of
the RUL, the uncertainty of the prediction and incipient fault detection. In addition,
diagnostics and prognostics knowledge can be used for future improvements of
the design [14], [15].
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In order to evaluate the health of a system the various techniques are commonly
categorized into Data-Driven Models (DDMs), Physics-based Models (PbMs) and
hybrid models [16]-[18]. DDMs are based on statistical and machine learning
techniques and do not rely on the knowledge of the physics that govern the
system or its degradation mechanisms [17]: these techniques have proven
successful for fault detection [19], classification [20] and RUL estimation [21].
PbMs consist in the use of mathematical models that describe the physics of the
component to assess its current and future health, the performance of PbMs
depends on the capability of the models to accurately represent the failure and
degradation phenomena. Hybrid models refer to the integration of different
models, either by using various approaches depending on the task, for instance
a DDM for diagnostics and a PbM for prognostics [22]-[26]; or a combination of
several models that represent the same phenomena to obtain a more robust

health assessment, so called ensemble models [27], [28].

The main advantages of machine-learning techniques are their potential to be
used in several systems as knowledge of the physics of the system is not
required; thus, being easily scalable to different systems. However, machine-
learning technigues have problems like risk of over fitting [24] and the necessity
of large training data sets compared to PbM approaches [17]. Additionally, the
synergies between PbMs and models used during the design phase make them
particularly suitable when the health condition monitoring system is being
developed during the design phase [18]. It should be noted that PbM approaches
are system specific; thus, not easily scalable and it can be challenging to obtain

measurable indicators directly related to the outputs of the PbM [13].
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Reviews covering the state of the art of health condition monitoring for rotating
machinery have already been published focusing on the methodologies and
algorithms of PHM in rotating machinery [17], [29], and specific techniques like
the empirical mode decomposition for fault diagnosis [30] or vibration analysis
[31]. As shown in Table 1, research focuses on DDM techniques for condition
health monitoring of rotating machinery rather than PbM. This is more significant
due to the fact that PbMs are system and failure mode specific; thus, different

PbM are required for each system or degradation mechanism.

Table 1 Comparison of literature in DDM and PbMs for rotating machinery in
diagnostics and prognostics based review papers from Jardin et al. [29] and Heng et al.
[16]

Diagnostics [29] Prognostics [16]

DDMs PBMs DDMs PBMs

26 11 16 10

2.1.3 Hydrodynamic bearings

Most of the research in health condition monitoring of rotating machinery refers
to gears and rolling bearings. In comparison, the literature in hydrodynamic
bearings is limited. This section introduces the common failure modes of
hydrodynamic bearings and the health condition monitoring techniques that can
be applicable to them.

The main function of hydrodynamic bearings and rolling bearings is identical: to
provide low friction in the sliding direction and to transmit the radial and axial
loads, in addition, they can be used for heat dissipation. The main difference is
the type of contact, hydrodynamic bearings consist in two surfaces that slide
without any intermediate component, whereas rolling bearings include rotating
elements in between. The most typical failure modes of hydrodynamic bearings
are shown in Table 2 [32]; which is in accordance with the conclusions from
Zeidan et al. [33].
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Table 2 Major causes of premature hydrodynamic bearing failure across all industries
[31]

Major causes of premature bearing failure
Dirt 45.4%
Incorrect assembly 12.8%
Misalignment 12.6%
Insufficient lubrication 11.4%
Overloading 8.1%
Corrosion 3.7%
Improper journal finish 3.2%
Other 2.8%

Dirt, incorrect assembly and defects in the manufacturing process are particularly
difficult to monitor. Thus, most of the research has been focused on detecting
insufficient lubrication, which is related to metal-metal contact and leads to rapid
degradation. The main failure mechanism related to insufficient lubrication is
scuffing, consisting in a rougher surface due to particles or metal-metal contact,
which eventually develops into seizure [34]. Even if a film of lubricant remains
and there is not metal-metal contact, fatigue damage can occur due the cyclic
stresses on the surface of the bearing as shown by Huang et al.[35], who studied

fatigue wear in hydrodynamic bearings.

A variety of failure analysis of hydrodynamic bearings can be found in the
literature. Vencl at al. [36] studied the failures of over 180 engine bearings finding
that abrasive wear is the predominant degradation mechanism followed by
adhesive and fatigue wear as shown in Figure 6. However, research on health

condition monitoring techniques is very limited.
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Figure 6 Percentage occurrence of types of hydrodynamic bearing damage [36]

A comparison between temperature measurements, electric resistance, vibration
analysis and metallic particle measurements for detecting metal-metal contact

have been conducted by Okamoto et al. [37], showing that:

- Vibration analysis at high frequencies can detect metal-metal contact.

- Temperature analysis yields good results but its sensitivity depends on the
location of the sensor.

- Electrical resistance and debris analysis are effective in detecting metal-

metal contact.

Moosavian et al.[38] used vibration analysis to detect oil starvation using Atrtificial
Neural Networks (ANNs) while a less common technique, Acoustic Emissions
(AEs), have also proven successful for detecting metal-metal contact [39]. It
should be noted that research on wear and fatigue detection of sliding contacts,
e.g. rolling bearings, can also be applied to hydrodynamic bearings considering

line contact instead of point contact.

Regarding the use of PbMs in hydrodynamic bearings, many failure modes are
not ideal for a PbM approach based on their degradation mechanism because
the parameters of the degradation mechanism are unknown, e.g. dirt, incorrect
assembly, misalignment, geometrical imperfections. However, the underlying
degradation mechanisms of some important failure modes can be modelled and
used for PHM.
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Insufficient lubrication; which leads to scuffing is caused due to wear in the
contact between the journal and the support. This failure mode can potentially be
monitored with a degradation model capable of modelling the wear and increased
friction in the contact. There are models capable of representing the friction and
metal-metal contact phenomena in the literature (further details in section 2.3).
However, these models have not been used for health condition monitoring of

hydrodynamic bearings.

2.1.4 Conclusions of health condition monitoring

Health condition monitoring, and IVHM in particular, have the potential to provide
benefits in terms of cost, availability and safety. The main benefits are the
potential increased availability of a vehicle along with the reduction of the mean
time to repair and the maintenance cost. However, the cultural resistance and the
reliability of the IVHM system are critical factors. A particularly critical challenge
IS the restrictive regulation in legacy aircraft; which makes difficult the introduction

of IVHM systems that require additional sensors.

The use of DDM or PbM approaches depend on the system as each approach
have advantages and disadvantages. DDM approaches are easily scalable and
can be easily implemented if sufficient data is available. However, if the data
available is limited a PbM approach may be advisable. In addition, a PbM
provides an understanding of the physics of failure that can lead to additional
advantages; e.g. the failure may be avoided by re-designing the component or

the operational conditions can be modified to avoid degradation.

Literature in DDMs techniques is more extensive than in techniques based on
PbMs. In addition, DDMs are scalable to other systems; whereas PbMs are
system and failure mode specific; thus, the state-of-the-art of PbMs is not as

extensive.
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The literature on health condition monitoring techniques for hydrodynamic
bearings is limited, consisting in DDM techniques based on vibration or AEs.
However, the research is focused on stand-alone hydrodynamic bearings with a
fixed housing. Which means that the bearings are isolated from other adjacent
components and the sensors can be located close to the bearing. These
approaches may have limitations if the bearing is part of a planetary transmission

where the housing and the journal are both in motion.

PbMs to detect metal-metal contact have not been used in hydrodynamic
bearings. However, the physics of failure are well understood and it has the
potential of being monitored through a PbM capable of predicting metal-metal

contact.
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2.2 Physics-based Modelling

The previous section introduced the concept of health condition monitoring,
differentiating between DDMs and PbM techniques. Both approaches are valid;
however, for the detection of metal-metal contact in hydrodynamic bearings
DDMs normally rely on vibration and AEs. Whereas there are not PbMs to detect
metal-metal contact even if the physics of failure are well understood. Therefore,

a PbM approach is preferred in this project.

This section introduces the concept of physics-based modelling and provides a
comprehensive review of its state-of-the-art for health condition monitoring in
hydrodynamic bearings. A more extensive review of PbMs for PHM can be found
in the review article published by the author of this thesis: “A review of physics-
based models in prognostics: Application to gears and bearings of rotating

machinery” [1] included in the appendices.

The state-of-the-art of PbM approaches for health condition monitoring of rotating
machinery has not been reviewed in depth. Review papers normally include a
section mentioning significant PbM approaches [17], [29]; but the description of
the principles behind those models is limited.

2.2.1 Generic Approach

PbM approaches, also referred to as Model-based approaches, assess the health
of the system by solving a set of equations derived from engineering and science
knowledge [13], either for diagnostics or prognostics. However, the main
advantage of PbMs consists in using degradation models to predict long term
behaviour [40]. Luo et al. [41] proposes a generic process to develop prognostics
based on PbMs by considering a set of equations that define the dynamics and
the degradation of the system as shown in Figure 7. The process consists in a
model of the system and its degradation, where random scenarios are simulated
and compared to measurable data to identify the appropriate scenario (feature

estimation) and, if possible, estimate the RUL.
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Figure 7 Physics-based approach [41]

Normally for diagnostics a fault is detected by comparison between the outputs
of the physics-based model and the measurements from the real system. An
example of diagnostics using PbMs is the classification of bearing defects by
measuring the natural frequencies of the components of the bearing, obtained
from knowledge of the physics of the system, and deviations from normal values

are used as health indicators as shown by Li et al.[42].

It should be noted that prior knowledge of the current health status of the system
(diagnostics) is required to develop prognostics capabilities. For prognostics
based on PbMs, degradation models are used to represent the degradation
mechanisms of the system and the RUL can be estimated as an output of these
models. For instance, degradation models based on Paris law [43] to represent
crack growth have been used by several authors to estimate the RUL of systems
subject to fatigue by predicting crack growth [22], [44]—[49].
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For RUL estimation, regardless of the approach (PbM, DDM or hybrid), the health
condition monitoring algorithm provides an assessment of the current health of
the system, normally by measuring a health indicator, and a prediction of the
future health of the system. The prediction of the current health state should be

as accurate as possible to allow for reliable future health estimations.

However, there are errors between the predicted value of a health indicator and
the measured one. These errors are particularly critical for RUL estimation. Thus,
it is advisable to have the capability to adjust the model in order to minimize these
differences based on the previous errors between the predicted health indicator
and the measured ones. This can be done by combining PbMs with parameter

estimators to minimize these errors [3].

A unified formulation has been proposed by Jaw and Wang [50] to implement
parameter estimators into PbMs given a generic set of system equations.
However, this approach requires feedback about the current health state; which
means that a PbM that estimates RUL can only be integrated with a parameter
estimator if there is an alternative method of assessing the current health of the
system (diagnosis) in real-time. It should be noted that the proposed PbM
presented in this thesis aims to detect metal-metal contact in the early stages of
the failure, but the estimation of the RUL is out of the scope of this thesis.

2.2.2 Relevant degradation models

The importance of representing accurately the physics of the system has been
mentioned in previous sections. This subsection reviews the models of the most
relevant degradation mechanisms related to hydrodynamic bearings: the

degradation mechanisms fatigue and wear, summarized in Table 3.
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Table 3 Applications of PbMs based on fatigue and wear for health condition

monitoring
Fatigue Wear
General fatigue models [56], [59] General wear [119]
Cracks [14], [28]-[32], [107], [108] Fretting [120]-[123]
Spalling [35], [37], [109]-[113] Metal-metal contact [46], [124], [125]
Fatigue

Fatigue occurs in systems subject to cyclic loading, due to thermal and
mechanical stresses. The degradation mechanism differs between High Cycle
Fatigue (HCF) and Low Cycle Fatigue (LCF). In HCF stresses are below the yield
stresses and Ao (stress range) is the factor that controls the degradation
mechanism. However, for LCF the stress level is above the yield stress limit and
there is plastic deformation. Thus, A¢ (strain range) is the magnitude that controls
the degradation [51].

For HCF, Wohler [52] demonstrated that the cyclic stress range is the driven
factor of fatigue degradation based on experimental fatigue data of railroad axles;
thus, it should be represented using S-N curves that correlate the number of
cycles and a characteristic stress level. The use of experimental S-N curves can
be used for life prediction of metallic structures subject to fatigue. Analytical
equations for the appropriate metallic structure can be found in well accepted
standards like the British Standard 7608:2014 [53], which also provides the
standard deviation as shown in Eq. [1], where Nt is the number of cycles, g, the
stress amplitude, SD the allowed standard deviation and C,, d and m parameters

dependent on the geometry.

log(Nf) = log(Cy) — d * SD — m = log(a,) [1]
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Basquin law [54] proposed a stress based analytical equation based on the
experimental work of Woéhler [52], shown in Eg. [2], where Nt also refers to the
number of cycles, oa to the stress amplitude, o7 is the fatigue strength coefficient

and b the fatigue strength exponent.

Ao
O0q =— = o/ (2Np)P [2]

For LCF, plastic deformation is the main factor that controls the failure
mechanism, Manson-Coffin law is commonly used to represent this degradation
mechanism [55], [56]. This method considers that cyclic life depends on the
deformation using a power law as shown in Eq. [3], where Ag, is the plastic strain
range and c and &, experimental constants. A more accurate model, the Manson

and Halford model considers the elastic and plastic component of the strain; thus,
being able to represent LCF and HCF degradation mechanisms, as shown in Eq.
[4], where D represents the ductility, g, the ultimate tensile strength and E the
Young Module [57].

_ A%

AEa == Ef(ZNf)C [3]

> =

3.5
Ag = DO6 « N7O6 4 ( ;‘Uu) « N7O12 [4]

Kacprzynski et al. [58] evaluated the plastic strain of a helicopter gear tooth using
a Finite Element Analysis (FEA) model and later applies Manson-Coffin law to

evaluate the number of cycles until crack initiation occurs.

A cumulative damage rule is required to take into account variable loading
conditions. The simplest and a well-accepted approach was proposed by Miner
[59] as shown in Eq. [5], where D is the cumulative damage, n; are the current
number of cycles under the actual loading condition and N; are the number of
cycles until failure; which is estimated if D is above 1. It should be noted that this
approach considers the RUL independent of the order of the loads. Similar
equations can be used to represent different types of cumulative damage. For
instance, Qiu et al. [60] proposed a similar cumulative rule that is a function of

the stiffness of the system instead of the number of cycles.
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D = L [5]

Cracks are a common consequence of fatigue damage, and the degradation
mechanism that ultimately leads to failure due to fracture of the component. The
previous models do not consider the physics that lead to the fracture and only
rely on empirical results. An alternative approach is to predict the failure based

on fracture mechanics. Crack growth is divided into three regions [51]:

- First region: slow crack growth and the crack length is not considered
significant

- Second region: the crack growth rate becomes significant and constant

- Third region: the crack becomes unstable and the propagation rate

increases until fracture occurs.

The initial length and the propagation rate of the crack can be estimated and used
as an indicator of the RUL of a system subject to fatigue. The most widely
accepted model for crack growth, the Paris law, was proposed based on
experiments that proved the correlation between crack length and number of
cycles by Paris et al. [43] as shown in Eq. [6], where a is the crack length, N the
number of cycles, m and b are parameters of the material and K is an intensity
coefficient that depends on the geometry and type of crack. A similar equation
introduced by Hoeprich [61] can be used to represent spall area growth in
bearings, shown in Eq. [7], where D is the defect area, Co and n material
parameters, validated with experimental results by Li et al. [62] and further
improved to consider thermal effects by Kotzalas and Harris [63]. It should be
noted that specific degradation models can also be used for prognostics. For
instance, the rolling contact fatigue model proposed by Sadeghi et al. [64] based

on the crack propagation and crack initiation has the potential to be used for PHM.

dD
RR— n 7
dN CoD [7]

28



Paris law represents the second region of crack growth but does not take into
account the initial crack length and the instability of the crack. However, for PHM,
being able to represent only the second region of the crack growth by using Paris
law has proven sufficient to model the degradation of the system, as shown by
Corbetta et al. [44], who estimated the crack growth on structures and the
uncertainty of the prediction combining the PbM with particle filter for parameter
estimation. Ray and Tangirala [45] also estimated the RUL based on Paris law
but using a Kalman filter for parameter estimation. Orchard et al. [46] applied
both, particle filter and an extended Kalman filter on a crack growth model based
on Paris law to estimate crack length in the plate of the gearbox of a helicopter.
Pais and Kim [65] developed a fatigue crack growth PbM for prognostics of
aerospace panels by computing a FEA model and a fatigue crack growth model
as a function of the usage history; a modified Paris law to consider variable
amplitude loads was used.

Zio and Maio [22] combined Paris law with a support vector machine algorithm to
select the appropriate degradation model to estimate crack length. Oppenheimer
and Loparo [47] also calculated the RUL of rotor shafts due to cracks using Paris
law, while Li and Lee [48] combined a dynamic model that estimates the stresses
on a gear with Paris law to represent the degradation to estimate the RUL of the
gear. A more sophisticated algorithm is proposed by Kacprzynski et al. [58], who
estimated the RUL of helicopter gears by modelling the first region (crack
initiation) using Manson-Coffin law presented above to estimate the number of
cycles until a crack initiates and Paris law to estimate the crack growth
afterwards. The spall degradation formula presented in Eq. [7] has been applied
for RUL estimation of rolling bearings by several authors [66]-[68]; while Slack
and Sadeghi [69] developed a more sophisticated explicit finite element spalling
model that predicts the number of cycles until failure by modelling the crack
initiation in the subsurface and its propagation. For diagnosis only, Fu and Gao
[70] developed a PbM capable of estimating the natural frequency response of a

crack in a fan blade assessing its size and location.
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Wear

Wear is a degradation mechanism caused by friction between two sliding
surfaces associated with loss of material, including damage due to direct contact
between the surfaces and damage caused by the fluid between the surfaces [51].
Thus, wear is the main degradation mechanism of metal-metal contact in the

hydrodynamic bearing.

However, the modelling of wear is particularly challenging due to the high
influence of external factors that affects the contact such as the environment [71].
Wear can also be considered as a dissipation of energy mainly controlled by
friction [72], and it is classified as: adhesive and abrasive (depending on the
hardness of the materials in contact [73], corrosive, thermal and fatigue wear [74].

The phenomena differs between dry and lubricated contacts.

Regarding dry contacts, adhesive wear can be modelled using the Archard law,
shown in Eq [8], where V., is the wear volume, H the material hardness, W the
load, L the sliding distance and K the wear coefficient. Using this law more
complex wear models can be obtained by modifying the value of the constant K,
as shown by Watson et al.[74], who applied variants of Archard’s law to represent
adhesive, abrasive and corrosive wear.
WL
)

Vwear = K (3_1‘1 [8]

Fatigue wear leads to cracks initiated below the surface that after a number of
cycles leads to pitting or spalling with the subsequent removal of material. A
degradation model for wear caused by sub-surface fatigue has been proposed
by Ghosh et al. [75], who provided an experimental correlation between wear and
crack propagation, which is a function of the shear stress on the surface as shown
in Eq. [9], where N is the number of cycles to failure, a and b are empirical
constants, and Q is the contact shear stress that depends on the friction

coefficient and load applied.

log(N) = a-log(Q)+ b [9]
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However, wear is controlled by friction, as such; more accurate models should
predict the friction between the sliding surfaces as well. The friction force is
defined as the opposing force to the motion of a body to another, and depends
on the normal force and the friction coefficient. For non-lubricated contacts
Coulomb law [76] can be applied, considering the friction coefficient constant and
independent of the speed and load as shown in Eq. [10], where Fr is the friction
force, u the friction coefficient and Fn the normal force, but for lubricated contact
in motion hydrodynamic theory must be applied.
Fr = uFy [10]

For lubricated sliding contacts the friction is divided into 4 regions depending on
the type of contact as shown in Figure 8: hydrodynamic lubrication, Elasto-
Hydrodynamic Lubrication (EHL), mixed lubrication and boundary lubrication,
where the friction coefficient is represented as a function of a lubrication
parameter, the Somerfield number S, which includes the effect of speed, load

and viscosity.

A

K1 I 111 | % 1: Boundary conditions

11: Mixed lubrication
I: EHL

IV: Hydrodynamic
lubrication

Figure 8 Qualitative Stribeck curve: friction (1)-Somerfield number (N: speed, p: load, n:

dynamic viscosity of the lubricant, R: radius of the bearing, c: clearance of the bearing)

31



Hydrodynamic contacts in rotating machinery, typically rolling and hydrodynamic
bearings, are designed to operate on the hydrodynamic region, where the contact
is fully lubricated and the friction forces are exclusively caused by the shear
stresses of the lubricant. However, under high loads, low speed or low viscosity
due to high temperatures they may operate in the mixed lubrication region, where

partial metal-metal occurs.

The EHL regime applies under heavily-loaded conditions. The deformation of the
bearings caused by the load significantly affects the film thickness and should be
considered. Thus, a structural analysis is required to calculate the radial
deformation along the bearing caused by the pressure filed, and should be
included in the calculation of the film thickness. EHL models have been used for
estimating the minimum film thickness based on operational conditions, as shown
by Choi et al. [77], who combined a multi-flexible dynamic model of the bearing

with an EHL model that calculates the pressure distribution and film thickness.

An alternative approach is to use Computational Fluid Dynamics (CFD) for
hydrodynamic lubrication and to combine it with computational structural analysis
for EHL. Stefani and Rebora [78] developed a CFD model that takes into account
the wall convection, the thermo-mechanical deformations and the mixing
phenomena in the groove, while Jin and Zuo [79] also used a CFD model to study

the effect of different groove depths in journal bearings.

Mixed lubrication refers to the region in which partial metal-metal contact occurs
and part of the load is transmitted by asperities. In this situation surface
parameters must be taken into account and the complexity and quantity of
unknown parameters increases. Gelinck [80] have developed a mixed lubrication
model for line contacts later improved and validated for point contacts by Liu [81]
and in good agreement with experimental results as shown by Lu et al. [82].
Faraon [83] presented a similar approach for line contacts further improved for

starved contacts by Faraon and Schipper [84].
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For point contact Hua et al.[85] developed a mixed lubrication model that
calculates the film thickness, pressure and temperature along the contact
considering conductive thermal effects and stated the potential of the mixed
lubrication model for scuffing prediction. A similar approach was used to detect
scuffing in gears using a mixed lubrication model by Castro and Seabra [86].
Wang et al.[87], developed a mixed lubrication model that evaluates the influence
of misalignment in hydrodynamic bearings under severe conditions that was
validated using temperature data and stresses the influence of surface
parameters when the film thickness is of the same order of magnitude as the
roughness of the surface. In addition, wear models have been used by Zhang et
al. [88] to detect failures in piston bearings as a function of temperature, friction

and roughness as well.

Under boundary conditions the lubricant does not transmit any of the load and
Coulomb and dry contact models are more suitable. Stribeck curve modes can
be applied to any lubricated contact, point contact models are normally used for
ball rolling bearings, whereas line contact models are used for hydrodynamic and

roller bearings.

Li and Kahraman [89], [90] proposed a PbM to calculate the fatigue life of point
contacts due to micro-pitting caused by metal-metal contact that was validated
with experimental results by assuming crack propagation negligent compared to
clack initiation. However, thermal effects were not considered. Li et al. [91]
experimentally validated a similar model that predicted wear of point contacts, by
integrating the calculation of the friction coefficient and a heat transfer model that
estimated the friction coefficient and the temperature. Marble and Morton [92]
validated a degradation model for wear caused by spalling in rolling bearings as
a function of the area of the defect, the load and material constants. Watson et
al. [74] developed an algorithm capable of predicting the RUL of clutches by
combining a dynamic model of the system and wear degradation models based
on Archard’s law presented above taking into account corrosive, adhesive and
abrasive wear. However, none of these approaches have been applied to

hydrodynamic bearings.
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2.2.3 Conclusions of Physics-based Modelling

This section has provided an overview of the PbM approaches for health
condition monitoring. In order to develop a PbM for health condition monitoring
the system under healthy and faulty conditions should be understood and there

should be models capable of assessing the health of the system.

In addition, the inputs of those models should be known or measurable, otherwise
the model cannot be executed. If RUL is estimated, a second measure of the
current health condition is advisable as it allows for model correction by using a

parameter estimator.

Common failure modes of hydrodynamic bearings were presented in section 2.1.
An overview of typical PbMs and health condition monitoring techniques based
on fatigue and wear has been given. It was shown that most techniques model
the degradation through exponential laws, e.g. Paris law to represent crack

growth or in combination with FEA models.

The main degradation mechanism of metal-metal contact is wear. PbMs applied
to health condition monitoring of wear are limited. However, the techniques to
model wear presented above have the potential to be applied to PHM. The most
relevant approach for this thesis is the work of Castro and Seabra [86]; where
metal-metal contact is modelled and proposed as a useful technique to detect
scuffing in gears; however, no further investigation was done hydrodynamic
bearings.

2.3 Metal-metal contact modelling of hydrodynamic bearings

The phenomena involved in metal-metal contact was briefly reviewed in the
previous section. The potential of detecting metal-metal contact by the use of a
PbM based on the friction under hydrodynamic and mixed lubrication was shown.
However, a more comprehensive literature review on tribology and hydrodynamic
and mixed lubrication contacts is required. The aim of this section is to provide
the necessary background to model the friction in a hydrodynamic bearing under

hydrodynamic and mixed lubrication.

34



2.3.1 Friction in line contacts

The first attempts to model the friction were conducted by Avitzur [93], [94], who
showed that, for two sliding surfaces under low pressure, friction decreases as
speed increases in a region called “mixed lubrication”, while friction rises at a
slower rate in a region called “hydrodynamic lubrication”. A regime called
“elastohydrodynamic lubrication” (EHL) was later introduced because the
cavitation phenomena and solid deformations cannot be neglected under high
loaded conditions, as shown by Meldahl [95]. Additionally, the viscosity-pressure

effects have to be considered under EHL as shown by Grubin et al. [96].

In order to represent not only the journal bearing phenomena in the designed
operational conditions, but also under inadequate lubrication, a model should be
capable of representing mixed lubrication and EHL regimens. Liu [81] developed
and validated with experiments an analytical model that includes both regions for
point and line contacts. Faraon and Schipper [84] proposed a similar model valid
only for line contact that includes mixed and hydrodynamic lubrication. The same
modelling approach was compared with experimental results for the mixed
lubrication regimen by Lu et al. [82] for a plain journal bearing showing a good
agreement between the model and the experiments. However, these techniques
are applied to the whole bearing assuming a plain bearing and integrating over

all the lubricated surface.

There are alternative mixed lubrication models. Jiang et al. [97] used a robust
approach for point contacts to model mixed lubrication by analysing the micro
and macro scale asperity contacts. Chang and Jeng [98] developed a mixed
lubrication model for rolling contact-sliding contacts only valid for low asperity-
load ratios, confirming that surface roughness, hardness, load and speed are
important parameters that significantly affect the severity of mixed lubrication
[99].

An alternative approach is proposed by Xiong et al. [100], who compute the
journal bearing mixed lubrication conditions by reducing the Reynolds equation
when mixed lubrication occurs instead of dividing the lubricant and asperity

contact phenomena. However, the most extended approach to model mixed
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lubrication by modifying the Reynolds equation consists in the addition of flow
and shear factors to take into account the asperity effects, this approach was first
proposed by Patir and Cheng [101]; however, only Gaussian surface roughness
distributions can be used. Alternative models have been proposed to avoid

limitations in the surface roughness distribution as shown by Fatu et al. [102].

The effect of roughness effects have been discussed by several authors,
Mihailidis et al. [103] showed that decreasing the number of surface irregularities
reduces the friction coefficient; whereas Zhu [104] showed that maximum
pressure, contact-load ratio and friction increase as the roughness increases

under mixed lubrication.

The EHL regime is modelled using the Reynolds equations [105], where solid
deformations are estimated and pressure-viscosity effects are taken into account.
This can be done combining EHL and multi-flexible dynamics, as shown by Choi
et al. [77]. An alternative approach to model the EHL regimen is based on
computational fluid dynamics (CFD) along with computational structural analysis

as shown by Shenoy et al. [106].

Journal bearings, under extreme operating conditions, increase their temperature
due to the shearing of the lubricant and eventually, if there is contact between
asperities, by friction, reaching several tens of Celsius (Bonneau et al. [107]). The
thermo-elasto-hydrodynamic lubrication problem consists in solving two
additional equations: the energy equation of the fluid and the thermal equation in
the surrounding solids (shaft and housing). Zhang et al. [108] calculated the
temperature profile of a plain journal bearing using a thermal model coupled with
the hydrodynamic phenomena to study different boundary conditions and
Laukiavich et al. [109] also considered thermal effects to study its influence in the

bearing clearance; however, metal-metal contact was not considered.
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2.3.2 Conclusions of metal-metal modelling of hydrodynamic
bearings
The different approaches to model the Stribeck curve, i.e. the friction in the
hydrodynamic bearing, have been reviewed. There are models available for
hydrodynamic and mixed lubrication; thus, they can be used to represent healthy

conditions (hydrodynamic lubrication) and faulty conditions (mixed lubrication).

Models can be divided in analytical and FEA/CFD models. Analytical models
provide information about the whole bearing assuming a plain journal bearing.

Whereas FEA/CFD models provide information along the bearing surface as well.

Hydrodynamic and EHL lubrication have been studied using analytical and
FEA/CFD models. However, the well accepted mixed lubrication model based on

the asperity distributions has been used in analytical models only.

The disadvantage of using analytical models that assume a plain bearing is that
unique features of non-plain bearing may not be taken into account, e.g. slots to
distribute the lubricant or hollow journals. Whereas FEA/CFD models may

overcome this problem.

In order to represent the healthy and faulty conditions of a non-plain
hydrodynamic bearing a FEA/CFD model capable of computing mixed and
hydrodynamic lubrication regimes is needed. Thus, asperity models based that
represent the mixed lubrication phenomena should be integrated in FEA/CFD
models.
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2.4 Summary and gaps in the knowledge

The literature reviewed covered health condition monitoring from a high level
perspective and focused on the detection of failures in hydrodynamic bearings.
Concluding that the potential of PbMs has not been investigated as much as
DDMs techniques.

The PbM approach for health condition monitoring is further reviewed focusing
on the most relevant degradation mechanisms for hydrodynamic bearings:
fatigue and wear. It is concluded that PbMs capable of estimating the friction
under hydrodynamic and mixed lubrication can effectively be applied for the

detection of metal-metal contact in hydrodynamic bearings.

Finally, the state-of-the-art of the mixed and hydrodynamic lubrication models is
reviewed in order to identify the most appropriate PbM approach to detect metal-
metal contact. This section summarizes all the conclusions from the literature

review and identify the relevant gaps in the knowledge.

2.4.1 Literature review discussion

There are multiple benefits from the use of health condition monitoring and IVHM
in particular. Diagnostics IVHM systems that allow for fault detection, localization
and isolation can help to reduce the mean time to repair because testing and fault
localization tasks can be avoided. In addition to these benefits, an IVHM system
that includes short-term prognostics capabilities can further reduce mean time to
repair and overall maintenance cost by avoiding total failure and secondary
damage to adjacent parts. Finally, if long-term prognostics capabilities are
available, the RUL can be estimated; thus, allowing for planned maintenance and
the subsequent reduction of maintenance cost and time. Moreover, in addition to
the maintenance cost and time benefits, prognostics systems capable of avoiding

unexpected failures can improve the availability of the vehicle or system.

For legacy aircraft, a critical factor is the restrictive regulation, which can
complicate the introduction of IVHM. This is particularly critical if the introduction

of IVHM requires additional sensors and hardware.
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The technique proposed in this thesis falls into the short-term prognostics
category. Being able to detect the incipient failure, localize it, and avoid further
damage to adjacent parts. By detecting the early stages of the failure further
damage may be avoided with the subsequent benefit in terms of availability of
the vehicle. However, RUL is not estimated. An important characteristic of the
proposed technique is that no additional sensors are required for its

implementation, simplifying its introduction into legacy aircraft.

The decision between using PbMs or DDMs is not trivial as both have advantages
and disadvantages. DDMs are easily scalable and can find trends in complex
data. However, if the data available is limited PbM approaches may be preferable
as data is only needed for validation. In addition, a PbM provides an
understanding of the physics of failure, which can be used in the design to avoid
or minimize the failure mode. Not all the failure modes can be monitored using
PbM approaches, the degradation mechanisms must be well understood and
there should be models capable of representing the degradation. The main input
parameters of these models should be known, or monitored.

It should be noted that each DDM technique can be applied in several systems
of complete different nature, e.g. an artificial neural network can be used for
detecting failures in batteries and in gears. Whereas PbMs are specific for each
system and failure mode. However, the literature in DDMs is more extensive than
in PbMs for health condition monitoring of rotating machinery. This is even more
relevant in hydrodynamic bearings. PbMs have not been used to detect metal-
metal contact in hydrodynamic bearings. Even if the physics of failure are well

understood and there are tribology models available in the literature.

In addition, techniques based on vibration and AE have been applied to journal
bearings isolated from other components and with the sensors close to the journal
because the housing is fixed. This is not the case of hydrodynamic bearings of
planetary transmissions, where both parts of the bearing are moving and several
gears are between the bearing and the closest fix element where a sensor can

be installed.
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It has been shown that developing a PbM technique to detect metal-metal contact
in the hydrodynamic bearing of a planetary transmission would fulfil an important
gap in the knowledge. In addition, this technique is preferred to DDMs because
there are not large data sets available no accelerometers, microphones or debris
sensors are installed in the transmission. In addition, all the elements of the
transmission and bearings are rotating; thus, the installation of a sensor near the
source of the damage is complicated and would require the approval from the
corresponding certification agency. In the following the potential PbMs are

discussed into detail.

In order to use a PbM as a health condition monitoring technique, the model must
be capable of representing the behaviour of the system under healthy and faulty
conditions, and the inputs of the model should be known or measurable.

Most PbM approaches for rotating machinery represent the degradation through
exponential laws, e.g. Paris law for crack growth, or by FEA models that can
represent the faulty behaviour of the system, but most of these failures are due
to fatigue degradation. The main degradation mechanism of metal-metal contact
is wear, for which the application of PbMs is limited. Castro and Seabra [86]
provide the most relevant approach, where a mixed lubrication model is applied
to the detection of scuffing in gears. However, a similar approach has not been

used on hydrodynamic bearings.

In order to detect metal-metal contact a model should be capable of representing
hydrodynamic and mixed lubrication phenomena. In tribology there are models
available, either by modifying the Reynolds equation, or by including an asperity
contact component that divides the problem in dry contact and fully lubricated
contact. The last approach is well accepted, but has only being applied to the
whole bearing instead of integrating it into a CFD/FEA model where metal-metal

contact is evaluated locally along the lubricated surface.

The potential advantages of integrating the asperity contact in the CFD/FEA
model are the addition of unique features, e.g. slots that distribute the lubricant,
the ability to study the local effects on the lubricated surface, and the effect of the

actual bearing deformations along the lubricated surface.
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2.4.2 Gaps in the knowledge

From the literature review the following relevant gaps in the knowledge have been
identified:

1. Physics-based Models have not been used for the detection of metal-
metal contact in hydrodynamic bearings.

2. Mixed lubrication models based on asperity contact dividing the
phenomena in dry and fully lubricated contact have not been applied

locally along the lubricated surface in hydrodynamic bearings.

In order to fulfil these gaps in the knowledge this thesis proposes a novel
technique to detect metal-metal contact in hydrodynamic bearings based on PbM
by calculating the friction under hydrodynamic and mixed lubrication conditions.
The novel CFD/FEA PbM proposed in this thesis allows for the evaluation of
metal-metal contact along the lubricated surface of the bearing as opposed to

previous mixed lubricated models based on the asperity contact approach.
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3 Research objectives and methodology

The previous chapters introduced the necessary background to understand the
background of the thesis, in chapter 1, and a review of literature in chapter 2 from
a high level perspective of IVHM to the particularities of the hydrodynamic
bearings focusing on PbMs and their potential to detect metal-metal contact and
two main gaps in the knowledge were identified:

The research problem can be defined based on the background presented in
chapter 1 and the relevant gaps in the knowledge; thus providing a clear definition
of the scope, aims, contributions, and methodology of this thesis.

The research problem and scope of the thesis are presented in section 3.1. The
aims, objectives and hypotheses are provided in section 3.2. The contributions
are shown in section 3.3. Finally the methodology to achieve these objectives is

described in section 3.4.
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3.1 Research problem definition

As shown in the literature review (chapter 2). The use of IVHM has multiple
benefits in terms of maintenance cost and mean time to repair and it can lead to
higher availability of the vehicle. Health condition monitoring techniques can
include diagnostics, short-term prognostics, or long-term prognostics capabilities.

The technique presented in this thesis falls into the short-term prognostics
category, consisting in the detection of a failure in its early stages before total
failure occurs but without enough time to plan the maintenance. Short-term
prognostics can lead to maintenance cost savings. The reduced inspection time
and cost because the failure is localised in advance. Secondary damage to
adjacent parts is minimize as total failure is avoided. In addition, the availability
of the vehicle can be increased if a potential failure is totally avoided. However,
in the strictly regulated aerospace sector, the integration of additional sensors
would lead to expensive certification processes that can offset the benefits

previously mentioned.

As shown in the background section 1.1, metal-metal contact in the
hydrodynamic bearings of the IDG’s planetary transmission currently is only
detected when total failure has occurred. Thus, there are not short-term
prognostics capabilities. However, the secondary damage provoked by metal-
metal contact is severe and multiple gears and adjacent bearings are damaged
as well. The development of a novel technique to detect the failure in advance
and avoid secondary damage would lead to significant cost reduction. However,
to be effective no additional sensors should be added to the system. In addition,
further damage can be avoided with the subsequent higher availability of the
vehicle.

Short-term prognostics could be developed based on DDMs, PbMs or a
combination of those. Historic data is limited and there are not debris sensors,
accelerometers or microphones available in the IDG. Thus, techniques to detect
metal-metal contact based on DDMs using debris analysis, vibration or AEs

cannot be applied without adding additional sensors.
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Instead, a PbM approach based on the estimation of the friction in the
hydrodynamic bearing under normal and metal-metal contact conditions could
potentially be applied without adding any additional sensor. Moreover, PbMs
have never been applied to detect metal-metal contact in hydrodynamic bearings,
being a significant gap in the knowledge that could be addressed with this case

study.

PbMs capable of representing mixed lubrication phenomena using an asperity
contact approach are well known. However, they are applied to the whole bearing
and cannot take into account particularities like grooves or hollow shafts. The
hydrodynamic bearings of the planetary gears are an example of these
particularities. Therefore, a CFD/FEA approach to model metal-metal contact
using the asperity contact approach, in which metal-metal contact is evaluated
locally along the lubricated surface, would be preferred. The implementation of
the asperity contact locally in mixed lubrication models is an additional gap in the
knowledge in the field of tribology. Both gaps in the knowledge can be addressed
by developing a PbM model capable of representing mixed lubrication locally and
applying it to the detection of metal-metal contact as a health condition monitoring

technique.

The novel PbM is compared to experimental friction coefficient measurements of
a plain journal bearing from the literature under mixed and hydrodynamic
lubrication regimens for high and low loading conditions. The PbM is also
implemented for the planetary transmission of the IDG and the results are
compared to the mechanical losses of a replica of the transmission mounted on

a test rig to replicate the metal-metal contact phenomena.

The experimental results aim to provoke metal-metal contact without stalling the
bearing completely; thus avoiding total damage. Therefore, experiments are
conducted at relatively low speed, torque and oil temperature. In the IDG load
and oil temperature can be higher; thus, metal-metal contact can occur at higher

speeds than in the experiments presented in this thesis.
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3.2 Aims, hypotheses and objectives

The first aim of the thesis is to develop a condition health monitoring tool capable
of detecting metal-metal contact due in the hydrodynamic bearings of the
planetary transmission of an aircraft's IDG with limited sensor capabilities using
a physics-based modelling approach. Covering the first relevant gap in the

knowledge.

The second aim of the thesis is to develop a mixed lubrication model for line
contacts capable of evaluating the asperity contact phenomena locally along the

lubricated surface. Thus, covering the second relevant gap in the knowledge.
Hypotheses

In the literature review (chapter 2) common failures of hydrodynamic bearings
were shown along with the limited techniques to detect metal-metal contact in
hydrodynamic bearings. It was shown that mixed lubrication models can
potentially be used to detect metal-metal contact, similar techniques have been
proposed in other rotating machinery components, e.g. gears [86].

The potential of using mixed lubrication models to detect metal-metal contact in
hydrodynamic bearings is due to the following hypotheses:

- Metal-metal contact occurs due to contact between both sliding surfaces
of the bearing with the subsequent increased friction coefficient.

- Lower speeds, higher loads and higher temperatures lead to a smaller
minimum film thickness in the hydrodynamic bearing; and partial metal-
metal contact can occur.

- Increased friction coefficient will lead to higher mechanical losses; which

can be partially dissipated through heat transmitted to the lubricant.
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The main objectives of the project can be divided in the model development, test

rig construction, and experiments and validation.
PbM development

The development of the PbM and its application to health condition monitoring is
the second core objective of the project. A comprehensive description of the PbM
is provided in chapter 4 and its implementation for health condition monitoring is
described in chapter 5. The process to successfully develop the PbM is divided
in:

- Model hydrodynamic phenomena

- Model Elasto-hydrodynamic phenomena

- Model Metal-metal contact phenomena

- Integration into the PbM

- Application to health condition monitoring
Test rig construction

In order to test and validate the novel health condition monitoring technique
experimental data is required. A test rig capable of replicating the conditions of
mixed lubrication and detect metal-metal is needed. Additional experimental
results of the actual transmission of the IDG are advisable in addition to the
validation of the PbM using experimental results of a plain journal bearing. A
comprehensive description of the test rig designs can be found in chapter 6. The
process to obtain the experimental results of the planetary transmission can be

divided in the following objectives:

- Test rig requirements definition

- Testrig design: lubrication, mechanical, electrical systems

- Re-design of the planetary transmission

- Definition and implementation of sensors, Data Acquisition (DAQ) systems
and control.

- Construction and integration
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Experiments and validation

In order to provide evidence of the effectiveness of the novel PbM and metal-
metal contact detection technique the results of the PbM must be compared to
experimental results. The experimental set-ups are covered in chapter 6,

whereas the results and comparison with the PbM are shown in chapter 7.
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3.3 Contributions

The main novelties of the thesis, shown below, cover both gaps in the knowledge

identified in chapter 2:
First novelty

The development of a PbM able to represent mixed lubrication through an
asperity contact approach locally along the lubricated surface of the bearing using

a CFD/FEA novel approach.
Second novelty

The development of a novel technique to detect metal-metal contact in the
hydrodynamic bearing of a planetary transmission of an aircraft’'s IDG using a

PbM approach without installing additional sensors in the aircratft.

In order to achieve the main novelties of the thesis, the contributions of the thesis

can be divided as follows:

- The development of a novel technigque to detect metal-metal contact in
hydrodynamic bearings based on PbMs, see chapter 4 and 5.

- The development of a novel PbM able to represent mixed lubrication
through an asperity contact approach implemented locally along the
lubricated surface, see chapter 4.

- The validation of the PbM with experimental results (chapter 7) provides
the necessary data for a critical analysis of different potential health
indicators of metal-metal contact.

- Proof of concept of an IVHM system capable of detecting metal-metal
contact in the hydrodynamic bearings of the IDG without additional
sensors, see chapter 4 and 5.
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3.4 Methodology

This section describes the process to accomplish the aim and objectives
previously stated. The development of an IVHM system varies depending on
whether the monitored system is already installed in the vehicle or the IVHM and
monitored system are designed in parallel. The latter scenario allows for
modifications of the design to adapt the IVHM system, one example is the
successful implementation of HUMS in new helicopters as shown by Land [4].
The former has limitations in terms of space, data transmission, sensors
resolution or standardization as stated by Keller et al. [110] and Esperon-Miguez

et al. [12], which makes retrofitting less cost effective [7]

The IVHM development process, illustrated in Figure 9, consists of: choosing the
appropriate component, understanding the behaviour and failure modes of the
system and identify the instrumentation and tests that are required to validate the
IVHM tool. This process normally require the design and construction of a test rig
if historical data is not available, the development of the necessary models for
diagnostics or prognostics, and the validation and critical analysis of the
experimental and model results; which corresponds with the objectives previously
defined.

In the following, each aspect of the IVHM development process as shown in

Figure 9 will be presented.
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Figure 9 Methodology process
Component selection

A vehicle, and an aircraft in particular, has several components and systems but
the resources to implement IVHM are limited. In order to select an optimal

component and failure mode the following factors should be considered.

1. Type of failure mode
2. Testing and validation resources required
3. Business case

The nature of the failure mode should always be considered. Failures caused by
gradual degradation can potentially be monitored, providing long-term
prognoses. Failures caused by human or geometrical errors can prove to be
difficult to monitor, it is important to select a failure mode that can potentially be

monitored with the technology available.
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The first stage of testing and validation normally requires a test rig. If test rig
facilities are not available its cost may be considerable. The experiments should
be representative of the real behaviour of the system and replicating the actual
conditions may be out of budget; e.g. high temperatures and high speeds to

replicate turbine conditions.

But the most important aspect to consider during the component selection phase
iIs the viability of the business case. The potential benefits in terms of
maintenance cost and time reduction along with higher availability of the vehicle
should be balanced against the drawbacks like certification costs, false alarms,

and implementation costs.

The failure of metal-metal contact in the planetary transmission of the IDG was
selected based on these factors. The failure mode of metal-metal contact is
understood and can potentially be monitored. The facilities required to test and
validate a proof of concept are within budget. There is a business case because
the proposed technigue does not require additional sensors; thus, avoiding
certification costs, and the inspection and secondary damage costs derived from

the failure of the IDG are significant.
Failure Analysis

A correct understanding of the failure modes and degradation mechanisms that
induce the failure along with the root causes must be understood to successfully
develop IVHM capabilities based on PbMs. This knowledge is also advisable for
DDMs approaches but not essential. The failure analysis of the failure studied in
this thesis has been presented in chapter 1. The analysis is based on interviews

with specialised personnel.
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Test rig design

If historical data from all the required sensors are not available a test rig is
required to generate the necessary data for validation, proof of concept and better
understanding of the system. The development of the IVHM system and the
construction of the test rig and experiments can be conducted in parallel. A

detailed description of the test rigs is provided in chapter 6.
Experiments

In order to validate the algorithm experimental data are required. If historical data
of all sensors are available and sufficient faulty data have been recorded a test
rig may not be necessary. However, in most cases historical data are insufficient

or unavailable.

In order to validate the algorithm experiments under healthy and faulty conditions
should be conducted. Experimental faulty conditions are typically produced by
the following type of tests:

- Seeded fault tests
- Accelerated degradation tests

- Provoked failures under controlled conditions

Seeded faults are artificially provoked in the system to evaluate its behaviour
under faulty conditions without requiring to wait until the failure mode develops
naturally; e.g. pitting is commonly seeded in gears to obtain faulty data and
develop health condition monitoring algorithms.

Accelerated degradation tests are ideal for failure modes provoked by constant
degradation; e.g. fatigue, creep, corrosion; where the degradation mechanism
can be accelerated to avoid long tests by conducting the tests under more severe

conditions.
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For failures that occur in a short period of time but only under certain conditions;
e.g. inadequate lubrication, the cause of the failure can be forced to obtain faulty
data. However, several faulty tests at different conditions may be required and
this approach can lead to the total failure of the component; with the subsequent
cost and time due to the replacement of the component or system along with the
potential human errors in the process.

In order to test metal-metal contact the latter option is preferred. A total failure
and the subsequent replacement of the component after each experiment are not
acceptable due to the cost of completely replacing, assembling and
disassembling the planetary transmission. Therefore, it is essential that metal-

metal contact is provoked without stalling the bearing or provoking major damage.

To avoid major damage during metal-metal contact in the experiments the tests
are not conducted at nominal operational conditions. Instead, oil temperatures
are below 40 °C and loads are lower than in the real system in order to provoke
metal-metal contact at low rotating speeds with lower risk of damaging the

transmission. The design of experiments is covered in chapter 6.
Model development

The development of the algorithm can be done in parallel with the design of the
test rig and the experiments. However, if preliminary models are developed in
advance, their outputs can be useful for the design of the test rig and for selecting

the most appropriate sensors.

The methodology of the development of a DDMs and PbMs differ. PbMs do not
normally required data for their development, the experimental data is used later
for validation and by the IVHM tool. A DDM requires data to create or train the
model and for validation as well. In the following the PbM development is

considered only.
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A PbM requires a functional and a degradation model. The functional model
relates the monitored variables, called external loads, to the internal loads, that
effectively contribute to the degradation of the system. For example, in the
planetary transmission the radial load of the hydrodynamic bearing is an internal
load required by the degradation model but only the output torque of the
transmission is monitored, the relation between these two variables defines the
functional model. The degradation model provides an estimation of the health of
the system. It represents the physics of failure and describes the degradation of

the system based on the values of the internal loads.

The PbM presented in this thesis computes the friction of the hydrodynamic
bearing based on its speed, load and inlet oil temperature. This model can be
divided in hydrodynamic, EHL and mixed lubrication regions. A comprehensive
description of the PbM is provided in chapter 4 and the application of the PbM

into the IVHM system installed in the aircraft is described in chapter 5.
Validation

The IVHM technique must be compared to experimental results representative of
the real system, either by using historical data or by using a test rig. For DDM
data must be divided in training and validation data. For PbM approaches the
operational conditions tested in the experiments are simulated using the PbM and

the results can be compared.

Metal-metal contact is calculated as a function of the friction coefficient in the
model. The evidence of metal-metal contact is obtained, in the case of the plain
journal bearing, by directly measuring the friction coefficient, and in the planetary
transmission, by measuring the mechanical losses in the system. The
effectiveness of the proposed PbM is obtained by comparing the model to these
experiments. The results of the comparison between PbM and experimental
results is provided in chapter 7.
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4 Metal-metal contact Physics-based model

The novel health condition monitoring technique to detect metal-metal contact is
based on a PbM. The description of the PbM is the core of the algorithm and it is
presented in this chapter. The implementation of the PbM in the IVHM tool is
presented in the following chapter 5.

The PbM presented in this chapter, a mixed lubrication model, is also a
contribution to the field of tribology in in addition to its application as a health
condition monitoring technique. The PbM is able to represent mixed lubrication
through an asperity contact approach implemented locally along the lubricated
surface. The presented PbM and its contribution to the field of tribology has been
published in Tribology transactions (Taylor and Francis) along with the
comparison with experimental results of a plain journal bearing [111], see
appendix B for further details.

This chapter provides a comprehensive description of the PbM and its
implementation in a plain journal bearing and in the hydrodynamic bearing of the
planetary transmission of the aircraft's IDG. It is a contribution to the health
condition monitoring technique to detect metal-metal contact, later described in
chapter 5, and to the field of tribology, as a models capable of representing mixed
and hydrodynamic phenomena in line contacts locally along the lubricated
surface. A comprehensive description of the PbM and all its assumptions and

limitations is provided in section 4.1.
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The PbM can be applied to different hydrodynamic bearings by modifying the
boundary conditions and the parameters of the model. This thesis implements
the PbM for the hydrodynamic bearing of the IDG and for a plain journal bearing
in order to compare well recognized experimental results from the literature and
provide additional evidence of its effectiveness in the planetary transmission. The
implementation of the PbM into both, a plain journal bearing and the
hydrodynamic bearing of the IDG’s planetary transmission, are provided in
section 4.2.
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4.1 Model Description

The PbM proposed in this section aims to estimate the friction along a
hydrodynamic bearing under mixed and hydrodynamic lubrication. As shown in
the literature review, the friction under hydrodynamic and Elastohydrodynamic
lubrication (EHL) has been studied not only using analytical models that consider
the hydrodynamic bearing as a whole; but also using Finite Element Analaysis
(FEA) and Computational Fluid Dynamics (CFD) models to study the phenomena
locally in all the lubricated surface of the bearing. However, for mixed lubrication
conditions the most accepted approaches, based on modelling of the asperity
contact phenomena by dividing the problem in dry and fully lubricated contact,
estimate the friction coefficient of the whole bearing without considering local

effects.

The main contribution of the model proposed in this section from a tribology point
of view is the novelty of including mixed lubrication in a FEA/CFD model that
evaluates the friction locally along the lubricated surface.

The model presented in this section includes EHL and mixed lubrication. The
deformation of the solids and its effect on the film thickness is calculated by using
FEA. The hydrodynamic phenomena are calculated using CFD. The asperity
contact is modelled using the approach proposed by Gelinck and Schipper [80];
however, it is evaluated locally along the lubricated surface of the bearing.

The model has been developed using COMSOL Multiphysics by developing
subroutines for the asperity contact and friction phenomena and structural, CFD
and Heat transfer modules. For a given hydrodynamic bearing and lubricant the
friction can be calculated as a function of the bearing rotating speed, the load and
the inlet oil temperature, which are available information in the IDG of the aircraft.

Thus, not requiring any additional sensors in the aircraft.
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4.1.1 Basic principles

The main function of a bearing is supporting the rotating component; thus,
transmitting the axial and radial loads while minimizing the friction to transmit all

the load without significant mechanical losses.

Rolling bearings consist in an inner and an outer race fixed to the rotating and
support components respectively with balls or rollers in between. Hydrodynamic
bearings do not have any additional element between the rotating component
and the support, the differences can be shown in Figure 10. It should be noted
that this thesis focuses on the detection and modelling of metal-metal contact in

hydrodynamic bearings only.
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Figure 10 Rolling bearing (left) and hydrodynamic plain bearing (right)

Most bearings are oil or grease lubricated, the lubricant has two functions. Under
normal operation the lubricant prevents metal-metal contact and separates the
support and rotating component due to the lubricant film produced by the relative
motion between them. In addition, the lubricant can also be used to dissipate
heat. In the hydrodynamic bearing of the IDG there is not any external heat
source near the hydrodynamic bearing of the IDG; thus, avoiding metal-metal

contact is the main function of the hydrodynamic bearing.
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A hydrodynamic bearing consists of two cylinders, as shown in Figure 11, with a
clearance c that is filled with lubricant. The radial clearance c is defined as the
total distance that the rotating component can be moved relatively to the support

in the radial direction, as shown in Eq. [11], being R, and R;the support and journal

radius respectively.
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Figure 11 Hydrodynamic bearing parameters [112]

The lubricant film is generated due to the relative motion between the support
and journal. The oil is compressed by the load and a hydrodynamic pressure
capable of compensating the load for a given eccentricity e is generated. The
eccentricity is defined as the distance between the centre of the journal and

support.
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The friction coefficient, an indicator of metal-metal contact, is commonly
represented by the Stribeck curve; where the friction coefficient is represented as
a function of different parameters; e.g. rotating speed, load or lubricant viscosity.
A generic Stribeck curve is shown in Figure 12; where the friction coefficient is
represented as a function of the Sommerfeld number: a lubrication parameter

that includes the rotating speed w, the viscosity n, and the load Q.

M
Boundary Mixed Hydrodynamic
lubrication lubrication lubrication
|-
o
(&]
[
% Dry EHL lubrication
B | Frict
= riction :>
Metal-metal contact Healthy operation

Y

Sommerfeld number - (R/c)?wn/Q

Figure 12 Qualitative Stribeck curve —w: rotating speed, n: dynamic viscosity, Q

radial load, R: radius, c: radial clearance

As shown in Figure 12, the fully lubricated condition occurs in the hydrodynamic
region; where no metal-metal contact occurs and solid deformations are not
critical. For heavy loaded conditions the deformation of the bearing significantly
affects the film thickness and the hydrodynamic pressure, this region is called
EHL. If the conditions are more severe partial metal-metal contact occurs, the
region is referred as mixed lubrication. Under lower speeds the lubricant is not
transmitting any load, all the load is carried by the asperities and the region is

called boundary lubrication.
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The main variables that define the Stribeck curve are the rotating speed w, the
viscosity n and the radial load Q as shown in Figure 12. Increasing the speed
would increase the film thickness; thus, reduce the eccentricity and therefore the
risk of metal-metal contact would be minimized. However, it should be noted that
excessive speed would lead to an unnecessarily thick lubricant film and the

friction coefficient would increase under fully lubricated.

Increasing the radial load Q will have the opposite effect, it would reduce the film
thickness because a higher pressure distribution is required to support Q. Metal-

metal contact is more critical under heavily loaded conditions.

Finally, a high lubricant viscosity would help to support the load and therefore, if
viscosity is increased metal-metal contact is less critical as well. It should be
noted that the viscosity is function of temperature. Oil lubricated contacts have
significantly lower viscosity as temperature increases; therefore, in order to

reduce the risk of metal-metal contact the lubricant temperature should be low.
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4.1.2 PbM overview

In the following subsections the PbM subcomponents will be presented. The aim
of this subsection is to provide an overview of the PbM and the relation between
the different subcomponents of the model, as shown in Figure 13. The model
requires an iterative process due to the coupled effects between the three main

physical phenomena: hydrodynamic, solid mechanics and asperity contact.

-

INPUTS

GEOMETRICAL
PARAMETERS

QUTPUTS

viscosity
I

Updat:
Initial eccentricity el

and load angle

and load angle

Figure 13 Metal-metal contact PbM flowchart

The hydrodynamic phenomena is solved by computing the Reynolds equation for
a given eccentricity and load angle; obtaining the pressure distribution and film
thickness h*; the load can be obtained by integrating the pressure distribution.
However the deformation of the hydrodynamic bearing affects the film thickness
and therefore the pressure distribution and both phenomena cannot be solved

independently.

The load, an input of the overall PbM, is an output obtained from the pressure
distribution, but cannot be used as an input in the Reynold equations. Therefore,
an arbitrary eccentricity and load angle must be used as inputs of the Reynolds
equation and modified in an iterative process until the resulting pressure

distribution corresponds to the input load, as shown in Figure 13.
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Metal-metal contact, occurring in the mixed lubrication region, means that part of
the load is transmitted through the asperities. The total load, consisting in the load
transmitted through the lubricant due to the lubricant pressure distribution, plus
the load transmitted through the asperities, has to be considered as a whole.
Therefore, the asperity contact component cannot be solved independently either
because the total load is not equal to the hydrodynamic load under mixed

lubrication.

The following subsections describes the following:

- The hydrodynamic model, which requires the calculation of the film
thickness and the viscosity of the lubricant.

- The EHL component, which takes into account the deformation of the
solid.

- The asperity contact component, computed locally along the lubricated
surface and responsible of evaluating the percentage of load transmitted
through metal-metal contact.

- The forces equilibrium and friction coefficient calculation that evaluates the
total load and provides the output required by the PbM, that is, the
percentage of load transmitted by metal-metal contact and the friction

coefficient estimation.

The meshing of the CFD/FEA model depends on each particular case and will be
discussed in the following section for both, the plain journal bearing and the

hydrodynamic bearing of the IDG.
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4.1.3 Film thickness

The film thickness is a critical parameter of the evaluation of metal-metal contact.
Contact will occur if the film thickness is on the same order of magnitude as the
roughness of the surfaces. The film thickness is required for the calculation of the

hydrodynamic phenomena, that is, for solving the Reynolds equation.

If only hydrodynamic phenomena were taken into account, the film thickness
would be defined by the eccentricity e and the clearance ¢ as a function of the
angular position 8. However, in EHL the deformation of the bearing is significant
and the subsequent effect on the film thickness should be considered by adding
the equivalent deformation & of the shaft and shell, as shown in Eq. [12] where z

is the axial coordinate of the bearing, as shown in Figure 14.

h(6,z) =c+ecos(8) +6(6,2) [12]

Ui QN
b QA

= QAN

Figure 14 Axis reference (u: sliding contact velocity)

As mentioned in the previously in this chapter, the Reynolds equation requires
the film thickness, which depends on the eccentricity e, as an input. However, the
model input is the load and the film thickness is unknown. Therefore, an initial
eccentricity e, must be assumed and modified in an iterative process until the

required load is obtained.

66



4.1.4 Hydrodynamic model

The fluid dynamic phenomena of the bearing can be modelled using the following

equations:

- The film thickness equation.

- The Reynolds equation.

- Cavitation equation.

- The force equilibrium equation.

- Internal energy equation.

The lubricant phenomena are modelled using the generalized Reynolds equation,
deduced from Navier-Stokes equations. The following assumptions have to be
considered [105], [113]: thin film fluid domain (Ly<<Lx, L), Newtonian fluid,
negligible lubricant body and tension forces, dominant viscous forces, and no slip;
as shown in Eq. [13], where p is the density of the fluid and ,,, the average
speed field of the fluid. 1,,, is obtained as a function of the journal tangential

velocity ; ., shell tangential velocity 1., and the fluid pressure field p, (see Eq.

[14]), where 7 is the dynamic viscosity of the oil.
Vt(p h ﬁave) =0 [13]

— 1 — — h’z
Ugpe = E (uj,t + us,t) - m Vt(ph) [14]

Additionally, in journal bearings, the cavitation effects have to be taken into
account in the fluid region, as shown by Laukiavich et al. [109] and Lorenz et al.
[114]. Several cavitation models have been developed [115], [116]. The well
accepted Elrod-Adams cavitation model [116], [117] has been implemented in
this model by reformulating the Reynolds equation in terms of a new variable «,

and a relation between the fluid pressure and the density (see Eqs. [15, 16]).
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—n_dJ = ; 1
a— ﬁwhere a . g=1ifa>1 [15]
1. . h g g=0if a<l1

Where p.., represents the density at cavitation pressure and S the lubricant
compressibility coefficient. The term a has different interpretations in the full film
and cavitation region. In the full film region (a > 1) it represents the fluid density
changes due to the lubricant compression. However, in the cavitation region (a <
1) it represents the proportion of liquid filling the gap assuming that the gas

density is very low compared to the liquid density (py/p; = 1073).

The switch function g changes the character of Eq. [16] from elliptic (full film
region) to parabolic (cavitation region) and avoids computationally expensive
calculations of the cavitation boundary. This function must satisfy the physical

boundary condition at the cavitation interface:

- Flow continuity in the leading edge of the cavitation region.

- Liquid density remains constant equal to the cavitation density p.,, in the
cavitation region.

- Flow leaving the cavitation region must balance the flow entering the full

film zone in the reformation edge.

One of Elrod-Adams cavitation model drawbacks is that the pressure prediction
is very sensitive to £, which has been considered constant through the fluid
domain. To increase accuracy and avoid slow convergence problems artificial 8

values 10 or 100 times higher than the real physical value are applied.
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If the local film thickness is close to the characteristic roughness length, the flaws
hamper the lubricant flow and contact zones are created, affecting the Reynolds
equation. Patir and Cheng [101], [118] devised a model that takes into account
those aspects by modifying the Reynolds equation using a set of corrective
factors with the assumption of isotropic surfaces following a Gaussian height
distribution with standard deviation o that is unaffected by hydrodynamic and

contact pressures, as shown in Egs. [17, 18].

h
h .
p=1-— 0.9¢ %505 if = > 0.5 [17]

h . R h3 g g=0 lf a<l1
tha (E (uj,t+us,t)—m@ Vt(a)>l=0 {gzl if a>1 [18]

Eq. [18] need to be solved with the appropriate boundary conditions, that is, inlet
pressure, lubricant temperature, rotating speed. The boundary condition for the
hydrodynamic bearing of the IDG and the plain journal bearing are described in

the following section 4.2.
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4.1.5 Viscosity

The viscosity of the lubricant, required for the hydrodynamic model, depends on
the lubricant temperature and pressure. As previously mentioned, the function of
the hydrodynamic bearing can be to reduce the friction and heat dissipation.
However, in the hydrodynamic bearing of the planetary transmission or in the
plain journal bearing used as case studies there are not adjacent heat sources.
Thus, the lubricant temperature does not significantly varies inside the bearing

and it is assumed constant and equal to the inlet lubricant temperature.

However, under high pressures, the influence of the pressure in the viscosity of
the lubricant cannot be neglected, as shown by Grubin et al. [96]. The model
accounts for this effect and solves the Reynolds equation considering the
dynamic viscosity as a function of pressure along the lubricated surface. The
most simplified model is the Barus law [119]; however, it can only be applied at
low pressures. Whereas the Roelands model [120] is a better approximation for

higher pressures.

The proposed model computes the viscosity as a function of the pressure using
the Roeland equation as shown in Eg. [19], where 7, is the dynamic viscosity at
atmospheric pressure, ¢, is the pressure coefficient equal to 1.962 - 10® Pa and

the viscosity-pressure index Z is equal to 0.7.

n(ow) = 1o - e[ln(n0)+9.671]-[—1+(1+ph/c;;)z] [19]
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The dynamic viscosity at atmospheric pressure 7, is considered at the inlet oil
temperature T;,;.;- The effect of temperature in the viscosity of the lubricant is
commonly defined as a decreasing exponential law [121] as shown by Seeton
[122] in Eq. [20]. Where $ and ny 1o can be obtained from experimental data. It
should be noted that the pressure and temperature effects in the viscosity are
considered independent. More complex models can be used to account for the
dependency between pressure and temperature in the lubricant viscosity, as
shown by Larsson et al. [123]. However, for most lubricants there is not enough
information available to determine all the experimental coefficients required by

these type of models.

No(Tintet) = Noroe ~P(Tintec=T0) [20]

4.1.6 EHL

Under highly loaded conditions the assumption of a film thickness function of only
geometrical and kinetic parameters is no longer acceptable and the deformation
of both solids (shell and journal) must be take into consideration (see Eq. [12]).
This reciprocal dependency between the film thickness and the solids wall
constrains constitutes the classical EHL problem. Due to the order of magnitude
of the loads on a journal bearing and the mechanical properties of both solids, it
can be assumed the hypothesis of linear elasticity (linear relation between strains
and displacements, and linear relation between strain and stresses). Thus, Egs.
[21-23] need to be solved in both solids with its respective boundary conditions.

V-5 =0 [21]
= Esol = Esolvsol = =

=", + I-t 22
Tso0l 1+ Usol el (1 + Usol)(l - 2Usol) race(gel) [ ]
N T
Eel = E (Vusol + Vo, ) [23]
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4.1.7 Asperity contact component

The asperity contact components aims to calculate the proportion of load carried
by the asperities and by the lubricant under mixed lubrication. The approach has
been applied and validated for line and point contacts by Liu [81] and Faraon and
Schipper [84]. Analytical equations were used for the fluid dynamics and solid
deformations. The asperity contact component presented in this thesis follows
the same principles but it is implemented locally using CFD and FEA along the

lubricated surface.

The total load carried by the hydrodynamic bearing is divided in load transmitted
through the asperities and load transmitted through the lubricant. The contact
model that represents the contact between the asperities was proposed by
Greenwood and Williamson [124], which considers one of the surfaces
completely smooth and the other with a density of asperities n, where the summit
heights follow a Gaussian distribution 1y, with standard deviation ¢ and an
average radius of asperities ,. Assuming an Hertzian contact in each asperity
the load per asperity Q; can be obtained as shown in EQ.[24], where E’ is the
combined elasticity modulus of both surfaces (see EQ. [25]) and w, is the
deformation of the summits. Thus, the pressure transmitted through the asperities

p, Can be obtained as shown in Eq. [26].

2
0 =258, w3

1 1-v2 1-v,2
= +
2E K E,

Pg =1 fins(Z)dzzgnﬁal/zE’ -L‘de/zl/JS(Z)dZ

h—dg h—dg
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Figure 15 represents the contact between the rough and the flat smooth surface;
where two planes have been defined: the mean plane of the summits and the
surface mean plane. The distance between these two mean planes is given by
dy. The surface mean plane is the reference plane for the hydrodynamic
component; thus, d;.has to be subtracted from h in the inferior limit of Eq. [26] as
shown by Lu et al. and [82], [81].According to Whitehouse and Archard [125]
d;.can be approximated by 1.15¢0.

Mean plane of the summits Surface mean plane

Figure 15 Contact between rough and flat smooth surfaces- h, dq4, mean plane of

summits and surface mean plane respectively [126]

It is common practise to transform the integral shown in Eq. [26] into the identity
F3,, (see Egs. [27, 28]).

2 , h—dy
Pa = §n.8a1/2E o3/2 F3/2 ( )

R = [ = 0w (s)ds
A

The function F3z2 is required for line contacts due to the use of the Greenwood
and Williamson model [124], which applies to hydrodynamic bearings and roller
bearings. As opposed to the Greenwood-Tripp contact model for point contacts

[127], which uses the function Fs2 and applies to ball bearings.
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F3,, can be approximated to improve the model computational efficiency, as it is
done with the identity F5, for point contact using a polynomial function by several

authors [77], [128]-[131]. However, because the asperity contact model assumes
a Gaussian distribution of asperities a fitting curve based on a Gaussian

expression is more adequate.

In this thesis the function F; , is approximated by the Gaussian expression shown

in Eq. [29]. In Figure 16 it is shown that a Gaussian fitting curve is more

appropriate than the polynomial fitting curve typically used to estimate Fs,

presented in Eq. [30] and used by several authors [77], [128]—-[131].

_()l+2.169)2
F3(1) =1989e \ 1752/ [f A< 4
2

Fs=0 ifi1>4
2

Fs(1) = 4.4086 107°(4 —1)? if 1< 4
2

Fs=0 ifA>4
2
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Figure 16 Mean square error of Gaussian fitting curve of Fs(x) —left. And Polynomial
2

fitting curve of Fs(x) —right
2
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4.1.8 Forces equilibrium and friction coefficient

The previous subsections provided, first the film thickness, used later by the
hydrodynamic model to calculate the hydrodynamic pressure distribution using
the Reynolds equation. The estimation of the film thickness took into account the
deformation of the solid as shown in the EHL subsection. Finally, based on the

film thickness, the asperity contact pressure distribution could also be estimated.

Once the asperity contact component and the Reynolds equation is solved
considering solid deformations all the loads actuating the hydrodynamic bearing
are known. The loads transmitted through the lubricant and through metal-metal
contact are known and the total load can be obtained. If the resulting total load is
equal to the input load predefined by the model a solution is reached. Otherwise
the eccentricity e and load angle 8 will be modified in accordance until a solution

is reached.

The equilibrium of forces in the journal (see Eq. [31]) should include the loads

transmitted through the lubricant due to hydrodynamic phenomena and the forces

transmitted through the asperities. Q is the total load, (_jn is the normal load

transmitted due to both, hydrodynamic and contact pressure (see Eq. [32]) ,and

@ is the load transmitted due to friction caused by the lubricant and metal-metal

contact (see Eq. [33]), where 7; is the shear stress of the lubricant on the journal

surface, u, the dry contact friction coefficient, 7 the external unitary normal vector

of the surface and #; and u, the journal and shell velocities respectively.

§=6n+6t

—ff ph?ldA—ff P dA
A A

— (e — Usr)
Qt jj T]dA+uan Pa |u]t uS’lrl dA
jt st

The cavitation and the roughness effects on the lubrication film also affect the
shear stress and have to be taken into account as shown by Patir and Cheng
[101], [118] in Egs. [34, 35, 36] assuming isotropic roughness and Gaussian
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distribution heights. A very small € is introduced by Patir and Cheng [101], [118]

to avoid numerical problems.

> hgdsp na u

T = 3 Ba Ve(a) + h (uS,t - uj.t) br 134
h

brp=1-— 1.4e7 %% )

B e 2)
br = f c dx [36]
oV2mJ _pte h+x
Finally, the friction coefficient u can be obtained by taking into account the load
due to shear stress provoked by the lubricant film 7 and the friction coefficient of

the asperities p, as shown in Eqg. [37].

_ lled

y =19 [37]
Qx|
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4.2 Implementation

A comprehensive description of the PbM was provided in the previous section
4.1. The model can be applied to different hydrodynamic bearings, taking into
account the geometry, materials and lubrication parameters. However, the
boundary conditions and model parameters have to be defined for each case
study.

The aim of this section is to provide a description of the implementation of the
PbM for the hydrodynamic bearing of the planetary transmission of the IDG and

for the plain journal bearing used for the validation of the PbM.

The plain journal bearing is implemented in order to compare the PbM results
with experimental data available in the literature. The results of the PbM for a
plain journal bearing will be compared to a well-accepted dataset of metal-metal
contact experiments from the literature provided by Lu et al. [82] in chapter 7.

The planetary transmission of the IDG is implemented in order to provide
additional evidence of the potential of the PbM approach to detect metal-metal
contact by comparing the PbM results with experimental data from a replica of

the planetary transmission of the IDG.

All the parameters of the PbM particular for these two case studies are provided
in this chapter. A more detailed description of the planetary transmission and the
plain journal bearing test rig set-ups experimental conditions is given in chapter
6.

77



4.2.1 Hydrodynamic bearing of planetary transmission

The PbM presented in the previous section 4.1 has to be implemented for the
planetary transmission of the aircraft's IDG taking into account all the features
that may affect the metal-metal contact phenomena. The journal geometry and
bearing supports influence the deformations and therefore the film thickness is
affected. A long groove affects the pressure distribution and cavitation
phenomena. Thus, the actual lubricated surface and bearing geometry with the
corresponding boundary conditions have to be implemented to take these effects

into account.

The hydrodynamic bearing and planetary gear of the planetary transmission
installed in the IDG are made of steel BS 080M40. Both bearing surfaces are
manufactured in a lathe machine. The replica of the planetary transmission tested
in the rig uses the same lubricant as the IDG, Mobil Jet Oil 1l [132].

The relative inlet lubricant pressure is assumed to be 1.3 bar; whereas the outlet
pressure is considered atmospheric. Both boundary conditions are represented
in the PbM as shown in Figure 17. The groove is a critical feature of the
hydrodynamic bearing, it is assumed that the inlet oil pressure is constant along
the groove and equal to the inlet lubricant pressure. It should be noted that, as
opposed to common hydrodynamic bearings, in a planetary transmission the

lubricant is supplied from the journal.
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Figure 17 Hydrodynamic bearing 3D model of the IDG — lubricant pressure boundary

conditions

The inlet lubricant temperature is considered an input that can be modified, as
previously mentioned, the lubricant temperature along the lubricated surface is

assumed equal to the inlet lubricant temperature.

The bearing consists in a hollow shaft, as shown in Figure 17, rather than a solid
shaft as commonly occurs in a hydrodynamic bearing. Therefore, the
deformations will differ from those of a solid shaft and the deformations of the
lubricated surface are obtained based on a FEA model of the solid instead of
calculating the deformation analytically. The deformation of the hydrodynamic
bearing is also affected by how the hydrodynamic bearing is fixed to the support.
The exterior surface, as shown in Figure 18 is tightly fixed to the carrier shaft and
can zero displacement is assumed by the PbM. The lubricated surface where the
Reynolds equation is computed is also shown in Figure 18.
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Lubricated surface

Fixed surface,
0 displacement

Figure 18 Hydrodynamic bearing 3D model of the IDG — lubricated (green) and fixed
(blue) surfaces

The mesh should be optimized, only half of the bearing is meshed due to its
symmetry. The fluid dynamics phenomena are more critical than the solid
deformations and a finer mesh is required in the lubricated surface. A triangular
mesh is used in the lubricant surface, optimized to obtain an even finer mesh
near the boundaries and in the high pressure region. The solid domain consist in
a regular tetrahedral mesh. The mesh discretization is fixed for every simulation.
The main parameters of the mesh are shown in Table 4.
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Table 4 Hydrodynamic journal bearing of the IDG - mesh properties, fluid and solid

domains
Mesh parameter Solid domain | Fluid domain
Number of elements 55148 12119
Minimum element quality | 0.006592 0.3366
Average element quality 0.6354 0.9791
Maximum growth rate 5.248 5.808
Average growth rate 2.04 1.152

The main dimensions of the hydrodynamic bearing are given in Table 5. The
surface properties, required for the asperity component, are shown in Table 6.

And the mechanical properties of the materials are shown in Table 7 as well.

Table 5 Geometrical properties of the hydrodynamic bearing of the IDG

Parameters Value
Length (mm) 48.34
Diameter (mm) 24.22
Clearance (mm) 0.1018

Table 6 Lubricated surface properties of the hydrodynamic bearing of the IDG

Parameters Value
Density of asperities n (m) 101t
Average asperity radius Ba (m) 10-107°
Standard height deviation os (m) 0.2-107°
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Table 7 Mechanical properties of the hydrodynamic bearing of the IDG

Parameters Value
Young’s module (GPa) 209
Shaft Poisson’s ratio 0.33
Dry friction coefficient 0.2

The lubricant, Mobil Jet Oil 1l [132], is commonly used in aviation. And it is used
in the aircraft and in the test rig as well. The main lubricant properties are shown
in Table 8.

Table 8 Properties of the lubricant Mobil Jet Oil Il [132]

Parameters Value
Kinematic viscosity (cSt) at 40°C 27.6
Kinematic viscosity (cSt) at 100°C 5.1
Oil density (kg/m3) 1003,5

A critical aspect that affect the hydrodynamic phenomena is the lubricant
viscosity. As shown in the previous section, the viscosity is a function of pressure
and temperature. The PbM proposed in this thesis uses Eqg. [19] to calculate the
dynamic viscosity as a function of the pressure. And the temperture effect is

considered decoupled, as shown in Eq. [20].

As previously mentioned, the pressure significantly varies along the lubricated
surface; thus, the viscosity is calculated along the surface as a function of the
hydrodynamic pressure (see subsection 4.1.5 for more details). However, the
lubricant temperature along the lubricated surface is assumed equal to the inlet

lubricant temperature.
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The relation temperature effect on the dynamic viscosity for the hydrodynamic
bearing of the planetary transmission is shown in Eqg. [38]. The parameters
No.1pG,ro» aNd B have to be obtained based on experimental results. As shown
in Table 8, the viscosity of the Mobil Jet Oil Il at 40 and 100 °C is known. Thus,
both parameters can be obtained, as shown Table 9. Where the dynamic
viscosity 1y ;p¢ IS Obtained in Pa.s as a function of T, Which is introduced in

Kelvin.

No.1p6 (Tintet) = TIO,IDG,TOe_ﬁIDG Tinlet [38]

Table 9 Viscosity-temperature model parameters for Mobil Jet Qil Il

Parameter Value Units

No,IpG,TO 189.5224 | 1/K

BIDG 0.0282 Pa.s
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4.2.2 Plain journal bearing

A plain journal bearing, previously studied by Lu et al. [82], is used to compare
the PbM results with the experimental data. The reason for an additional case
study apart from the planetary transmission of the IDG is that the experiments of
a plain journal bearing can measure the friction coefficient as opposed to
experiments of the planetary transmission that measure the mechanical losses in
the system. The additional case study based on well accepted experimental
results provides additional evidence of the validity of the PbM presented in this

thesis.

The plain journal bearing consists in a journal and a support or housing. The
journal is a plain shaft made of AISI 1020 steel and the housing is made of SAE
660 bronze alloy. The lubricant temperature is assumed 40 °C and no

overpressure is considered.

Regarding the boundary conditions of the system, the external loads due to the
interaction fluid-solids, and the interaction between both solids have been
considered (asperity contact component). It is assumed that there are only elastic
deformations and displacement is not allowed on the base of the support and the

shaft edges as shown in Figure 19.

Figure 19 Boundary conditions scheme
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The PbM is computationally expensive and the mesh should be optimized. Only
half of the bearing is meshed due to the symmetry of the bearing. The fluid
dynamics phenomena are more critical than the solid mechanics of the bearing
and a finer triangular mesh is used for the lubricant domain, which is optimized
following a geometrical distribution to obtain a finer mesh over the area of higher
pressures, the mesh discretization is fixed and does not change as a function of
the speed. The rest of the bearing consists in a thicker tetrahedral mesh. The

main parameters are shown in Table 10.

Table 10 Plain journal bearing mesh properties, fluid and solid domains

Mesh parameter Solid domain | Fluid domain
Number of elements 71811 2628
Minimum element quality | 0.06401 0.6499
Average element quality | 0.7548 0.9731
Maximum growth rate 3.968 2.091
Average growth rate 1.666 1.167

The dimensions of the bearing are shown in Table 11, whereas the surface
properties required by the asperity contact component are shown in Table 12. In
addition, the mechanical properties of the shaft and housing are shown in Table
13.

Table 11 Geometrical properties of the plain journal bearing

Parameters Value
Length (mm) 25.4
Diameter (mm) 24.54
Clearance (mm) 0.085
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Table 12 Lubricant surface properties of the plain journal bearing

Parameters Value

Density of asperities n (m?) 2.5-10%0
Average asperity radius Ba (m) 10-107°
Standard height deviation os (m) 0.2-107°

Table 13 Mechanical properties of shaft and housing of plain journal bearing

Parameters Value
Shaft Young’s module (GPa) 209
Housing Young’s module (GPa) 100
Shaft Poisson’s ratio 0.29
Housing Poisson’s ratio 0.33
Dry friction coefficient 0.2

The lubricant consist in a SAE 30 oil. The properties of the lubricant required by
the PbM are shown in Table 14. All the experiments of the plain journal bearing
presented in the thesis are conducted at 40 °C; thus, the exponential low that
relates lubricant viscosity and temperature is not required as opposed to the
hydrodynamic bearing of the planetary transmission of the IDG.

Table 14 Properties of the lubricant SAE 30

Parameters Value
Kinematic viscosity (cSt) at 40°C 93

Kinematic viscosity (cSt) at 100°C 10.8
Oil density (kg/m?) 869.3

86



4.3 Summary

This chapter covers the description of the PbM, which is the core of this thesis.
The PbM is a novel mixed lubrication model in the field of tribology capable of
computing metal-metal contact locally along the lubricated surface. The PbM also
represents the main contribution of the condition health monitoring technique to
detect metal-metal contact in a hydrodynamic bearing. Thus it is an essential part

of both novelties of the thesis.

The main contributions of the novel PbM presented in this chapter, independently
of its application to health condition monitoring, are the combination of mixed
lubrication and EHL phenomena locally along the lubricated surface by using
CFD/FEA as opposed to the previous mixed lubrication models based on an
asperity contact component. The mixed lubrication model is described and
compared to experimental results in in the published journal paper
“Computational Mixed-TEHL model and Stribeck curve of a journal bearing” [111]
in Tribology transactions.

The novel technique to detect metal-metal contact in hydrodynamic bearings is
further developed in chapter 5, but the PbM presented in this chapter is the main
contribution of the health condition monitoring technique. As opposed to DDM
techniques; which normally rely on the complex health assessment of statistical
health indicators that are relatively easy to obtain, this thesis presents a technique
based on a complex PbM that provides the friction coefficient and the percentage
of metal-metal contact, which are direct indications of the damage due to metal-
metal contact. The advantage of obtaining a health indicator that is a direct
indication of the damage is that the health assessment can be as simple as a
threshold. Therefore, the contribution of the technique to detect metal-metal
contact is due to the novel PbM presented in this chapter, rather than its

application or health assessment, shown in the following chapter 5.

87



The PbM is used in two different hydrodynamic bearings in this thesis, the
hydrodynamic bearing of the planetary transmission and a plain journal bearing.
The implementation of the PbM to both hydrodynamic bearings was detailed in
this chapter, providing a detailed description of the boundary condition and
parameters that should be defined in order to implement the model in any other
hydrodynamic bearing.
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5 Health condition monitoring

The application of a PbM approach to detect a failure mode requires the
computation of the model in real-time to assess the health of the system. For
models that are based on analytical equations the model may be executed in the
vehicle or system directly. However, for more complex models, it is not feasible
to execute the model in the vehicle due to computational and software limitations
in the vehicle. Even if a complex model could be executed in the vehicle it may
prove challenging to provide real-time health assessments; e.g. if the execution
of the model requires 3 hours the health monitoring system would only provide

results every 3 hours or more.

An alternative option consists in dividing the IVHM system in: PbM simulations,
executed offline for a wide range of operational conditions, and an IVHM tool,
installed in the aircraft, responsible of assessing the health of the system in real-

time by comparing the conditions with a database previously generated.

The PbM developed in this thesis is based on a FEA/CFD model that requires
significant computational power and specific software. The PbM cannot be
computed in real-time in the aircraft. Therefore, the latter solution is preferred,
consisting in the PbM executed offline and the IVHM tool accessing the model
results from a database in real-time in the aircratft.

The core of the IVHM system, the PbM which is executed offline, is covered in
chapter 4. The IVHM tool installed in the aircraft accesses the PbM results from
a database and evaluates the health of the IDG in real-time. In addition, the IVHM
tool provides recommendation to the pilot to avoid further damage, allows the
disconnection of the IDG if the safety of the airplane is not affected, and can be
used to trigger the required maintenance actions. The IVHM tool required to
detect metal-metal contact and actuate in accordance in the aircraft is described

in the following section 5.1.
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The PbM requires 3 input parameters: speed, generator torque, and inlet lubricant
temperature. All of them available in the aircraft and test rig. However, as
previously mentioned, the experiments of the transmission in the test rig are
conducted at low loads and ambient lubricant temperature to avoid total failure
and allow multiple experiments of metal-metal contact. Thus, provoking metal-
metal contact at low speeds. It should be noted that the input torque, used for
validation in the test rig, is not required by the health condition monitoring

technique.

The aircraft can operate under significantly higher loads lubricant temperatures;
thus, metal-metal contact can occur at higher speeds, within the range of
operation of the IDG. These conditions cannot be evaluated in the test rig;
however, its impact can be analysed with the results of the PbM. The
temperature, load and combination of both effects are analysed based on the
results of the PbM in section 5.2. It should be noted that the PbM has not been

compared to experimental data under such conditions.

This analysis is particularly relevant due to the particularities of the IDG. The
lubricant temperature can be a critical factor because, as shown in the
background section 1.1, the same oil is used for lubrication and for the hydraulic
unit that regulates the speed. The hydrodynamic bearing does not significantly
increase the lubricant temperature; however, the hydraulic pump can increase
the lubricant temperature and lead to metal-metal contact in the planetary

transmission at higher speeds.

The load in the hydrodynamic bearings, determined by the generator torque, can
also lead to higher speeds at which metal-metal contact occurs. If the electrical
demand by the systems of the aircraft increases the hydrodynamic bearing load
will be higher and metal-metal contact may occur. This can be particularly critical

if occurs in combination with higher lubricant temperature.
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5.1 IVHM tool

The computational power and memory of an aircraft system is limited and the
tasks carried out by the IVHM tool should be minimized. The PbM presented in
this thesis requires significant computational power and resources and cannot be
executed in the aircraft. Therefore, the FEA/CFD model is computed previously
on the ground, and the results for all the range of operational conditions are

stored in a database accessible by the IVHM tool in the aircraft.

The PbM is the first stage of the IVHM system, which is the core of the proposed
health condition monitoring technique. The PbM was presented in chapter 4 and
it is compared to experimental results in chapter 7. This section presents the
second stage of the IVHM system, the application of the PbM for in the aircraft;
which includes a description of the user-interface and its capabilities, the data
processing to obtain the health of the system, and the actions and
recommendations provided by the tool to minimize the damage without
compromising the safety of the aircratft.

5.1.1 IVHM tool capabilities

The IVHM tool is a proof of concept of the integration of the PbM technique to
detect metal-metal contact in the aircraft. At this stage the IVHM tool is
represented by a Graphical User Interface (GUI) that represents the interaction
between the pilot and the algorithm during a simulated flight where the

operational conditions and the status of the redundant IDGs can be modified.

The IVHM tool has access to the database with the PbM results for the range of
operational conditions of the IDG and monitors the speed, generator torque and
inlet lubricant temperature in real-time. By estimated proportion of metal-metal
contact the health of the system can be assessed. This information is provided to
the pilot for the operation of the aircraft and can be used by the Continuous
Airworthiness Management Organization (CAMO) responsible of triggering the

necessary maintenance actions.
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Therefore, the following requirements are required by the IVHM tool:
No additional sensors

An IVHM tool for legacy aircraft is particularly challenging when extra sensors
have to be incorporated to the initial design due to certification constrains. The
IVHM tool does not require any additional sensor, the health of the system is
assessed based on speed, load and inlet oil temperature; which are available in

the original design.
No major design modifications

The calculations of the IVHM tool should be feasible by the current system
installed in the aircraft without additional hardware. The IVHM tool consists in
analytical and logical clauses that do not require specific software or significant

computational power.
Real-time

The metal-metal contact failure mode does not consist in continuous degradation.
Degradation only occurs under certain operational conditions. The IVHM system
should identify these critical condition as soon as possible to react before total
failure occurs. Therefore, the sampling rate of the IVHM tool should be relatively
high. The calculations conducted by the IVHM tool are minimal, consisting in
logical clauses and analytical equations.

Aircraft decision making

In order to maximise the potential of a prognostics IVHM tool, the health
assessment can provide additional benefits if used during the operation of the
vehicle, and not only for maintenance. The IVHM tool not only assesses the
health of the system. It also provides recommendations to the pilot to avoid further
damage and allows the disconnection of the IDG only if the other IDGs are

operative.
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5.1.2 IVHM tool description

The IVHM tool has been developed in order to represent the capabilities of the
IVHM system and its implementation in the aircraft. This subsection describes the
IVHM tool that can be executed in real-time replicating the aircraft conditions. A
detailed description of the data management by the IVHM tool is provided in the

following section 5.1.3.

The IVHM tool is developed in Matlab. An initial GUI is required to define the
simulation parameters (see Figure 20). The sample rate, flight hours, IDG hours,
or part ID are selected. The operational conditions during the flight are modified

in real-time by the user.

LiRepAIR

Logging mode

1 Real time i
Saved data set

Sampling period (seconds) Logging data path

Soe data_set 1

1

Time scale factor:

(1=normal speed) (<1 =faster)

1 Flight hours:

65  hours AE2E

B4579-2
IDG hours: ; o] 5489A

13510  hours E

Figure 20 Initial GUI: Configuration of flight simulation and IVHM tool
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The IVHM tool can be executed once the parameters defined in Figure 20,
required to simulate the flight are defined. The IVHM tool GUI evaluates the
health of the IDG due to metal-metal contact in real time, as shown in Figure 21,
simulating the conditions during flight. This tool provides the health indicators
over time, health assessment and the status of the redundant IDGs. The speed,
generator torque, and lubricant temperature can be modified during the simulated
flight.

| main_screen

id_aircraft AC26
id_part B4579-2
serial_no 5489A

Planetary gear- journal bearing friction

&

friction coefficient

&
o

RN

Figure 21 IVHM tool GUI: 1- health indicators, 2- health assessment, 3- operational

conditions, 4- Decision making in the aircraft

The functionalities of the IVHM tool can be divided, as shown in Figure 21, as

follows:
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Health indicators

The health indicators proposed in this thesis, both directly provided by the PbM,
are the friction coefficient (health indicator 1) and the percentage of load
transmitted through metal-metal contact (health indicator 2). Their value along

time can be tracked as shown in Figure 21-1.

Under metal-metal contact the friction coefficient increases significantly, a
threshold on the friction coefficient could be used to detect metal-metal contact.
However, in the hydrodynamic region the friction coefficient also increases as
speed increases due to the higher film thickness and viscous forces. Thus,
thresholds of the friction coefficient at the first stages of metal-metal contact could

lead to false alarms.

The health indicator 2, the percentage of load transmitted through metal-metal
contact is more robust because it is directly related to the failure mode and it only
increases if metal-metal occurs. This indicator is not being affected by excessive

friction due to higher film thickness and viscous forces.
Health assessment

The health assessment is based on the health indicator 2, the percentage of load
transmitted through metal-metal contact. Two thresholds are defined to

differentiate between healthy, alarm, and failure status as shown in Figure 21-2.

Under hydrodynamic regime all the load is transmitted through the lubricant and
the status is considered “healthy”. The “alarm” status is triggered when partial
metal-metal contact occurs but the contact is not severe. Under this situation
metal-metal contact does not lead to a total failure. If the percentage of load
transmitted through the asperities becomes significant and the second threshold

is exceeded a “failure” status is triggered and total failure may occur.
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It should be noted that this thesis aims to validate a novel technique based on a
PbM to detect metal-metal contact, but the definition of the limits from which a
failure is considered are not in the scope of this thesis. Thus, the thesis does not
aim to define the optimal thresholds’ values. The thresholds should be adjusted
by the MRO organization to minimize the cost without compromising the
availability of the aircraft. However. For qualitative purposes the alarm threshold
is set at 0.8% of load transmitted through the asperities, and the “faulty” condition

is considered for values above 20%.

The speed depends on the turbine thrush and cannot be modified to avoid the
failure for safety reasons. However, the damage can be avoided if the load is
reduced, which can be done by disconnecting non-essential electrical systems in
the aircraft; or by reducing the oil temperature by using the heat exchanger
installed in the IDG. These recommendations are provided by the IVHM tool to
the pilot under “alarm” conditions. If metal-metal contact is more severe and total

failure may occur the IVHM tool advises the pilot to disconnect the IDG.

The benefit of this additional functionality is that a potential failure can not only
be mitigated, but it can be completely avoided by modifying the load or oll
temperature with minor impact in the operation and safety of the aircraft.
Therefore, a higher availability of the aircraft can be achievable, in addition to the
maintenance cost and time reduction due to the reduction of inspection times and
the reduction of secondary damage. If more severe metal-metal contact occurs
the IDG can be disconnected before stalling occurs reducing secondary damage

and inspection times.
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Operational conditions

The operational conditions of the IDG can be monitored; in particular, the rotating
speed, generator torque and inlet lubricant temperature are used as inputs by the
IVHM tool. In order to test the proof of concept proposed in this thesis these
operational conditions can be modified in the GUI as shown in Figure 21-3.
Allowing to test variable operational conditions during the flight as it would occur

in the real system.
Decision making in the aircraft

If there is a “failure” status the IDG can potentially be disconnected, as shown in
Figure 21-4. However, if it is disconnected it cannot be reconnected during the
rest of the flight. For safety reasons the IDG can only be disconnected if the other
2 IDGs are operative, the status of the redundant IDGs is accessible by the IVMH

tool and the disconnection of the IDG is only allowed if this condition is met.
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5.1.3 Data management

The capabilities and functionalities of the IVHM tool were described in the
previous subsections. However, a comprehensive description of the data flow

and process of the IVHM tool is required.

The process and data flow of the IVHM tool are shown in Figure 22. The
processes and flow of information are divided between tasks executed on the
ground and aircraft. The aircraft is divided in IVHM tool in IDG 1 and the
redundant IDGs 2 and 3. The main processes and functionalities: FEA/CFD
model, health indicators, health assessment and aircraft decision making will be
described in sequential order. It should be noted that the IVHM tool does not

include the process to launch a maintenance work order.

On ground Aircraft

IVHM tool-IDG 1
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IVHM parameters
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Failure threshold BUTTOM

L

IDG 1
status
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Figure 22 IVHM tool process and data flow diagram
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FEA/CFD Physics-based Model

The first stage of the IVHM system consist in creating a database of PbM results
for all the operational conditions. The database is used by the IVHM tool in the
aircraft without executing the PbM in real-time. The databases store both health
indicators, the total friction coefficient and percentage of load transmitted through
metal-metal contact as a function of the operational conditions: carrier shaft

speed, generator torque and inlet lubricant temperature.

Each simulation is executed for a specific load and inlet oil temperature and a
wide range of speeds, from 10 to 6000 rpm; thus, providing the friction coefficient
u and percentage of load transmitted through asperities k as a function of the

speed.

This simulations should be executed for a wide range of loads and inlet oil
temperatures. In this thesis the data base contains simulations for input IDG
torques of 40, 80 and 296 Nm; and for inlet oil temperatures of 20, 40, 80, 100
and 140 °C. A detailed discussion of the results is included in the following section
5.2.

Health indicators

The potential health indicators, calculated by the IVHM tool, are the friction
coefficient u and the percentage of load transmitted through metal-metal
contact k. The PbM database stores these health indicators in 3D matrixes F and
L, representing the u and k for all the simulated loads and temperatures as shown
in Eqg. [39, 40], where both health indicators are obtained for all the simulated
operational conditions i,j,k; corresponding to the rotating speed, generator load,

and inlet lubricant temperature respectively.
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Fijx = u(sil;, Tx) where s; = speed, l; = load, Ty, 9]
= oil temperature Vi, j, k in databse

Lijx = K'(Si, L, Tk) where s; = speed, |; = load, Ty (40]
= oil temperature Vi, j, k in databse

The monitored values of speed s*, load [* and oil temperature T*, differ from those

in the database and the estimated friction u* and percentage of metal-metal

contact k* are obtained by trilinear interpolation. It should be noted that

u(si, 1, T) and x(s;, 1, Ty ) are not linear functions and several data points are

required to minimize the interpolation errors.

In order to interpolate u* and k™ at the actual operational conditions, represented
by p(s*,l*,T*) in Figure 23, the closer data points x;_g must be identified along

with their corresponding u and k values, represented by V.

Figure 23 3D linear interpolation notation — x;: simulated operational conditions, p:

actual operational conditions, p:clower dimension interpolations.
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The 1D interpolations of V for py1, P10, Poo, P11 CaN be obtained by interpolating
V between their corresponding x; ;; points, as shown in Eq. [41]. V(pr_c) can be
used to interpolate V (p,;) and V (p,) using the same approach by interpolating
between py,, P10, Poo, P11- Finally V(p) is obtained repeating the same process

by interpolating between p; and p,.

Prc — Xi
————forr,c=1,0 41
Xit1 — X [41]

V(pr,c) = V(xi) + (V(xi+1) - V(xi)) )

As a result, the health indicators are obtained in real-time by interpolating u* and
k* as a function of the actual operational conditions s*,[* and T* using the data
stored in F and L.

Health assessment

The complexity of the health assessment depends on how representative of the
failure mode the health indicators are. DDMs techniques based on artificial
intelligence evaluate multiple parameters as health indicators and find complex
trends related to the failure. Thus, the contribution of such techniques normally
relies on the health assessment rather than the calculation of representative

health indicators.

The opposite occurs to PbM approaches, the degradation is modelled so the
health indicators represent the physical phenomena of the failure mode. The
challenge is to develop a reliable PbM capable estimates those health indicators.
Under this circumstances the magnitude of the health indicator is directly related
to the failure mode and the health assessment may consist in thresholds without

the need for more complex health assessment techniques.

In this thesis the health indicators, friction ¢ and percentage of load transmitted
through metal-metal contact k, represent the physical phenomena of the failure
mode and their magnitude can be used to define thresholds when degradation

occurs.
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The technique presented in this thesis has the potential to detect metal-metal
contact in the early stages of the failure, when the load transmitted through the
asperities is limited. Thus, it has short-term prognostics capabilities; however, it
can also predict severe metal-metal contact and a potential total failure.
Therefore, it has diagnostics capabilities as well. The IVHM tool requires two
thresholds of the health indicator x: an alarm threshold K4 for short-term

prognostics, and a failure threshold for diagnostics K4 When a failure is

expected to occur.

The friction coefficient u is a valid health indicator; however, as it was previously
mentioned, it increases not only due to metal-metal contact, but also due to

excessive lubrication and could lead to false alarms.

The percentage of load transmitted through metal-metal contact x is a more
robust health indicator because its magnitude is directly related to the severity of

the failure mode and it is unaffected by excessive lubrication.

The “health” state of the system can be “healthy”, “alarm” or “failure” depending
on x and the alarm and failure thresholds as shown in Eqg. [42]. If the system is
“healthy” no actions are required and no recommendation is given to the pilot.
However, if there is an “alarm” state partial metal-metal contact may occur, a
recommendation is provided to the pilot to return to a “healthy” state without

compromising the operation of the aircraft.

healthy if k < Kgiarm

health = { alarm if Kggrm < k < Kfailure [42]
failure if k > Kegipyre

To return to healthy conditions the rotary speed, load and inlet lubricant
temperature can be modified. However, the speed is related to the turbine thrust
and it should not be modified. Instead, it is recommended to use the oil heat
exchanger to reduce the inlet oil temperature, and if it is already activated, reduce
the load in the system by disconnecting non-essential electrical systems in the

aircraft.
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Aircraft decision making

The IDG can be physically disconnected from the turbine at any time during the
flight if a critical failure occurs. However, it cannot be reconnected again until the
plane is on the ground. Therefore, the decision of disconnecting the IDG should

be taken only under a high risk of total failure in the IDG.

Some of the electrical systems in the aircraft are critical and the risk of having all
the IDGs inoperative affects the safety of the aircraft. The IDG should only be
disconnected if the other IDGs are operative; otherwise it should remain

connected even if a failure occurs.

Because the IDG cannot be reconnected during flight, the IDG should not be
disconnected under an “alarm” health status. However, if metal-metal contact is
more severe and there is a “failure” health status, total failure is likely to occur
and the IVHM tool recommends the pilot to disconnect the IDG. Regardless of
the decision of the IVHM tool and the pilot, if any of the redundant IDGs is not
operative the IVHM system does not disconnect the IDG, as shown in Eq. [43].
In the IVHM tool proposed in this thesis the disconnection of the IDG is advised
to the pilot, who can decide to disconnect it. Alternatively, the IDG can be
disconnected automatically by the IVHM tool.
( IDG 1 = operative \
stop IDG 1 = yes ' L
if <IDG 1 health status = failure ; then IDG 1 = disconnected [43]
l IDG 2 = operatl:ve J
IDG 2 = operative
Finally, the information of the IVHM tool should be beneficial, not only for the
operation of the aircraft, but also for the maintenance. The health assessment
and health indicators should be transferred to the CAMO, which normally is the
airline or the MRO organization. And the decision of launching a repair work order
can be triggered.
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5.2 Metal-metal contact under aircraft operational conditions

IVHM has additional benefits in addition to the maintenance cost reduction for
diagnostics and higher availability of the vehicle for prognostics. The outcomes
of the IVHM can help during the design stage, this is particularly relevant for PbMs
due to the synergies between PbM applied for IVHM and those used during the
design [18]. The understanding of the physics of failure due to the PbM, initially
developed for IVHM can be used to mitigate or totally avoid the failure mode in

future designs of the system if the failure phenomena is better understood.

This section evaluates the results of the PbM under the aircraft operational
conditions and discusses the impact of the main parameters (speed, load and
inlet lubricant temperature). It should be noted that the comparison with
experimental results has been conducted under lower operational conditions. The
aim of this section is to understand the relevance of each parameter, in particular

load and lubricant temperature.

The PbM described in chapter 4, implemented for the hydrodynamic bearing of
the planetary transmission of the IDG, is evaluated for different aircraft
operational conditions: speeds from 10 to 6000 rpm under different loading
conditions (40 and 80 Nm) and inlet lubricant temperatures (20, 40, 80, 100 and
140 °C). The impact of lubricant temperature and load in the severity of metal-

metal contact is analysed.
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5.2.1 Description

The IDG normally operates at high speeds (>3000 rpm) and metal-metal contact
Is a failure mode that normally occurs at low speed. However, the range of loading
conditions is wide and the lubricant can reach high temperatures due to the
heating in the hydraulic unit that regulates the speed, leading to metal-metal

contact at nominal conditions.

The load is directly related to the electrical demand of the aircraft. The friction
and heat dissipation in the lubrication system of the IDG do not significantly affect
the oil temperature as to provoking a failure. However, the same lubricant is used
by the hydraulic unit to regulate the speed of the aircraft and this unit can

significantly heat the oil that will later be used to lubricate the IDG.

The PbM experimental validation is conducted with lower load and ambient
lubricant temperature to provoke the failure at low speeds and avoid stalling and
total failure during the tests. However, under higher loads and lubricant
temperatures metal-metal contact can occur at higher speed as shown in the
background section as shown in section 1.1. These effects are discussed in this

section.
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5.2.2 Load and inlet lubricant temperature impact

In this subsection the numerical results of friction and percentage of load
transmitted through metal-metal contact under the wide range of operational

conditions of the IDG are presented.

The load transmitted through the hydrodynamic bearing is directly related to the
input torque of the IDG, that is, the torque of the carrier shaft, as shown in Eq.

[44]; where Lyeqring is the load transmitted through each hydrodynamic bearing,
Pinpue 1s the input torque to the IDG, and R, is the planetary gear pitch radius.

The impact of the load is assessed by comparing the friction and metal-metal
contact for Py, 40, 80 and 296 Nm.

P input

Lyearing = [44]

ZRpitch

The hydrodynamic pressure increases at higher loads unless severe metal-metal
contact occurs. In order to increase the hydrodynamic pressure to compensate
the load the eccentricity increases and the minimum film thickness is reduced.
Thus, high loads produce a smaller film thickness and can lead to metal-metal

contact.

Metal-metal contact occurs because the lubricant cannot support all the load
transmitted through the bearing and the film thickness is at the same order of
magnitude as the roughness of the bearing surface. Some of the asperities get in
contact and load is transmitted through them, with the subsequent higher friction,

degradation and risk of stalling.

The capacity of the lubricant to generate a fully lubricated film also depends on
the lubricant viscosity. More viscous lubricants can generate higher
hydrodynamic pressure with the same eccentricity; thus, carry higher loads.
Under fully lubricated conditions excessive viscosity would lead to excessive film
thickness and unnecessary mechanical losses. However, high viscosity reduces
the risk of metal-metal contact because higher loads can be transmitted with less

eccentricity and thicker film thickness than lubricant with low viscosity.
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The lubricant viscosity is strongly dependent on the temperature; e.g. the
kinematic viscosity of the IDG’s lubricant is 27.6 cSt at 40°C and 5.1 cSt at 100°C.
Therefore, high inlet lubricant temperatures can significantly affect the risk of

metal-metal contact due to the reduced viscosity of the lubricant.

In the following the friction and percentage of load transmitted through metal-
metal contact as a function of the rotating speed will be presented for different

loading conditions and inlet lubricant temperatures.

Under 40Nm and ambient lubricant temperature metal-metal contact occurs at
very low speeds, as shown in Figure 24 and Figure 25. Mixed lubrication occurs
at higher speeds if the lubricant temperature increases. However, in order to have
metal-metal contact under the nominal range of speeds of the IDG, which is
above 3000 rpm, lubricant temperatures should be above 100 °C, which is not

probable to occur.
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Figure 24 Estimated friction coefficient by the PbM in the hydrodynamic bearing of the
IDG — Generator torque 40 Nm
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Figure 25 Estimated percentage of load transmitted through the asperities by the PbM
in the hydrodynamic bearing of the IDG — Generator torque 40 Nm

Under medium load conditions (80 Nm) mixed lubrication is expected to occur at
higher speeds. As shown in Figure 26 and Figure 27, partial metal-metal contact
may occur under the range of nominal speeds if the lubricant temperature is 100
°C.
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Figure 26 Estimated friction coefficient by the PbM in the hydrodynamic bearing of the
IDG — Generator torque 80 Nm
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Figure 27 Estimated percentage of load transmitted through the asperities by the PbM
in the hydrodynamic bearing of the IDG — Generator torque 80 Nm

For excessive load conditions (296 Nm), uncommon under normal operation,
metal-metal contact is estimated in the speed range of the IDG even if the
lubricant is at ambient temperature, as shown in Figure 28 and Figure 29. Under

higher temperatures severe metal-metal occurs.

0.25 | I \
—20°C
—40°C
0.2 |—80°C

0.15

0.1

Friction coefficient

0.05

0 1000 2000 3000 4000 5000 6000
Carrier shaft rotating speed (rpm)

Figure 28 Estimated friction of load transmitted through the asperities by the PbM in the
hydrodynamic bearing of the IDG — Generator torque 296 Nm
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Figure 29 Estimated percentage of load transmitted through the asperities by the PbM
in the hydrodynamic bearing of the IDG — Generator torque 296 Nm

From the numerical results of the PbM under different loads and temperatures

the following conclusions can be obtained:

- Under low load conditions (40 Nm) mixed lubrication under the nominal
range of speeds of the IDG only occurs at excessively high lubricant
temperatures above 100 °C.

- Under medium load conditions (80 Nm) mixed lubrication can occur in the
range of speeds of the IDG at lubricant temperatures above 80 °C.

- Under maximum load conditions (296 Nm) mixed lubrication can occur in
the range of speeds of the IDG even if the lubricant is at ambient
temperature. At higher temperatures the predicted metal-metal contact is
severe.

- The lubricant temperature is a critical factor in the failure mode and
external heat sources, e.g. the hydraulic unit responsible of regulating the
speed of the planetary transmission, can cause the failure due to metal-

metal contact in the hydrodynamic bearing.
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5.3 Summary

Along this chapter the application of the PbM for the health condition monitoring
system capable of detecting metal-metal contact in the hydrodynamic bearing of
the planetary transmission has been described and discussed.

In conjunction with the novel PbM presented in chapter 4, this chapter covers one

of the main novelties of this thesis:

- The development of a novel technique to detect metal-metal contact in the
hydrodynamic bearing of a planetary transmission of an aircraft’'s IDG

using a PbM approach without installing additional sensors in the aircraft.

The development of a novel PbM technigue to detect metal-metal contact covers

one of the relevant gaps in the knowledge identified in chapter 2:

- Physics-based Models have not been used for the detection of metal-

metal contact in hydrodynamic bearings.

The novelty of this approach relies on the representation of the degradation
phenomena, which was covered in chapter 4. However, the integration of the
PbM in an IVHM system requires the calculation of the health indicators in real-
time, the health assessment and the management of the predictions provided by
the PbM for the operation of the aircraft and the maintenance. All these aspects
are covered in this chapter.

In order to represent the capabilities and functionalities of the proposed
technique, a proof of concept of the IVHM tool has been developed in Matlab
using a GUI that replicates the interaction between the aircraft, the IVHM system
and the pilot. This IVHM tool accesses the simulated results of the PbM from a
database, calculates the health indicators, provides a health assessment,
provides recommendations to the pilot and is in agreement with the safety

requirements of the IDG disconnection if a failure occurs.
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The IDG can operate in a wide range of operational conditions. The speed can
vary from 3000 up to 6000 rpm, the load in the system depends on the electrical
demand and the lubricant temperature can increase due to the hydraulic unit that
regulates the speed. The load and lubricant temperature can significantly affect
the speed at which metal-metal contact occurs. The numerical results provided
by the PbM have been presented to analyse the impact of both factors.

Based on numerical results, under low load condition (40 Nm) metal-metal
contact occurs at relatively low speeds. Under the nominal range of speed of the
IDG partial metal-metal contact only occurs at very high lubricant temperatures
above 100 °C. However, under a medium load (80 Nm) partial metal-metal
contact can occur at the nominal range of speed of the IDG for lubricant
temperatures above 80 °C. At maximum load conditions (296 Nm) metal-metal
contact is expected to occur at the nominal range of speeds even at ambient
lubricant temperature, and increases it severity at higher temperatures.
Therefore, the lubricant temperature is a critical factor that should be considered,
particularly under high load conditions, as it can be significantly increased by the
hydraulic unit responsible of regulating the output speed of the planetary

transmission.
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6 Design of experiments

The technique to detect metal-metal contact in the IDG of an aircraft proposed in
this thesis should be compared to experimental results. Historical data is not
available; therefore, experiments in a test rig are required to evaluate the
effectiveness of the technique. The PbM is compared to experiments of metal-
metal contact of a plain journal bearing from the literature [82] along with tests of
a replica of the planetary transmission at low speeds.

The aim of the experiments is to test the effectiveness of the PbM and to evaluate
other potential health indicators as outlet oil temperatures or lubrication

parameters.

In these experiments, metal-metal contact is provoked by modifying the speed
and load of the system and controlling whether metal-metal contact occurs due
to the additional sensors installed in the test rig. The effectiveness of the PbM
approach is evaluated by comparing the operational conditions at which metal-
metal contact is expected to occur by the PbM and the operational conditions at

which it occurs during the experiments.

The chapter is divided in both sets of experiments, the plain journal bearing and
the replica of the planetary transmission of the IDG. The PbM is compared to the
experimental data of a plain journal bearing, previously studied by Lu et al. [82]
to provide evidence of its effectiveness detecting metal-metal contact. The
implementation of the PbM for this bearing was described in subsection 4.2.2.
The friction coefficient is measured directly during the experiments; thus
providing a direct comparison of the PbM output with experimental results and
allowing the comparison of the metal-metal contact severity. The design of
experiments of the plain journal bearing is described in section 6.1.
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In order to provide additional evidence of the effectiveness of the PbM in the
planetary transmission in particular a different experimental set-up is needed.
The replica of the transmission is tested under different speeds and loads but the
friction coefficient cannot be measured directly in the planetary transmission.
Instead, metal-metal contact is detected by monitoring the mechanical losses in
the transmission. A comprehensive description of the test rig, experiments and

data analysis is provided in subsection 6.2.

Several experiments are needed under different conditions; therefore, total failure
should be avoided in the planetary transmission. The experiments are conducted
at ambient temperature and 20-40 Nm in order to provoke the failure at low
speeds and minimize the risk of total failure. It should be noted that higher loads
and temperatures can occur in the aircraft, leading to the risk of metal-metal

contact at higher speeds, as shown in section 5.2.
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6.1 Plain journal bearing experimental set-up

The experimental set-up for a plain journal bearing is based on the work of Lu et
al. [82]; where experimental line contact of a plain journal bearing is compared to
theoretical predictions. The advantage of these experiments is that the friction
coefficient can be measured in the test rig, allowing a direct comparison of the
PbM output under any operational conditions, and not only the conditions at which

metal-metal contact occurs.

The experimental set-up, consists in a Lewis LRI-8H machine to measure the
friction coefficient in a journal bearing as shown in the simplified diagram of Figure
30. The hydrodynamic bearing (4,3) is driven by a motor that can reach up to
3300rpm and the load is applied using a dead weight. The transversal load
applied in the bearing, caused by friction, is supported by a linkage bar (2) and a
load call (1); thus, providing a direct measurement of the friction in the journal
bearing. The dead weight is applied using a hanger device (5) with a scale 1:10.

The lubricant temperature, flow and pressure are also monitored.

Figure 30 Schematic of the Lewis LRI-8H machine
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The main advantage of this solution is that the main parameters: lubricant
temperature, speed and load are fully controlled and the experimental friction
coefficient u.,, can be measured directly as shown in Eq. [45]. Where W is the
bearing radial load, produced by a dead weight, and the friction load, Fg,cqr, IS

the shear force measured by the load cell.

F,
Uexp = Sill/le/ar [45]
The properties of the bearing and lubricant, already provided in the

implementation of the PbM in subsection 4.2.2, are also shown in Table 15 and
Table 16. The plain journal bearing is made of hardened AISI 1021 steel and the

exterior brushing is made of SAE 660 alloy bronze.

Table 15 Plain journal bearing properties [82]

: Yung’s Surface

Shaft Bushing g Poisson’s
Length y : inner modulus atio roughness R,

iameter
(mm) diameter (GPa) (um)

(mm)

(MM) | shaft | Bushing | Shaft | Bushing | Shaft | Bushing
25.4 24.54 24.71 209 100 0.29 0.33 0.05 0.2
Table 16 Plain journal bearing lubricant — SAE 30 oil properties
Viscosity (cSt) Density at 15 Viscosity
40 °C 100 °C °C (gr/cm?®) index
93 10.8 0.89 100
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The experiments require an initial procedure to avoid sources of error. The
system is balanced before any measurement is taken to ensure that no friction is
registered under static conditions. In addition, the lubrication system is run for 2
hours at 100rpm to reach stationary conditions. Then for a given load different

speeds are tested for a period of 4 minutes.

Two radial loads, 667 N and 1112 N, are tested for a range of speeds from 2 to
500 rpm. With a lubricant inlet temperature of 40 °C. The experimental results will
be discussed and compared to the PbM in the following chapter 7.

The friction coefficient is obtained from the experimental set-up as shown in Eq.
[45]. Thus, no further post-processing is required. These results are obtained
from [82].
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6.2 IDG journal bearing experimental set-up

The previous experiments used a machine capable of measuring the friction
coefficient in a plain journal bearing. By doing so, the effectiveness of the PbM
prediction of the friction coefficient could be assessed. However, it does not
represent the particularities of the hydrodynamic bearing of the IDG; e.g. the inlet
oil groove, the hollow shaft or the complexity of a planetary transmission. An
additional experimental set-up, representative of the complexity of the IDG, is

advisable.

However, historical data is not available and a test rig is needed. This section
covers the design of the test rig and a replica of the planetary transmission along
with a detailed description of the experimental procedure. The experimental
results from the hydrodynamic bearing of the IDG are a contribution of this thesis.
The purpose of this section is to provide a technical description of the test rig set-
up (subsection 6.2.1) and a comprehensive description of the experimental
procedure (subsection 6.2.2).
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6.2.1 Test rig Design

A test rig has been devised in order to evaluate metal-metal contact health
monitoring technique in a representative environment of the planetary
transmission of the IDG. The design, construction and operation of the test rig

are part of this project.

In order to evaluate metal-metal contact faulty conditions have to be provoked
and certified IDGs cannot be used for the validation of the proposed technique.
Instead, a replica of the planetary transmission has been re-designed and
manufactured. As opposed to the certified IDG, the hydraulic unit that regulates
the speed is not needed to test metal-metal contact, simplifying the design. The
transmission is connected to a motor that replicates the turbine on one side, and
the generator that supplies the AC power on the other. The test rig allows for
multiple sensors not available in the aircraft in order to provide additional

evidence of metal-metal contact for the comparison with the results of the PbM.
Transmission

The replica of the planetary transmission of the IDG should be representative of
the failure mode as it occurs in the aircraft. The dimensions and geometry of the
adjacent components to the hydrodynamic bearings are identical, as shown in
Figure 31. However, other subsystems of the IDG that are not essential to test
the failure mode can be substituted to simplify the design. That is the case of the
hydraulic unit that regulates the speed; instead of regulating the speed of the
hydrodynamic bearings with such a system, the speed is regulated by using a

Variable Speed Drive (VSD) that controls the speed of the motor.
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Figure 31 Redesigned replica of the planetary transmission of the IDG

The planetary gears, hydrodynamic bearings and carrier shaft surrounding the
hydrodynamic bearings remain unmodified, whereas the crown gear and the
carrier shaft couplings are modified to adapt the transmission to the test rig as
shown in Figure 32.
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Figure 32 3D Replica of the planetary transmission. 1 — Hydrodynamic bearing, 2 —
Planetary gear, 3 and 4 — Carrier shaft (input), 5 — Crown gear (output)

As shown in Figure 32 and Figure 33, the power is transmitted through the carrier
shaft (3, 4) to the planetary gears (2), which are geared between each other and
rotating in opposite direction. One of them is geared to the hydraulic pump (6), a
fixed gear in the test rig, and the other planetary gear transmits the power to the
crown gear (5), which rotates at double the speed of the carrier shaft and
transmits the power to the generator (7). The hydrodynamic bearing and
planetary gear are made of steel BS 080M40, with dimensions and mechanical
properties as shown in Table 17.
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Table 17 Properties of the hydrodynamic bearing of the IDG replica

Parameter Value
Clearance 0.1018 mm
Surface roughness Ra 0.0002 mm
Radius 12.11 mm
Length 48.34 mm
Young’s modulus 209 GPa

Mechanical design

The transmission described above, which replicates the planetary transmission
of the IDG, is connected to an electrical motor through the carrier shaft, replicating
the power coming from the turbine. The output of the transmission is connected

to a generator that replicates the load demanded by the aircraft.

The replica of the planetary transmission effectively increases the speed by 2:1;
however, it is later reduced by 1:2 again due to the speed limitations of the test
rig generator, as shown in Figure 34.

Planetary

transmission
crown gear,

2x rpm

-

-

—
=
—
e
=
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Figure 34 Test rig housing
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The motors are capable of reaching up to 288 Nm input torque. The input rotating
speed of the carrier shaft is limited to 3000 rpm. Both, motor and generator, are
identical 95kW electrical motors connected back-to-back as shown in Figure 35,
i.e. the power generated by the generator is used by the input motor using a DC
link between the VSDs of each motor.

Multi-drive
Controller

Variable-frequency Brake chopper

drive \ —

pre— 700v, DC

Resistor

]

400V, AC,
50Hz

95kW,
Asynchronous,
Brushless

Mechanical Brake Planetary transmission

Mechanical Brake
400V, AC,
. 50Hz
Generator
n —
| H
Coupling

95kW,
Asynchronous, I
Brushless
Figure 35 Test rig layout — Electrical set-up

Electric Motor

The input motor is controlled by determining the input speed through the
corresponding VSD, as it would occur in the aircraft, where the speed is
determined by the turbine thrush. The torque demanded by the generator is
determined by its VSD as well, replicating the electrical load of the aircraft.

The lubrication system of the test rig provides a continuous supply of oil to all
rotating components of the transmission (see Figure 36). The oil circulates
through lubrication channels drilled into the rotating components and drips out of
hydrodynamic bearings into the sump. A pump recirculates the oil, which filtered

before it enters the transmission again
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Figure 36 Lubrication system layout

In order to identify if metal-metal contact can affect the lubrication system of the
IDG, the lubrication system of the test rig has been designed to conduct tests in
which the flow and pressure of lubricant can be monitored. The characteristics of

the lubrication system are shown in Table 18.

Table 18 Main characteristics of the lubrication system

Parameter Value
Max. Pressure 20bar
Max. Flow 2.5l/min

1 Temperature sensor
Sensors 3 Pressure sensors

3 Flow sensors

Lubricant Mobil jet oil Il
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Sensors and Data acquisition

The sensor capabilities of the IDG are limited. The aim of the thesis is to develop
a health condition monitoring algorithm that only requires sensors already
available in the aircraft. However, additional sensors are installed in the test rig

for comparison with the PbM and research purposes.

The control and data acquisition (DAQ) system consist in independent units, both
developed using Labview. The first one controls the motors and lubrication
systems, and records motor’s parameters with a sample rate of 0.667 Hz.
Whereas the DAQ unit records the critical sensors at sample rates above 50 Hz
(temperatures, torque and lubricant parameters), as shown in Figure 37.

Frequency Fre
quency | | Frequency ,
Mechanical
converter Converter Converter S
pump 1 2 ystem
Sump oil
Modbus| Madbus Modbus temperature
IThermocouples

DAQ

Pressure Flow Pump Valves  Labview
CONTROL
DAQ

Lubrication System

Figure 37 IDG rig Control and DAQ systems

The data available in the aircraft is limited. The information from the generator is
available, including the output torque of the IDG and other electrical parameters.
However, the input torque is not available and the mechanical losses cannot be
monitored in the aircraft. However, the mechanical losses can be monitored in

the test rig, allowing the detection of metal-metal contact during the experiments.
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In the IDG there is only one temperature sensor at the sump, controlling the inlet
oil temperature. However, there are not additional sensors controlling the outlet
oil temperature from the lubrication system before it is mixed again with the oil
from the hydraulic pump that regulates the speed of the IDG. The test rig also
monitors the outlet oil temperature with a thermocouple, as shown in Figure 33,
along with the ambient temperature.

In the IDG the pressure in the lubrication system is regulated but the flow is not
monitored. The test rig monitors flow and pressure along the lubrication system
before the hydrodynamic bearing. The potential of these lubrication parameters
and temperature measurements for the detection of metal-metal contact is also
analysed in this thesis. The sensors available in the test rig and in the IDG are

summarized in Table 19.

It should be noted that the input torque is not available in the IDG and is not used
by the PbM technique either. It is only used for validation in the test rig.

Table 19 IDG and test rig sensors

Sensor Description Units | Location
TrTD Inlet temperature to hydrodynamic bearing °C IDG and
test rig
T1 Outlet temperature after planetary bearing °C Test rig
Torquemotor | TOrque generated by the motor Nm Test rig
Torquegen | Torque produced by the generator (all torque Nm IDG and
references in the thesis refer to generator torque) test rig
Flow Inlet flow to hydrodynamic bearing Ipm Test rig
Pressure Inlet pressure to hydrodynamic bearing Bar Test rig and
IDG
Speed Motor speed (all speed references in the paper rom | Testrig and
refer to motor speed) IDG
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6.2.2 Experiments

In order to test metal-metal contact in the hydrodynamic bearing of the IDG a
similar experimental procedure to the previous one of the plain journal bearing is
used. The experiments are conducted for a given load at different speeds after
stationary conditions are reached. However, the friction coefficient cannot be
measured directly, instead, the additional sensors are monitored, e.g. outlet

temperature T1 or mechanical losses.

All the experiments are tested with a lubricant flow of 0.23 Ipm. For each
experiment the rig is run initially for 3 hours at 40 rpm and for 40 minutes at each
speed to reach stationary conditions. The data presented in this thesis for
comparison with the PbM refers to the last 5 minutes of each experiment. Each
experiment includes 4 repetitions and 7 speeds are tested at low (20Nm) and
medium load (40Nm) as shown in Table 20; thus, 56 experiments are conducted

in total.

Table 20 IDG experimental procedure — range of operational conditions

Range of speed (rpm) 40, 80, 130, 180, 230, 280, 500

Range of generator torque (Nm) 20, 40
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The lubricant is identical to the one used in the IDG, Mobil Jet Oil Il [132]. The
main characteristics of the lubricant can be shown in Table 21. The lubricant
temperature is monitored and varies in the range of 20-30 °C; however, higher

temperatures can be reached in the aircraft due to the hydraulic pump.

Table 21 Jet oil Il properties [132]

Parameter Value
Kinematic viscosity at 40 °C 27.6 cSt
Kinematic viscosity at 100 °C 5.1 cSt
Density at 15 °C 1.0035 kg/l
Flash point °C 270°C
Fire point °C 285
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6.3 Summary

This chapter provides an understanding of the experimental procedure required
to test and validate the PbM and the metal-metal contact detection technique

proposed in this thesis.

This failure mode does not occur under normal operation, as opposed to failure
modes driven by a regular degradation mechanism e.g. fatigue or creep; where
the component is degraded regularly and the RUL can be estimated. Therefore,
accelerated aging testing is not the ideal approach; another common
experimental procedure for IVHM, seeded faults, is difficult to apply because the
damage is caused by the additional friction rather than the damage in the bearing.
Provoking the failure has been the experimental approach selected to test metal-

metal contact.

Provoking the failure, as opposed to seeded faults, has the advantage of
replicating the actual failure mode; rather than the consequences of it. However,
replacing the component may be unaffordable for expensive equipment if the
failure leads to degradation or total failure and several experiments are required.
This is the case of this case study, it is not affordable to replace several
transmissions if total failure occurs. However, it is possible to provoke the same
degradation mechanism, metal-metal contact, at lower speeds than those of the
aircraft and reproduce metal-metal contact without provoking total failure. The
IDG transmission and plain journal bearing are tested at low load conditions and
lubricant temperatures below 40 °C; thus, provoking metal-metal contact at
relatively low speeds and reducing the risk of stalling the hydrodynamic bearing

and provoking a total failure.
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7 Experimental and PbM results

As shown in the methodology, the development of a novel technique to detect
metal-metal contact in a hydrodynamic bearing requires the following: a
component selection and failure analysis (chapter 1), model development
(chapter 4 and 5), test rig design and experiments (chapter 6) and finally,
validation of the model by comparing the results with the experiments. The latter

is introduced in this chapter.

Two cases studies are used. Experimental results of a plain journal bearing from
the literature is used to compare the results of the PbM in section 7.1. The replica
of the planetary transmission of the IDG has been tested and compared to the
results of the PbM in section 7.2 to provide additional evidence of the

effectiveness of the metal-metal detection technique proposed in this.

The first case study, the plain journal bearing, is used because the friction
coefficient, which is the output of the model, can be measured directly during the
experiments. The second case study, the replica of the planetary transmission,
is more representative of the IDG failure phenomena but the friction coefficient
cannot be measured during the experiments. Instead, the mechanical losses
caused by metal-metal contact are monitored and compared to the results of the
PbM.

Additional results of the PbM that can help to understand the failure phenomena
are also discussed. Information not available in the aircraft is monitored and its

potential to detect metal-metal contact is also discussed in this section.

132



7.1 Results of plain journal bearing

The comparison between the experimental results of a plain journal bearing and
the PbM proposed in this thesis is presented in this section. The same conditions
of the experiments are simulated by the PbM and the output of the model and
experiments, the friction coefficient, is compared in order to validate the PbM.
The comparison is done under different speeds and loads by representing the
Stribeck curves obtained from both, PbM and experiments. The results provided
in this section are based on the work published by the author of this thesis in the
journal Tribology Transactions (Taylor and Francis) [111], see appendix B for

further details.

The numerical results of the PbM are also used to analyse the failure phenomena,
considering for instance the relevance of the solid deformation or a comparison
between the order of magnitude of the hydrodynamic and contact pressure

distributions.

A PbM of a plain journal bearing identical to the bearing tested by Lu et al. ¢ has
been simulated under the same operational conditions. More details about the
PbM and its implementation are provided in subsection 4.2.2. The experiments
are conducted for an inlet oil temperature of 40 °C under high load (1112 N), and
low load (667 N) and the rotating speed range goes from 2 to 500 rpm, 300 data
points are simulated for each load condition. A more detailed description of the

experiments is provided in section 6.1.
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7.1.1 Results

This section covers several aspects of the PbM, from the influence of considering
solid deformations to the evolution of mixed lubrication in terms of forces and
contact area. However, the most important results of this section are those that
compare the friction coefficient estimated by the PbM with the experimental

results.

Curves representing the friction coefficient under different conditions are normally
referred as Stribeck curves. The Stribeck curves obtained by the PbM have been
compared to the experimental results for the plain journal bearing as shown in

Figure 38 and the model proposed by Lu et al. [82].
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Figure 38 PbM, Lu et al. [82] model and experimental comparison of Stribeck curve for
(left) 667 N and (right) 1112 N loads

A good agreement with the experimental results is obtained under low and high
loaded conditions, as shown in Figure 38. At low load, the friction coefficient
increases at speeds below 5 rad/s whereas the model predicts an increase in
friction at 5.62 rad/s. Under higher a higher load the experiments show increased
a friction coefficient at speeds below 10.53 rad/s and the model predicts them at
speeds below 9.98 rad/s. The errors, as defined in Eq. [46], are 0.123 under 667N
and 0.0525 under 1112N.

|wcontact,PbM - wcontact,expl [46]
P bMerror =

a)contact,exp
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Not only the speed at which metal-metal contact occurs corresponds to the PbM
prediction, which is the most important aspect from a health condition monitoring
point of view, but the prediction of the friction coefficient as metal-metal contact

becomes more severe is also in accordance with the experimental results.

The aim of the PbM is to correctly estimate the friction coefficient in the
hydrodynamic bearing under normal operation and when metal-metal contact
occurs. The PbM accurately estimates the friction coefficient under both regimens
for the plain journal bearing, as shown in Figure 38.

The good agreement between the PbM and the experiments is promising and
can justify the use of the PbM in other hydrodynamic bearing, e.g. the
hydrodynamic bearing of the IDG. However, the PbM should be implemented for
each specific case study and additional experimental results representative of
each case study are advisable. The additional experimental results for the
planetary transmission are presented in the following section 7.2.

In addition to the comparison of the PbM and experimental friction coefficient, the
numerical results of the PbM can be discussed to better understand the physics

of failure of metal-metal contact in hydrodynamic bearings.

The CFD/FEA PbM considers that the hydrodynamic phenomena and the solid
deformations are coupled for any condition. However, the relevance of the solid
deformations is not the same under all operational conditions, as shown in Figure
39. The effect of the deformations in the film thickness & is not significant under
high speeds. At low speeds the influence of the solid deformations in the film
thickness become significant and cannot be neglected. The impact of the
deformations is more significant under high load conditions. Moreover, the
estimated film thickness would be negative if deformations are not considered

under high load conditions, which is physically impossible.

135



8 T .

m==Detormation included Q=1112 N
7 | | =8=No deformation Q=1112 N ]
== Deformation included Q=667 N

=@ No deformation Q=667 N

(]

hrrin

107! 10° 10’ 10?
Bearing rotating speed [rad/s]

Figure 39 Comparison of minimum film thickness considering the deformations of the

bearing or the hydrodynamic phenomena only, for high and low loaded conditions

The influence of the deformations is relevant, but so is the phenomena directly
related to metal-metal contact. A significant portion of load is transmitted through
the asperities if metal-metal contact occurs. The effect can be represented by
comparing the maximum hydrodynamic and asperity contact pressure, as shown
in Figure 40.
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Figure 40 Comparison of maximum hydrodynamic pressure (Pnmax) and maximum

asperity contact pressure (pamax) for high and low load in the plain journal bearing

The maximum contact pressure increases as the speed reduces when metal-
metal contact occurs because a bigger proportion of the load is transmitted
through the asperities, as shown in Figure 40. However, the maximum
hydrodynamic pressure does not reduce immediately when metal-metal contact
initiates, it only reduces if there is significant metal-metal contact. The reason is
that, even if some load is transmitted through the asperities as the speed is
reduced, the film thickness is reduced as well, leading to higher pressure

distributions in addition to the contact pressure.

As shown in Figure 41, the contact area is inexistent under the hydrodynamic
region and raises up to a maximum of 4-5% of the total lubricated area as metal-
metal contact occurs.
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7.1.2 Conclusions of results of plain journal bearing

Along this section the proposed PbM has been compared to experimental results
for the plain journal bearing. The main output of the PbM, the friction coefficient
in the hydrodynamic bearing, is measured by the experimental set-up; thus,
allowing a direct comparison of the model and experiments. In addition, the
assumptions of the model and failure phenomena have been analysed based on

the numerical results.

A good agreement between the experimental results and the PbM is obtained for
high and low load conditions, as shown in Figure 38. The prediction of metal-
metal contact and the evolution of the friction coefficient as mixed lubrication

becomes more severe is in good agreement with the experiments as well.

The analysis of the PbM for the plain journal bearing has shown that, under EHL
and partial metal-metal contact condition, solid deformations are required and an
asperity contact model is need to take into account both, contact and
hydrodynamic pressure distributions. At higher speeds in fully lubricated
regimens the asperity contact component is not required and the deformations
do not significantly affect the hydrodynamic phenomena. The following

conclusions have been drawn from the numerical results:

- Film thickness is significantly affected by the deformation of the solid for
high eccentricities and cannot be neglected under mixed lubrication

- Metal-metal contact area is higher under heavily loaded conditions

- The maximum asperity pressures under mixed lubrication are
significantly higher than the maximum hydrodynamic pressures

- The hydrodynamic pressure does not immediately reduce if metal-metal
contact occurs. The reason is that the film thickness still can be reduced

under the intial stages of partial metal-metal contact
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7.2 Results of the hydrodynamic bearings of the IDG’s
planetary transmission

In addition to the results provided in the previous section 7.1, it is advisable to
have additional evidence of the validity of the PbM for the hydrodynamic bearing
of the IDG under more representative conditions.

The previous section compared the results of the PbM for a plain journal bearing
because the friction coefficient could be measured. Allowing for a direct
comparison between the PbM output, the friction coefficient, and the

experimental results under all the range of operational conditions.

This section evaluates the PbM implemented for the hydrodynamic bearing of the
planetary transmission and compares the results to experimental data of a replica
of the transmission. However, the planetary transmission of the IDG does not
allow for a direct measurement of the friction coefficient. Instead, the mechanical
losses can be monitored due to the additional signals available in the test rig. It
should be noted that the mechanical losses cannot be monitored in the aircraft
directly because the input torque is not monitored. For more details regarding the
implementation of the PbM see subsection 4.2.1 and for more details about the

experimental set-up see section 6.2.

Under lubricated conditions the friction and mechanical losses are expected to
decrease as the speed is reduced. However, when metal-metal contact occurs
the friction in the hydrodynamic bearing increases; hence the mechanical losses
can indicate metal-metal contact. The experiments are conducted at relatively
low loads and ambient lubricant temperature compared to the nominal conditions
in the aircraft in order to provoke metal-metal contact at low speeds and avoid

total failure during the experiments.
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This section has two aims; on the one hand, to demonstrate that metal-metal
contact occurs in the planetary transmission of the IDG and that the PbM can
identify metal-metal contact; and on the other, the experiments will serve to
analyse additional signals that could alternatively be used for detecting metal-

metal contact.

It should be noted that some alternative techniques that cannot be easily
implemented in the aircraft for online monitoring have not been considered, e.g.
debris analysis, vibration analysis or AEs. In addition to this limitation, all the
components of the original planetary transmission are rotating, including both
crown gears, complicating the installation of an accelerometers or microphones

close to the source of damage.

The experimental and PbM results are obtained for the same operational
conditions; that is, for torques of 20 and 40 Nm with the lubricant, Mobile Jet Oill
Il at ambient temperature and speeds from 40 to 500 rpm. Each experiment

includes four repetitions.
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7.2.1 Comparison between PbM and experiments

A variety of aspects are covered in this section. The PbM results include not only
the friction coefficient, represented by the Stribeck curve, but also the

development of the contact area as metal-metal contact increases.

The aim of representing the friction coefficient estimated by the PbM and the
experimental results of the mechanical losses in the transmission, is to compare
the speeds at which metal-metal contact occurs under low and medium load

conditions.

As it occurred in the previous section, the most relevant result from the PbM is
the friction coefficient estimation, shown in Figure 42 Metal-metal contact is
estimated at speeds below 120 rpm for a torque of 20 Nm; whereas for a higher

torque of 40 Nm metal-metal contact is predicted at speeds below 230 rpm.
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Figure 42 PbM predicted Stribeck curve for a generator torque of 20 and 40 Nm
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The equivalent experiments for both, high load (40 Nm) and low load (20 Nm),
under the same range of speeds have been conducted using 4 repetitions. The

results are shown in Figure 43 for 20 Nm and Figure 44 for 40 Nm.
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Figure 43 Planetary transmission experimental results of input torque for a constant
generator torque of 20 Nm with lubricant at ambient temperature
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Figure 44 Planetary transmission experimental results of input torque for a constant

generator torque of 40 Nm with lubricant at ambient temperature
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It can be shown in Figure 43 and Figure 44 that, under a constant generator
torque of 20 Nm, the input torque increases for speeds below 80 rpm; thus,
indicating higher mechanical losses. A similar effect occurs for a higher generator
torque of 40 Nm, where metal-metal contact initiates at higher speeds, 250 rpm,
and the increased mechanical losses are more gradual as the speed reduces, in
agreement with the PbM results, where the friction coefficient also increases

more gradually for a generator torque of 40 Nm (see Figure 42).

The speed at which metal-metal contact stops decreasing in the PbM is
compared to the speed at which the mechanical losses stop decreasing in order
to compare the effectiveness of the PbM in detecting metal-metal contact. At low
torque the experiments show metal-metal contact at speeds below 80 rpm
whereas the PbM predicts metal-metal contact at 120. At high torque the
experiments show that the mechanical losses stop decreasing at 250 rpm,
whereas the PbM predicts metal-metal contact at 230. Thus, there is a speed
deviation of 40 and 20 rpm respectively. The error of the PbM can also be
calculated following Eq. [46], showing an error of 0.5 and 0.08 respectively for

low and high load.

There is a good agreement between the speeds at which metal-metal contact is
predicted by the PbM and the experimental results for the hydrodynamic bearing
of the IDG, with a deviation of 20 rpm under low load conditions and no significant
deviation under 40 Nm. Thus, providing further evidence of the potential of the
proposed PbM technique to detect metal-metal contact in addition to the good
agreement obtained between the PbM and the experiments for the plain journal
bearing in the previous section 7.1. The model errors are summarized in Table
22.
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Table 22: comparison of experimental and PbM on the detection of metal-metal contact

Model/Experiment Speed deviation of metal-metal | PbM,,...,

contact (rpm)

Plain bearing/low load 5.92 0.123
Plan bearing/high load 5.73 0.0525
IDG bearing/low load 40 0.5
IDG bearing/high load 20 0.08

145



7.2.2 Additional results

There are additional findings from the experimental and numerical results for the
transmission of the IDG. The PbM can help to better understand the failure
phenomena and mitigate or avoid the failure mode in future designs, which is one
of the advantages of PbM as opposed to DDM approaches. The analysis of
additional signals from the test rig serves to compare the PbM proposed in this
thesis with alternative methods based on temperature measurements or

lubrication parameters.

Most mixed lubrication models available in the literature calculate the total friction
in the hydrodynamic bearing, but do not apply the complete model locally along
the lubricated surface. The advantage of the PbM proposed in this thesis is that
the areas where metal-metal contact is predicted are provided by the PbM. Thus,
providing a better understanding of the failure phenomena.

Development of metal-metal contact

Mixed lubrication occurs in the highly loaded area of the bearing, but it is mitigated
due to the solid deformations that allow sufficient film thickness to avoid metal-
metal contact. This mitigation effect is less effective near the journal supports,
where deformation is more limited, than in the middle of the bearing; thus, metal-
metal contact initially starts in the corner of the journal in the highly loaded region
as shown in Figure 45. These results may differ if there is significant

misalignment.
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Figure 45 Lambda (A) representing mixed lubrication at 250 rpm, 40 Nm, 20 °C (metal-

metal contact if (A<4)

As metal-metal contact becomes more severe the contact area extends to the
middle of the bearing regardless of the journal deformations (see Figure 46), until

most of the highly loaded region is in contact, as shown in Figure 47.

Figure 46 Lambda (A) representing mixed lubrication at 132 rpm, 40 Nm, 20 °C (metal-

metal contact if (A<4)
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Figure 47 Lambda (A) representing mixed lubrication at 10 rpm, 40 Nm, 20 °C (metal-
metal contact if (A<4)

Temperature and lubrication parameters

The experimental results include the analysis of the mechanical losses,
necessary to detect metal-metal contact during the experiments, but also the
analysis of additional data that could potentially be used for health condition
monitoring. In particular, outlet and inlet lubricant temperatures and lubrication

parameters: inlet lubricant pressure and flow.

As shown in section 6.2, the experimental set-up ensures stationary conditions
for all the experiments. Before any test is started the rig is run for 2 and a half
hours to ensure constant temperatures and each data point is tested for 40
minutes to ensure constant temperature for all the experiments. Thus, allowing
the analysis of the inlet and outlet lubricant temperatures under stationary

conditions and its potential to detect metal-metal contact.
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The main function of the hydrodynamic bearing of the IDG is to support the
rotating machinery with minimum friction rather than heat dissipation. Therefore,
the main heat source is the friction inside the bearing. Under hydrodynamic
conditions the friction is lower than under mixed lubrication; thus, an increased
friction due to metal-metal contact can lead to a higher lubricant temperature
gradient AT. However, the heat generated due to friction is minimal and additional
factors like the ambient temperature, additional heath sources and heat

dissipation in the transmission can overcome this effect.

In order to detect an increased heat due to metal-metal contact the outlet lubricant
temperature T1 can potentially be used for health monitoring. The transmission
installed in the test rig can monitor T1 and the inlet lubricant temperature Trrp.
However, the IDG does not monitor T1. First, the evolution of Ty is presented in
Figure 48 and Figure 49 for high and low load respectively. No significant

changes in temperature can be found due to metal-metal contact.
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Figure 48 Experimental absolute outlet lubricant temperature Ti for a generator torque
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Figure 49 Experimental absolute outlet lubricant temperature T1 for a generator torque
of 40 Nm

An increased friction can lead to an increased heat in the bearing with the
subsequent temperature gradient AT. However, in order to monitor AT the inlet
lubricant temperature Trrp and the outlet lubricant temperature Toutet Must be
monitored to obtain AT= Toutet -TrTD. It Should be noted that the heat generated
due to friction is minimal and the temperature gradient AT can be overcome by
changes in the ambient temperature and heat dissipation. The experimental
results of AT are shown in Figure 50 and Figure 51. An increased gradient cannot
be detected for all the experiments but a change in the AT trend can be found.
However, in order to use AT as a health indicator stationary conditions would be
required.
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Figure 50 Experimental temperature gradient AT= T, -Trro for a generator torque of 20
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Figure 51 Experimental temperature gradient AT= T, -Trro for a generator torque of 40
Nm
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In addition to the temperature, the main lubrication parameters inlet pressure and
flow are analysed. Under hydrodynamic lubrication the lubricant resistance in the
hydrodynamic bearing is reduced as the speed increases. This phenomenon can
be observed in the experiments, as shown in Figure 52 and Figure 53. However,

no significant changes are observed when metal-metal contact.
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Figure 52 Experimental inlet pressure for a generator torque of 20 Nm
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Figure 53 Experimental inlet pressure for a generator torque of 40 Nm

The results regarding the lubrication parameters should not be extrapolated to
other lubrication systems. The lubrication system of the test rig is controlled
through a gear pump at constant speed for which the flow does not significantly
changes. Therefore, significant flow changes depending on the operational
conditions are not expected, which is in accordance with the experimental results
as shown in Figure 54 and Figure 55 for low and high load respectively.
Summarizing, inlet pressure and flow do not show significant changes due to

metal-metal contact.
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7.2.3 Conclusions of results of hydrodynamic bearing of the
IDG’s planetary transmission
The previous section 7.1 provided the comparison of the PbM with experimental
data by using a plain journal bearing where the friction coefficient was measured
directly and a good agreement between the PbM and the experimental results
was obtained. However, further evidence of the PbM effectiveness in the

planetary transmission of the IDG is advisable.

The results presented in this section provide additional evidence of the potential
of the PbM technique to detect metal-metal contact phenomena. However, in the
planetary transmission the friction coefficient cannot be measured directly;
instead, the mechanical losses of the system are monitored to detect when metal-

metal occurs under low and high loaded conditions.

It has been shown that, in addition to the good agreement between the PbM and
the experimental results for the plain journal bearing, there is an agreement
between the speeds at which metal-metal contact is predicted by the PbM and

measured in the experiments.

As opposed to most mixed lubrication models available in the literature. The
model proposed in this thesis is evaluated locally along the lubricated surface;
thus, providing not only results of the whole bearing, but also about the local
effects. The results of the PbM can be used to better understand the failure mode
and mitigate or avoid it in future designs. For instance, the area where metal-
metal contact initiates and how it develops can be obtained from the numerical
results. It has been shown that, if there is not any misalignment, metal-metal
contact initiates in the sides of the bearing, where deformations are more limited,
and extends to the middle of the bearing as metal-metal contact becomes more

severe.
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Temperature measurements can potentially be used to detect metal-metal
contact by monitoring the temperature gradient in the bearing. However, steady
conditions are required and external heat sources and ambient temperature can
affect the measurements. In addition, an extra temperature sensor that monitors
the outlet lubricant temperature should be installed and stationary conditions may
not be reached in the aircraft.

The lubrication parameters have been analysed as well. Inlet pressure varies as
a function of the rotating speed. However, it does not provide a clear indication
of metal-metal contact. The inlet lubricant flow is independent of the operational
conditions. These results depend on the configuration of lubrication system;
however, neither lubricant flow nor pressure have proven good indicators of

metal-metal contact in the replica of the planetary transmission.
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7.3 Summary

Along this chapter all the experimental results with the corresponding PbM
predictions of metal-metal contact have been presented in order to validate the
proposed PbM technique using both, the plain journal bearing and the planetary
transmission of the IDG. In addition, the numerical results of the PbM have been
used to better understand the failure phenomena and the potential of alternative

sensors to detect metal-metal contact has been studied.

This chapter addresses the third contribution, presented in chapter 3:

- The validation of the PbM with experimental results (chapter 7) provides
the necessary data for a critical analysis of different potential health

indicators of metal-metal contact.

The two main novelties of this thesis have been covered in chapter 4 and 5.
However, the results provided in this chapter are needed to show the good
agreement between the PbM and the experimental results for a plain journal

bearing and the planetary transmission of the IDG.

For the plain journal bearing the friction coefficient is measured directly in the
experiments. Whereas for the planetary transmission the mechanical losses are
monitored to detect metal-metal contact instead because the friction coefficient
in the bearing cannot be measured.

A good agreement between the experimental results and the PbM for the plain
journal bearing is obtained for high and low load conditions. The prediction of
metal-metal contact and the evolution of the friction coefficient as mixed
lubrication becomes more severe is in good agreement with the experiments as
well. In addition, there is an agreement between the speeds at which metal-metal
contact is measured in the experiments and predicted by the PbM for the replica

of the planetary transmission.
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Regarding the understanding of the failure phenomena the following conclusions

can be obtained from the numerical results of the plain journal bearing:

Film thickness is significantly affected by the deformation of the solid for

high eccentricities and cannot be neglected under mixed lubrication

- The maximum asperity pressures under mixed lubrication are
significantly higher than the maximum hydrodynamic pressures

- The hydrodynamic pressure does not immediately reduce if metal-metal
contact occurs. The reason is that the film thickness still can be reduced
under the first stages of partial metal-metal contact

- The hydrodynamic pressure does not immediately reduce if metal-metal
contact occurs. The reason is that the film thickness still can be reduced

under the initial stages of metal-metal contact.

It has been shown that in the planetary transmission of the IDG, if there is not any
misalignment, metal-metal contact initiates in the sides of the bearing, where
deformations are more limited, and extends to the middle of the bearing as metal-

metal contact becomes more severe.

All the inputs of the PbM are available in the IDG; thus, no additional sensors are
needed. Alternative methods based on temperature measurements or lubrication
parameters do not show clear indications of metal-metal contact. Vibration, AEs
or debris analysis are not covered by this thesis but would require additional

sensors as well, complicating the certification of such techniques.
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As a final remark, it should be noted that, from a health condition monitoring point
of view, metal-metal contact main challenges are the lack of reliable failure
indicators and the limitations in terms of sensors available. Under metal-metal
contact conditions, the heat generated is minimal and cannot easily be detected,
the lubrication system is barely affected, the speed is not affected unless total
failure occurs and the mechanical losses can only be detected if the input torque
is monitored. The technique presented in this thesis is particularly relevant due
to these challenges. No additional sensor are needed and alternative techniques
based on temperature or lubrication parameters seem challenging due to the lack
of robust indicators. Other techniques studied in the literature like vibration
analysis, AEs or debris analysis would require additional sensors in the IDG and

are not part of the scope of this thesis.
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8 Discussion

The contributions of each chapter are not independent from each other and a
comprehensive discussion of the thesis is needed.The main novelties of the
thesis, based on the gaps in the knowledge identified in the literature review

(chapter 2) were presented in chapter 3 as follows:
First novelty

The development of a PbM able to represent mixed lubrication through an
asperity contact approach locally along the lubricated surface of the bearing using

a CFD/FEA novel approach.
Second novelty

The development of a novel technique to detect metal-metal contact in the
hydrodynamic bearing of a planetary transmission of an aircraft’'s IDG using a

PbM approach without installing additional sensors in the aircratft.

The first novelty is discussed in section 8.1 whereas the second one is discussed

in section 8.2
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8.1 Mixed lubrication Physics-based Model

Based on the literature review of mixed lubrication models in the field of tribology,
there are models available, which either modify the Reynolds equation, or include
an asperity contact component that divides the problem in dry and fully lubricated
contact. The last approach is well accepted, but has only been applied to the

whole bearing, which lead to the first gap in the knowledge, stated as follows:

- Mixed lubrication models based on asperity contact dividing the
phenomena into dry and fully lubricated contact have not been applied

locally along the lubricated surface in hydrodynamic bearings.

There are potential advantages for integrating the asperity contact in a CFD/FEA
model that computes metal-metal contact locally. The real geometry of the
bearing can be taken into account instead of assuming a standard hydrodynamic
bearing. The case study of the transmission of the IDG is an example of these
advantages: the slot that distributes the lubricant, the deformation of the hollow
shaft and the more realistic boundary conditions could all be taken into account
by the PbM. In addition, by analysing metal-metal contact locally, the failure
phenomena is better understood, being able to predict where metal-metal contact
starts in the early stages of the failure and how the hydrodynamic and contact
pressure distributions evolve as metal-metal contact develops; thus, providing

useful inputs for the design as well.

This thesis covers this gap in the knowledge by presenting a CFD/FEA model
that integrates the asperity contact component locally along the lubricated
surface with the corresponding comparison with experimental data for a plain
journal bearing. A good agreement between the predicted friction of the PbM and
the experimental results presented by Lu et al. [82] has been obtained for high
and low loads for a plain journal bearing. In addition, the following findings were

obtained:
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- Film thickness is significantly affected by the deformation of the solid for
high eccentricities and cannot be neglected under mixed lubrication

- The maximum asperity pressures under mixed lubrication are
significantly higher than the maximum hydrodynamic pressures

- The hydrodynamic pressure does not immediately reduce if metal-metal
contact occurs. The reason is that the film thickness still can be reduced

under the initial stages of partial metal-metal contact

The presented PbM and its contribution to the field of tribology has been
published in Tribology transactions (Taylor and Francis) along with the

comparison with experimental results of a plain journal bearing [111].

The PbM has been implemented for a plain journal bearing and the hydrodynamic
bearing of the IDG. However, it can be applied to other hydrodynamic bearings

by modifying the boundary conditions, materials and lubricant properties.

Regarding the limitations of the PbM, the model considers the lubricant
temperature constant along the lubricated surface. This assumption is acceptable
if the main function of the bearing is not to dissipate heat. However, it should be
noted that changes in the viscosity due to variations of the lubricant temperature
along the bearing are not considered. In addition, multi-physics software capable
of handling CFD and FEA and significant computational power and memory may
be required to execute the model, as opposed to models of the whole bearing

based on analytical equations that can be executed with fewer resources.
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8.2 Novel technique to predict metal-metal contact in the
hydrodynamic bearing of the IDG

One of the main contributions of the thesis is the novel physics-based approach
to detect metal-metal contact in the hydrodynamic bearing of a IDG’s planetary
transmission without using additional sensors. As opposed to DDM techniques,
in which the health indicators do not directly represent the failure phenomena, the
proposed PbM approach provides a health indicator that is a direct measure of
the severity of metal-metal contact, that is, the percentage of load transmitted
through metal-metal contact. Therefore, the health assessment can be as simple
as a threshold as the main contribution of the proposed technique relies on the
novel PbM.

The research on health condition monitoring of hydrodynamic bearings, and
metal-metal contact in particular, is limited. Most techniques rely on DDM using
vibration analysis or acoustic emissions. However, they have proven successful
when the sensor could be installed directly in the hydrodynamic bearing. Thus
requiring a short path between the source of damage and receiver. This is not
the case in the hydrodynamic bearing of a planetary transmission. All the
components of the bearing are rotating and the closest location for a sensor
would have a path that includes gears and additional.

An additional limitation, particularly for the aerospace sector, is the restrictive
regulation regarding design modifications of legacy aircraft. The sensors and
information available about the planetary transmission are limited and do not
include debris analysis, vibration analysis or acoustic emissions. Whereas the

proposed PbM technique does not require any additional sensor.

A mixed lubrication PbM approach has never been used for health condition
monitoring of hydrodynamic bearings; thus, covering the second main gap in the
knowledge targeted in this thesis. However, there are models in the literature
capable of representing the hydrodynamic and mixed lubrication phenomena in
the field of tribology. Thus, there is potential for a technique based on these

tribology models to detect metal-metal contact in hydrodynamic bearings.
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The mixed lubrication models based on an asperity contact component in the
literature assume a simple plain bearing and do not analyse the lubricated surface
locally. The hydrodynamic bearing of the planetary transmission has many
features that affect the mixed and hydrodynamic lubrication phenomena. The
PbM proposed in this thesis addresses these limitations. See previous section
8.1 for a more detailed discussion on this topic.

The proposed PbM health monitoring technique to detect metal-metal contact in
the hydrodynamic bearing of the IDG only requires 3 variables: rotating speed,
generator torque and lubricant temperature. A significant advantage of this
method is that all these signals are available in the aircraft and no additional
sensors have to be installed. Moreover, all the CFD/FEA simulations are
computed on the ground, leaving relatively simple tasks to be completed in the
aircraft and avoiding significant changes in the design, which is critical in legacy

aircraft.

Most benefits of having an IVHM system are maintenance cost and time
reduction, along with the potential for higher availability. The health status
predicted by the IVHM tool can be used by the CAMO to launch a maintenance
work order before the plane is on the ground. In addition, fault identification and

localization times along with secondary damage can be reduced.

The proposed IVHM tool can also prove beneficial for the operation of the aircraft.
The IVHM tool could provide recommendations to the pilot if an alarm is triggered
to avoid the failure and the subsequent maintenance operations. In addition, it
includes the necessary logic to ensure the safety of the aircraft if the IDG is

disconnected.

In order to compare the results of this technique to detect metal-metal contact
two experimental data sets have been used. On the one hand, experimental data
of a plain journal bearing [82] has shown a good agreement between the friction
coefficient predicted by the PbM and measured during the experiments. On the
other, a replica of the IDG’s planetary transmission has been tested and the
prediction of metal-metal contact by the PbM is in agreement with the

experiments as well.
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The experiments of the planetary transmission were conducted at low
temperature and torque to provoke metal-metal contact at low speeds without risk
of stalling. It should be noted that in the aircraft there may be higher loads and
lubricant temperatures than in the experiments. The load is produced by the
electrical demand of the aircraft systems and can reach up to 296 Nm and the
lubricant temperature can increase due to the operation of the hydraulic unit that
regulates the speed; leading to metal-metal contact in the range of operation of

the IDG as shown in section 5.2 using numerical results.

The input torque, used during the experiments to calculate the mechanical losses
and validate the PbM, is not required by the proposed health condition monitoring
technique. In fact, in the IDG the output torque is known, which is the input of the

PbM along with the speed and lubricant temperature, also available in the aircraft.

The benefits of the proposed technique to detect metal-metal contact have been
discussed. However, there are some limitations that should be considered. The
IVHM tool consists in a proof of concept and there are several challenges to be
addressed before it can be implemented. The aircraft operational conditions have
been analysed in chapter 5, but the experiments have been conducted under low
load and low lubricant temperature to avoid total damage and the actual
operational conditions during flight have not been tested. The definition of the
thresholds is not within the scope of this thesis and further research would be

needed to define failure criteria.
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9 Conclusions and contributions

Throughout this thesis, research has focused on modelling mixed and
hydrodynamic lubrication, in the field of tribology, and the application of the mixed
lubrication model for the detection of metal-metal contact in hydrodynamic
bearings for health condition monitoring, in the bearing of the planetary
transmission of an aircraft's IDG in particular. The following gaps in the
knowledge have been identified:

1. Mixed lubrication models based on asperity contact dividing the
phenomena in dry and fully lubricated contact have not been applied
locally along the lubricated surface in hydrodynamic bearings.

2. Physics-based Models have not been used for the detection of metal-

metal contact in hydrodynamic bearings.

In order to address these gaps in the knowledge; first, a PbM that studies metal-
metal contact locally along the lubricated surface has been devised with good
agreement between the estimated friction coefficient and the experiments for a
plain journal bearing. Secondly, the model has been used for the development of
a novel PbM technique to detect metal-metal contact in the hydrodynamic
bearings of the IDG without requiring additional sensors with good agreement
between the speeds at which metal-metal contact is predicted by the PbM and

measured in the experiments as well.
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The contributions to knowledge of this thesis can be summarized in the following

main novelties:
First novelty

A CFD/FEA model that integrates the asperity contact component locally along
the lubricated surface has been presented in this thesis. The actual bearing
geometry can be considered instead of assuming plain shaft, allowing more
complex hydrodynamic bearings models. In addition, the study of metal-metal
contact locally can provide a better understanding of how metal-metal contact

develops.

A good agreement has been obtained between the friction coefficient predicted
by the PbM and the friction measured during the experiments for a plain journal
bearing, as shown in Figure 38. The PbM accurately estimates the speed at which
metal-metal contact initiates under low and high load. The estimated rate at which

the friction increases is also in accordance with the experiments.
Second novelty

The mixed lubrication model, which is the first novelty of the thesis, is applied to
the detection of metal-metal contact. The PbM has been implemented into a novel
PbM technique to detect metal-metal contact in the hydrodynamic bearings of a
planetary transmission of an aircraft's IDG without requiring additional sensors.
A rig has been devised to test the transmission under metal-metal contact
conditions. A good agreement is obtained between the speeds at which metal-
metal contact is predicted by the PbM and measured in the experiments for the
plain journal bearing (Figure 38) and also for the replica of the transmission
(Figure 42-44).

The proposed techniqgue computes the PbM on the ground, the results are
accessible by the IVHM tool installed in the aircraft; which provides a health
assessment and recommendation for the pilot to avoid additional damage,
ensuring a safe disconnection of the IDG if a critical failure occurs. In addition,

the health assessment can be used for maintenance purposes as well.
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10 Future work

Throughout this thesis a comprehensive description of a novel PbM to detect
metal-metal contact and its application for health condition monitoring have been

presented.

Regarding the field of tribology, the PbM takes into account solid deformations,
cavitation and metal-metal contact interaction. However, changes in lubricant
temperature along the bearing and the effect in the lubricant viscosity are not
taken into account. For hydrodynamic bearings that dissipate significant amounts
of heat this effect may have to be considered.

The proposed PbM for health condition monitoring in hydrodynamic bearings has
been applied to the planetary transmission of the IDG. However, the PbM and a

similar IVHM tool can be used in other systems.

The failure mode of the planetary transmission of the IDG cannot be detected
before total failure occurs in the current system configuration. The proposed
health condition monitoring technique can potentially detect metal-metal contact
before total failure occurs. The technique presented in this thesis is a proof of
concept in a rig with ambient lubricant temperature and low loading conditions.
Further testing under more severe conditions and comparison with historic data

would increase the technology readiness level of this technique.
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