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ABSTRACT

There are certification and airworthiness requirements related to the provision of
clean crew and passenger compartment breathing air utilising the aircraft bleed
air system. There have been continuing reports and studies over the years
regarding oil fumes in aircraft including impaired crew performance. Oil fumes
are viewed in varying ways ranging from low occasional seal bearing failures, to

low-level leakage in normal or failure conditions.

The aim of this research is to assess whether there is any gap between the
certification requirements for the provision of clean air in crew and passenger
compartments and the theoretical and practical implementation of the
requirements using the bleed air system.

A comprehensive literature search reviewed applicable certification standards
and the documented and theoretical understanding of oil leakage. Interviews
were undertaken to address the research questions. These involved the key
aviation regulators and the process by which they certify and ensure
compliance with the clean air requirements. Aerospace engineers and sealing
professionals were interviewed about their understanding of how oil may leak
past compressor oil bearing seals, and into the air supply under various flight

conditions.

The overall objective of this thesis is intended to contribute to flight safety by
analysing the theoretical and practical implementation of the use of the
compressor bleed air system to supply the required air quality under the
regulatory requirements. The final outcome of the evaluation showed that there
is a gap between the clean air certification requirements and the theoretical and
practical implementation of the requirements using the bleed air system. Low-
level oil leakage in normal flight operations is a function of the design of the
pressurised oil and bleed air systems. The use of the bleed air system to supply
the regulatory required air quality standards is not being met or being enforced

as required.



Keywords - cabin air quality; oil fumes; cabin air contamination; synthetic jet
lubricants; jet oils; oil bearing seals; labyrinth seals; carbon seals; bleed air;
TCP.
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1 INTRODUCTION

1.1 Research Background

The issue of aircraft air supplies contaminated by engine oils has continued for
many years and remains ongoing. There is a wide range of military and civilian
aviation reports dating from the early 1950s through to the present, expressing
concerns about bleed air contamination. Exposure to a range of hazardous
substances and pyrolysis by-products, from engine oils and hydraulic fluids
contaminating the aircraft air supply, is increasingly recognised as potentially
adversely impacting flight safety. Despite no real time monitoring to detect
compressor bleed air contamination, a growing number of studies have
confirmed the presence of low levels of oil substances in the air supply, swab
tests and HEPA filters in normal operations. While the significance of exposure
continues to be questioned, an increasing number of global initiatives continue

to be undertaken.

Despite general acceptance that aircraft cabin air can become contaminated by
oil substances generated within the engine or Auxiliary Power Unit (APU) on a
somewhat regular basis, the frequency of such exposures is widely debated.
Most within the aviation industry and government, suggest that oil leakage and
subsequent fumes contaminating the crew and passenger breathing air supply
in the aircraft cabin is infrequent, occurring only on the rare occasion of oil seal
failure and selected operational factors such as worn seals or oil reservoir
overfill. Suggested frequency of bleed air contamination events ranges widely
from as low as 2.7 events per million aircraft departures, to more recent
estimations of 2.1 events per 10,000 departures, to 1% of all flights. However,
under-reporting is also stated to be significant.

There is now some limited increasing recognition that oil fumes may occur as a
design factor or deficiency with use of the bleed air system, in addition to seal
failure and operational factors. Outside the oil seals and engineering specialist
areas, low level oil leakage during normal flight is increasingly being reported.

The leakage is suggested to occur during various phases of engine operation,



with low-level leakage across oil seals occurring on a continuous to varying or
intermittent basis. This lower level leakage related to system design and
operation of utilising oil seals reliant upon compressed air (which is also used to
supply the aircraft bleed air) is often viewed as normal, safe and acceptable.
Such oil leakage is suggested to be associated with minor discomfort only,
however increased levels due to wear or failure are possibly affecting occupant
health and flight safety.

Within the specialist oil sealing community there is wide recognition that oil
sealing systems, which are reliant upon compressor pressurised air to seal the
bearing chambers, are responsive to a variety of engine conditions. This allows
lower levels of oil to be transported out through the seals into the compressor
air. Oil supplied under high pressure to the main shaft bearings performs
various functions, however leakage outside the chamber may result in various
serious adverse effects, such as performance loss, fires or oil pollution.
Conventional oil seals are generally recognised to enable low-level leakage
under various phases of flight, with questions raised over which seals are
optimal for bearing compartment sealing under the wide variety of operating

conditions.

There are clear regulatory standards and guidelines available that outline the
requirements for clean air to be supplied to the crew and passenger

compartments.

There are two varying positions held within the aviation industry regarding the
leakage of oil outside the bearing chamber. In the wider aviation industry,
outside of the seal and engineering specialist areas, the more common position
held is that leakage is a function of seal failure or operational deficiencies. The
second view comes from an increasing understanding that low-level leakage
occurs at various phases of normal flight. The specialist sector tends to support

the latter position, however their views are not commonly available.

Therefore given this discrepancy between the regulatory standards and two
varying positions, a natural question can be raised. Does oil leakage out of the

bearing chamber occur only in the occasional failure or maintenance deficiency



scenario, or as a normal part of engine operation when using pressurised oil
seals and compressor bleed air to supply cabin air? The aim of this research is
to therefore assess whether there is any gap between the -certification
requirements for the provision of clean air in the crew and passenger
compartments and the theoretical and practical implementation of the

requirements using the bleed air system.

The following report contains two sets of interviews to understand the practical
implementation of the clean air regulatory requirements. Twelve highly
experienced aviation and seals engineers were asked to provide their
understanding of how oil may leak internally within the engines with a focus on
leakage past compressor oil bearing seals.

The European Aviation Safety Agency (EASA) and the Federal Aviation
Administration (FAA) were asked about their practical implementation of the
certification and airworthiness requirements ensuring compliance for the purity

of the bleed air supply to the aircraft cabin.

Both interview types will be analysed along with the theoretical previously
reported understanding of the use of the bleed air system and oil leakage in
relation to the regulatory requirements. Therefore, it should be possible to
determine if there is any gap between the practical implementation of providing
clean air to aircraft cabins when using the bleed air system and the required

regulatory standards.

The report will also contain conclusions and recommendations for possible
further work required that might be applicable to aircraft utilising the engine

bleed air system for breathing and pressurisation purposes.

1.2 Aims and Objectives

1.2.1 Aim

The aim of this research is to assess whether there is any gap between the

aircraft certification requirements for the provision of clean air in crew and



passenger compartments of transport aircraft using the bleed air system and

the theoretical and practical implementation of the requirements.

1.2.2 Objectives

To evaluate the aircraft certification requirements for the provision of clean air in
crew and passenger compartments, and the processes in ensuring their

compliance.

To assess the theoretical documented understanding of the potential conditions
in an aircraft bleed air system that may lead to contamination of air supplied into

the crew and passenger compartments.

To assess the feasibility of the implementation of the aircraft certification
requirements for the provision of clean air in crew and passenger compartments
in a real world situation, specifically in the context of the potential contamination
caused by various conditions in the aircraft bleed air system.

To provide conclusions, recommendations and future research for the aviation
industry and authorities with regard to the provision of clean air in crew and
passenger compartments using the aircraft bleed air system.

1.3 Thesis Structure

This thesis consists of six chapters. The initial chapters cover the objectives of
the thesis; the certification standards for the provision of clean air in crew and
passenger compartments, and the current understanding of cabin air
contamination in relation to the aircraft bleed air system. The final chapters
contain the analysis, discussion and conclusions regarding the objectives set
out above.

Chapter 1 - Introduction - Contains information on the background to the
research subject matter and a brief summary of the project. The aims and

objectives are set out along with the chapter layout.

Chapter 2 - Literature review - Reviews the existing literature regarding

applicable standards and the present documented and theoretical



understanding of turbine engine oil leakage past oil-bearing seals into the cabin.
This will set up the research questions and provide the context for undertaking
the research.

Chapter 3 - Research methodology - Describes the research methodologies

used to undertake this research.

Chapter 4 - Results - The results and analysis of two interview-based research
questions: interviews with key aviation regulators, about the process by which
they certify and ensure compliance with the clean air requirements; and
interviews with engineers and sealing professionals, about their understanding
of how oil may leak past oil-bearing seals into the air supply under various flight
operational conditions.

Chapter 5 - Discussion - A critical discussion with a detailed analysis of the

project in terms of results obtained and literature related to the objectives.

Chapter 6 - Conclusions and Recommendations - This chapter contains a
summary of the work undertaken, a list of conclusions and recommendations for
possible further work required that might be applicable to aircraft utilising the
engine bleed air system for breathing and pressurisation purposes.






2 LITERATURE REVIEW

2.1 Background Cabin Air Contamination

Concerns about exposure to jet engine oils leaking from the engine into the

cabin air supply are extensive and ongoing over many decades.

2.1.1 Reports

The first reports of concerns of exposure to jet oils leaking from aircraft engines
into cabin air supplies dates back to the early 1950s. This coincided with the
introduction of synthetic jet engine oils that replaced mineral oils and the
introduction of higher performing, higher temperature and pressure turbine
engines (Johnson et al.,1952; Davidson et al.,1955). However, the toxicity was
deemed speculative with the possible toxic effect still unknown (Johnson et al.,
1952, Gutkowski et al.,1953). Temperatures of the oils and bearings increased
requiring better oil compatibility with the engine seals to minimise seal leakage
(Crampton et al.,1952). Both the military and aircraft industry became aware of
repeated reports of adverse effects related to the presence of smoke and
fumes, associated with the thermal decomposition of engine oils. These were
attributed to oil leaking into the compressor of turbine engines (Gutkowski et al.,
1953; Reddall, 1955; Kitzes, 1956). Studies undertaken by the US military in the
1950s into the inhalation toxicity of heated oils, found that the thermal
degradation of the oil base stock became very toxic when exposed to high
temperatures (Treon et al.,1955).

Manufacturer studies reported occurrences were completely erratic with no
predictable pattern, as the contamination occurred at all phases of flight
(Waddock, 1954), increasing during changes in engine power conditions and
engine start-up (Gutkowski, 1953). Studies on personnel exposed to the heated
oils, reported adverse effects (Loomis and Krop, 1955; Ensor, 1960). Zero oil
leakage, although difficult to obtain under all operating conditions was
recognised as necessary due to the use of compressor bleed air to pressurise
and refrigerate the cabin (Palsulich and Riedel, 1956). The rate of thermal

decomposition of the oil, or the ‘cracking temperature’, was found to increase



rapidly above 600°F (Waddock, 1954, p.5). Additionally, any oil leakage into the
high temperature compressor airflow could cause serious bleed air
contamination of toxic fumes forming (Palsulich and Riedel, 1956).

The majority of cabin air contamination events had long been recognised as
small leakages of synthetic oil leaking past the bearings and seals of the engine
compressor into the bleed air (DAC, 1966; Walker, 1990; EASA, 2009). It was
recognised that more could be done to eliminate the contamination at the
source (Waddock, 1954).

Reports of air supply contamination have continued over the years, with the
lubricants being the predominant source. Examples include military, airline, and
manufacturer reports (Gaume, 1973; Montgomery et al.,1977; Cone, 1983;
Buist, 1989). Manufacturer documentation, including service bulletins and
information letters, highlight crew and passenger exposure to oil fumes within
the cabin (Best and Michaelis, 2005; Michaelis, 2010). Airworthiness directives
report oil fume incidents involving crew impairment, with the FAA highlighting an
unsafe condition (CAA, 2001; FAA, 2004). EASA acknowledged that more
serious fume events have recently been reported with the ‘vast majority of these
events’ associated with abnormal leakage of engine or APU oil (EASA, 2009, p.
5).

A wide variety of fume events are reported, with 32% involving impairment
(Michaelis, 2011). Aircraft mechanical records confirmed oil in 41 of 87 fume
event reports (Murawski, 2011). Of 259 oil related fumes or smoke mandatory
occurrence reports in 5 years, 51% confirmed oil leakage and 31% varying
degrees of impairment (CAA, 2011). A Safety Investigation Bureau investigation
found that of 663 air quality events, 27% reported impairment, with 56%
described as oil, chemical, dirty socks, or burned (BFU, 2014).

A few selected other sources of bleed air contamination include: legal
documents identifying repeat events on the same aircraft (Forames, 2011);
insurance claims (Hinrichs, 2015); scientific committee confirmation of oil fume
occurrences (COT, 2013); media reports (GCAQE, 2016); crew reports (EASA,



2011); position statements (BALPA, 2005; ECA, 2015) and published papers
(Harper, 2005; Abou-Donia et al., 2013; de Boer et al., 2015).

2.1.2 Frequency and Under-reporting

It is often reported that the frequency of oil fume leakage is infrequent or
extremely rare (ASHRAE, 2013; Day, 2015), with ‘spurious’ reports made due to
worn seals or reservoir overfilling (Overfelt, 2012, p.1). However, oil fumes are
reported by others to be common (Winder and Michaelis, 2005; Michaelis,
2010).

Documented bleed air contamination events range from 2.7 to 33 events per
million aircraft departures (Day, 2015) to 2.1 events per 10,000 departures
(Shehadi et al., 2015b). Pilots reported oil fumes in 1% of flights, subsequently
confirmed by engineers in 0.05% of events (COT, 2007). However, it is
commonly accepted that the reported frequency may under-estimate the reality
due to under-reporting (FAA, 2006; Michaelis, 2010; Shehadi et al., 2015b).

EASA advised fume events remain relatively low with the more serious events
involving crew impairment and incapacitation being rare. Lesser temporary bad
smells due to maintenance or mechanical failures are under-reported with it “not

possible to determine a reliable rate” of these events (EASA, 2009, p. 3).

Fourty-three events of air supply contamination over four years were reported,
while recognising not all events were reported to the manufacturer (Holley,
2009). Airbus reported that oil seal leakage from the APU was “extremely rare”
and engine “even more rare”, only occurring after a “very unlikely incident”,
explaining why no reliable data had been collected (Dechow and Nurcombe,
2005, p.19). The air conditioning and bleed air systems were subject to “a high

number” of operational interruptions (Juan and Amsellem, 2012).

There are many sources supporting the regularity of fume events and the
reasons for under-reporting. Oil contamination of the air supply from the APU or
engines occurs “with some regularity” (AAIB, 2004, p.30), with the recurring
nature leading to diminished understanding of the risks and events seen as

routine (ATSB, 2003). Such events are neither new nor rare with under-



reporting recognised (BASI, 1997; PCA, 2000). Oil leaks and fumes were
regarded as a nuisance, rather than a potential flight safety issue (BAe
Systems, 2001a). Additionally, advice has been given that transient fume
events, particularly after start, taxi and take-off are normal, hence need not be
reported (Merron, 2007), and only fumes due to mechanical difficulty or failure
require reporting (FAA, 2006). The lack of a flight deck warning of contaminated
air events is also recognised as problematic (FAA, 2002; AAIB, 2009).

Another way of explaining the frequency recognises that seals may be less
efficient during transients (BAe Systems, 2001b). A need to improve transient
seal prediction was noted, given that sealing over the entire engine operating
range is necessary (Peitsch, 2003). Low levels of oil leakage will occur with the
current use of bleed air systems as the oil bearing seals will leak as a function
of the design and operation of utilising oil seals reliant upon compressed air
(Michaelis, 2011). This explains the frequency of oil fume events as distinct
from the far more occasional failure scenario and avoids both the under-

reporting and inaccurate reporting practice.

2.1.3 Exposure Data

A number of studies have been undertaken in recent years looking into the
presence of an oil anti-wear additive organophosphate, tricresyl phosphate
(TCP) and other oil related substances. Air conditioning ducts “were
contaminated with a carbonaceous material containing chemicals entirely
consistent with the pyrolysis products of aircraft engine oil” (CAA, 2004, p. vi).
Numerous air monitoring studies have identified TCP between 25% and 100%
of samples or flights (Crump et al., 2011; Houtzager et al., 2013; Rosenberger
et al., 2013). The meta isomer of TCP was identified in 89-95% of HEPA filters
(Eckels et al., 2014). The neurotoxic TCP isomer tri-ortho-cresyl phosphate
(TOCP) was identified in 15% of samples and the EU REACH classified
Substance of Very High Concern, trixylyl phosphate, was also found
(Rosenberger et al., 2013; Rosenberger, 2014). A pilot partially incapacitated
after fumes exposure was found to have TOCP in the blood (BFU, 2011).
Furthermore, levels of TCP were reported to be higher during take-off, climb,
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descent and during start-up. The majority of the studies reported no fumes were
present during sampling, with TCP after an oil leak found an order of magnitude
above normal operation levels (Solbu et al., 2011).

The organophosphates in the oil and other oil marker compounds are being
routinely reported in normal flight and occasionally during low level fume events,
with all levels reported as being very low and below available national and
international health and safety guidelines, and not responsible for any reported
health problems. The statistical probability of capturing a detectable fume event
is said to be very low (Day, 2015; Shehadi et al., 2015b).

2.1.4 Safety

The implications of exposure to oil fumes upon flight safety is diverse. EASA
suggests there is no safety case warranting action, as minor ‘nuisance’ events
are not safety related as impairment or incapacitation is rare (EASA, 2011, p.
4). ICAO has highlighted the negative impact on safety when crew members
experience acute symptoms due to oil, hydraulic fumes or smoke exposure
(ICAQ, 2015). IFALPA has recognised cabin air contamination can cause short-
term health effects, which may compromise flight safety (IFALPA, 2013).
Impairment in flight, related to oil fume events is widely recognised (AAIB, 2004,
2006; HOL, 2007; Michaelis, 2010; Murawski, 2011). Others accepting potential
or actual flight safety implications from exposure include aircraft and engine
manufacturers, regulators, government inquiries, industry committees, bureaus
of air safety (BASI, 1997; FAA, 2004; SAE, 2005; Chaturvedi, 2009; Harrison,
2009; COT, 2013).

The German BFU reported marginal flight safety restrictions, yet recognised
that impaired health and cabin crew performance occurred during fume events,
while others caused harmless discomfort only (BFU, 2014).

2.1.5 Actions

Many initiatives have taken place over the last two decades as shown in
Appendix A. These include government inquiries, conferences, regulator and
scientific reviews. Two US public laws supporting research in areas of sensors,
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mitigation technology, monitoring and a medical protocol have passed, however
the later has not been funded, with work limited to a joint NASA, USAF and FAA
study (US Congress, 2012; Day, 2015). A number of European consortium
projects have been undertaken, with a standardisation initiative on air quality
underway. Two Government sponsored studies into TCP are ongoing in
Holland; Clean Sky has developed bleed free electric compressors, as used on
the Boeing 787, and Future Sky includes a Cabin Air Quality (CAQ) oil fumes

component.

A regulator study supported the term ‘aircraft related illness’ instead of
‘Aerotoxic Syndrome’ (EPAAQ, 2012, p. 146). EASA has undertaken an A-NPA
and recently sponsored studies, on CAQ and oil pyrolysis characterisation. In
2015, ICAO published educational guidance on exposure to oil and hydraulic
fumes and IATA published guidance for medical response to CAQ events. The
UK COT committee has acknowledged that ‘perceived’ oil fume events are
occurring in temporal relation with acute adverse effects, highlighting a safety
concern (COT, 2013, p. 3).

Ongoing scientific studies include TCP toxicity, biomarker research, real-time

sensors, filtration technologies and an exploration of health effects in aircrew.

2.1.6 Issues

There is ‘general acceptance’ that cabin air can be contaminated by compounds
released from pyrolysed oil from engines and APUs (AAIB, 2013, p.3). Mobil
considers this an abnormal event (Mackerer and Ladov, 2000). A variety of
organic compounds are released when oils and their breakdown products enter
the aircraft cabin, causing adverse effects on the air quality (NRC, 2002).
Exposure to the oils, subject to temperatures of 500°C or greater may cause a
multitude of adverse effects and a threat to safety (Chaturvedi, 2009).

There are three ways oil fume events are perceived: 1) failure condition but
rare, 2) failure, operational or a feature of design but rare or 3) a feature of

design. This is thereby integral to actions undertaken.

1) A common view is that oil fumes occur primarily, due to failure conditions:

12



* ‘Improper work or damage’ to the main shaft seals (Rosenberger et al.,
2016, p.3);

* Seal failure on rare occasions (Boeing in HOL, 2007, p. 115);

* Minor systems failures involving oil leakage from the engine or APU (BAe
in PCA, 2000, p.11);

* Rare mechanical failures (FAA in, Suppelsa, 2016);

* Unintentional oil, hydraulic or de-icing fluid leakage (NRC, 2002).

Airbus state that oil contaminants do not enter the cabin under normal operating
conditions with ingress minimised after very unlikely failure conditions, providing
no evidence of a systemic design failure (Dechow and Nurcombe, 2005; HOL,
2007, p. 101). It is commonly reported that the bleed air supply generally
“operates as designed providing safe clean air to the cabin”, with contamination
due to ‘accidental’ fluid ingestion occurring occasionally (Roberts et al., 2013).
Examples often cited include worn mechanical seals or overfilled sumps
(Overfelt et al., 2012).

2) A broader approach to oil leakage covers more than just the mechanical
failure scenario, however the frequency is still said to be rare. The importance
of bleed port and bearing design to reduce oil contamination is reported (DAC,
1966; SAE, 1981). Under certain fault conditions or episodic events such as
engine or APU oil seal or bearing failure, maintenance error/irregularities, or
design deficiency, oil may rarely contaminate the bleed air (EASA, 2009;
ASHRAE, 2013).

3) Design factors related to using bleed air are less frequently discussed.
Avoiding leakage out of the bearing chamber and into the main gas stream and
the customer bleed off-take is the responsibility of the secondary air and oil
systems groups (Peitsch, 2003). Ongoing design improvements of the bleed air
off-take continue with seals being required to seal across the whole engine
operating range, including during transient engine manoeuvres (Peitsch, 2003).
“‘Every engine leaks oil from its seals and bearings”, (BAe in PCA, 1999, p.85)
with such leaks a feature of the design of using the bleed air system (CASA in

PCA, 2000, p.16). Qil seals that protect the air supply from contamination reach
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maximum efficiency during steady state operation and may be less efficient
during transients (engine acceleration, deceleration) or while the engine is still
achieving optimum operating temperature and pressure (SAE, 2005).
Improvements in seal design continue (BAe Systems, 2001b; Fox, 2012) and
are recommended (ASHRAE, 2013).

Low-level oil leakage during normal flight is becoming more widely recognised,
possibly explaining increased reporting, rather than reliance on failure or
conditions only. Oil seal leakage is reported to occur during certain events such
as engine switching, top of descent and in older aircraft, with chronic exposure
to vapours that “continuously leak through the seals in ‘tiny’ amounts” (de Boer
et al., 2015, p.558). This is supported by recognition that oil leaking from
bearings can be either “slowly varying and somewhat continuous or sporadic
and quite intermittent” (Overfelt and Jones, 2013, p.7). Background low levels of
TCP are commonly reported in normal flights, along with low levels of other
contaminants as shown in an ACER/ASHRAE study (Spengler et al., 2012).

This low-level leakage will occur with the current use of bleed air systems as the
oil bearing seals will leak as a function of the design and operation of utilising oil

seals reliant upon compressed air (Michaelis, 2010).

Lower-level leakage related to system design is often viewed as normal, safe
and acceptable, associated with minor discomfort only, with increased levels
due to wear or failure possibly affecting occupant health and flight safety (SAE,
2005). The events are said to range from the rare and serious smoke incidents
to ‘simple dirty sock smells’ (Eckels et al., 2014, p.1), with improved seals
leading to concentrations of oil in the bleed air being ‘negligible’ (SAE, 2005, p.
39). Another viewpoint, involves oil released from failed bearings and seals,
normally being low in quantity, creating a nuisance rather than an operating or

maintenance problem (SAE, 1981).

There are differing ways in which exposure to oil fumes are regarded. Boeing
reports its “bleed air systems meet all applicable FAA requirements” and is safe
based on current evidence (Boeing in Suppelsa, 2016). The Australian

regulator, CASA suggests oil fume contaminants are more of an occupational
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health and safety issue rather than an aviation safety issue (CASA in PCA,
2000, p.76).

An early manufacturer report suggested that it was ‘doubtful’ that the current
methods used to ensure suitable bleed air purity certification would be suitable
with future higher performing and higher temperature engines (DAC, 1966, p.2).
It was assumed that the ‘rather vague’ FAA regulations would be made ‘more
stringent’, necessitating a firmer basis for certification (DAC, 1966, p. 2).

The FAA reported that the lack of air contaminant monitoring systems meant
that the aircraft design does not meet the intent of ventilation regulation 25.831
and that rulemaking has not kept up with public air quality expectations and
protection against contaminant hazards (FAA, 2002). The adoption of existing
air quality standards for aircraft was suggested. Airbus has also identified that
the ventilation certification standards hardly, if at all, address the specific unique

cabin environmental factors (Dechow and Nurcombe, 2005).

The link between exposures and effects is important as the various
explanations help explain the thinking about oil leakage. Given the lack of
epidemiology at the same time as monitoring of the air, symptoms may be
related to other factors (Rayman, 2002). It is suggested that the symptoms
experienced may be due to a nocebo effect or other factors given the low levels
of one part of the oil additive found, TOCP (COT, 2013, p.3; de Ree et al.,
2014). However symptoms reported have a biological plausibility (Spengler and
Wilson, 2003). The symptoms are consistent with exposures to oil fumes, with
low levels of individual substances possibly not a problem, but exposure to the
mixture might be highly toxic (Chaturvedi, 2009, p.28). Increased toxicity of low
dose exposure to mixtures is increasingly recognised, (IGHRC, 2009; Carvalho
et al., 2014) along with individual susceptibility. Exposure to the oils and
individual substances are clearly recognised as harmful and hazardous
(Guerzoni, 1999; Boeing, 2007; European Commission, 2009; Harrison et al.,
2009; Michaelis, 2010, pp.344-352 and 620-638; ExxonMobil, 2016b; ICSC,
2016).
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Additionally, ground based safe exposure levels often used to justify acceptable
exposures, should not be applied to the aircraft environment (SAE, 2005;
Michaelis, 2011; ACGIH, 2015).

However exposure to chemicals are serious. Substances at low levels may
show more subtle changes than those exhibiting pathology (de Ree et al., 2014;
Hausherr et al., 2014). Rolls-Royce recognises that any oil leaking from an
engine entering the customer off-take “is classified as HAZARDOUS” (Peitsch,
2003) and “oil vapours and coking smells are obnoxious at best and health
hazards at worst to the customer” (NASA, 1995, p. vi).

Several other factors include the concerns that illness related to fume events
could be disabling, therefore requiring minimisation (COT, 2013). Maintenance
diagnostics have been referred to as being of a ‘trial and error’ nature (Overfelt
et al.,, 2012, p.2) and failure to eliminate the source of the contamination will
lead to repeated occurrences (Vera-barcelo, 2013). Additionally, the financial
losses related to these events range from approximately $40,000 per incident to
$2,000,000 per day(Fox, 2012; Shehadi et al., 2015a).

Given that oil is recognised to leak into the bleed air supply in a variety of ways,

it is necessary to review applicable clean air certification standards.

2.2 Certification Standards

There are a variety of aircraft certification and other standards and Acceptable
Means of Compliance (AMC) or guidance material relating to clean air
requirements. These must be met at certification and on an ongoing basis. The
US Federal Aviation Regulations (FAR) and European Certification
Specifications (CS) standards are outlined below along with suggested non-
mandatory AMC.

2.2.1 CS and FAR Standards and Guidance Material
2.2.1.1 Equipment and Systems Design - Airframe

CS 25.1309 and the FAR equivalent airframe airworthiness standards require

equipment, systems and installations to be designed ensuring they perform their
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intended functions under any foreseeable operating condition, including fluid or
vapour contamination, according to the AMC,. The FAR require failures causing
the prevention of safe flight and landing to be extremely improbable and
reduced ability of the crew to cope with adverse operating conditions,
improbable. The CS specifications utilise three categories including ‘hazardous’
failures, as extremely remote and ‘major’ failures as remote. See Appendix B for
official wording of the CS and FAR and associated guidance AMC.

The compliance guidance, (AMC 25.1309, AC 25.1309-1A) while not
mandatory, set out acceptable means of compliance. Each failure condition
should have a probability that is inversely related to its severity as seen in

Figure 1.

EASA AMC 25.1309 FAA AC 25.1309-1A

Figure 1 Relationship between Probability and Severily of Failure Condition Effects Figure 1: Probability vs. Consequence Graph
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of Failure C
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Extremely
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Mmor Major Hazardous Catastrophic Normal ‘
Severity of Failure Condition Effects Imgrobatie

Figure 1: AMC - Probability vs Severity
Source: EASA AMC 25.1309 & FAA AC 25.1309-1A

As shown in Appendix B, the EU AMC describes major failure conditions as
those that could impair crew efficiency, or cause physical discomfort to the
pilots, or physical distress or injury to the passengers or cabin crew. Such
conditions must be remote, unlikely to occur to each aeroplane during its total
life, but may occur a few times during the total life of all aircraft of type, with
average probability per flight hour of 10 ° or less but greater than 1x10™.
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Figure 2 shows in detail the EASA CS 25.1309 AMC relationship between the
probability and severity of failure conditions.

Warning information must be provided to alert the crew to unsafe system
operating conditions and to enable them to take corrective action (FAR and CS
25.1309C).

Effect on No effect on Slight reduction Significant Large reduction Normally with
Agroplane operationat in functional reduction in in functional hull loss
capabilities or capabiliities or functional capabilities or
safety safety margins capabilities or safety margins
safety margins
Effect on | Inconvenience Physical Physical Serious or fatal Muitipte
Occupants discomfort distress, injury to a small fatalities
excluding Flight possibly number of
Crew : including passengers or
injuries cabin crew
Effect on Flight No effect on Slight increase Physical Physical Fatalities or
Crew flight crew in workioad discomfort or a distress or incapacitation
significant excessive
increase in workload
workload impairs ability to
perform tasks
Allowabie No Probabiiity <---Probable---- | <----Remote--- Extremely Extremely
Qualitative Requirement > > Commmmmmmeae s improbable
Probability Remote
Allowable No Probability | <----- > | e > < >
Quantitative Regquirement
Prabability: <10 <19* <107 <10*®
Average
Probability per Note 1
Flight Hour on
the Crder of:
Classification of | No Safety Effect | <-ees-Minor------ Cemen MajOrmmmen <--Hazardous--> Catastrophic
Failure > >
Conditions
Note 1. A numerical probability range is provided here as a reference. The applicant is not required to perform a
quantitative analysis, nor substantiate by such an analysis, that this numerical criteria has been met for Minor
Failure Conditions. Current fransport category aeroplane products are regarded as meeting this standard simply
by using current commonly-accepted industry practice.

Figure 2: CS 25.1309 AMC: Probability vs Severity
Source: EASA AMC 25.1309

2.2.1.2 Safety Analysis - Engine and APU

A safety analysis of the engine is required under CS-E 510 and FAR 33.75, with
acceptable means of compliance provided as shown in Appendix B.
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Compressor bleed systems must be included in the safety analysis.
Concentrations of toxic products in the engine bleed air for the cabin deemed
sufficient to incapacitate crew or passengers are regarded as a ‘hazardous’
engine effect under the FAR or CS standard. These must be predicted to occur
as extremely remote, at less than 107 per engine flight hour (/efh). ‘Major’
engine effects must be remote at less than 10°/efh, however further detail is not
provided in the regulation/standard.

The guidance material lists ‘hazardous’ effects as including no effective means
to prevent the flow of toxic products to crew or passenger compartments or
toxic products impossible to detect or stop prior to incapacitation. Degradation
of oil leaking into the compressor airflow is listed as a toxic product.

Concentrations of toxic products slow enough acting and/or readily detectable
so as to be stopped prior to incapacitation are considered ‘major’ engine effects.

These include substances sufficient to degrade crew performance.

CS-APU 210 safety analysis and its AMC are similar to CS-E 510, while a US
APU Technical standaing order (TSO-C77b) requires that failures do not
generate an unacceptable concentration of toxic products in the bleed air.

As absolute proof of such low probabilities is not possible, reliance on
engineering judgement, previous experience and sound design and testing is
therefore acceptable.

Prior to the 2007 FAR 33.75 ammendment, there was no requirement to review
toxic bleed air components, while the 2001 JAR acceptable compliance referred
to unacceptable concentrations of toxic products in the bleed air supplied to the
cabin.

2.2.1.3 Bleed Air

CS-E 690 requires contamination or purity tests of the bleed air when it is
directly used in the cabin. An analysis of the defects which could affect the

purity of the bleed air must be prepared and where necessary defects must be
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simulated and tests undertaken to establish the degree of contamination that is

likely to occur.

The US FAR 33.66 for bleed air systems, requires engines to supply bleed air
without adverse effect on the engine. FAR and CS 23.1111 require that bleed
air systems do not allow hazardous contamination of the cabin air systems from

failures of the lubrication system.

CS-APU 320 and TSO-C77b require that for APUs providing compressor bleed

air, the characteristics of the bleed air contaminants will be listed.

2.2.1.4 Airworthiness - Ventilation and Heating

CS 25.831a requires that each crew compartment has enough fresh air
enabling crew members to perform duties without undue discomfort or fatigue.
FAR 25.831a is very similar but covers normal and probable failure conditions,
uses the term ‘sufficient amount of uncontaminated air and references
reasonable passenger comfort. 25.831b requires that the crew and passenger
compartment air must be free of harmful or hazardous concentrations of gases
or vapours. Only carbon monoxide, carbon dioxide levels and fresh airflow rates
are listed.

2.2.1.5 Unsafe Condition

An unsafe condition includes events that occur more frequently than the safety
objectives allow; that may reduce the ability of the crew to cope with adverse
operating conditions, impair crew efficiency or cause discomfort/injuries to
occupants (AMC 21.A.3B(b)).

2.2.2 Other Standards and Regulations

Historically, MIL-E-5007 specification was utilised as one form of certification
guidance compliance. Oil leakage within engines was not to cause oil discharge
upon starting after previous shutdown or cause contamination of the bleed air or
deposits. A compressor bleed air analysis was to be undertaken to ensure

contaminant levels were within specified limits, including oil breakdown
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products. Additionally, the lubrication system must function properly under

conditions in which the aircraft operates (FAR 33.71).

Other currently used voluntary standards include:

* SAE ARP 4418, Aerospace recommended practice lists a limited set of
bleed air generated contaminants,

* SAE Aerospace Standard 5780A and previous MIL Spec, MIL-PRF-
23699F for oils differ regarding the allowable effect on personnel,

* ASHRAE Standard 161-2013 and guideline - Air Quality within Aircraft.

The new EU occurrence reporting regulation requires contaminated air to be
reported as well as any burning, smoke, fumes or leaking fluid (EU Regulation
376/2014; 2015/1018).

2.3 Oil System

The lubrication system provides oil to provide lubrication, cooling, corrosion
protection and as a sealing medium itself. This self-contained re-circulatory dry
sump oil system (see Appendix C), distributes oil to the components throughout
the engine, with the oil returned to the oil tank via pumps to then repeat the

cycle.

The oil system has three main sections, although specifics in particular engines
will vary. A simplified theoretical explanation is detailed and shown in Appendix
C. The oil supply system sends pressurised oil via supply pumps and heat
exchangers, to the bearings in individual bearing chambers, gears, seals and
splines. After completing the lubricating and cooling tasks, the oil is directed to

sumps in each bearing chamber.

The scavenge systems consists of scavenge pumps, extracting the oil from the
lubricated areas including each sump and returning it to the oil tank as quickly
as possible. The flow returned to the tank is a mixture of oil and sealing system
air. A de-aerator in the oil tank separates the oil from the air, with the air then
vented overboard via the breather. If the oil was not removed from the sumps

via the scavenge system, oil would be forced past the bearing oil seals into the
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compressor. Such leakage could cause burning, and seal bearing malfunction
(FAA, 2012a, p.vi).

Pressurised seals are utilised to prevent oil leakage from the bearing chambers
and between rotating shafts. To ensure the pressure drop is always into the
bearing chamber, the chamber normally provides a vent to a lower pressure.
The vent system capacity ensures sealing air is sufficient to seal the bearing
chambers, with minimal impact on engine performance. The air vented from the
chambers contains oil, which is separated and retained in the system via a
rotating air/oil separator or de-oiler (breather), with the air and a small amount
of oil vented overboard.

It is critical that a minimal amount of oil is utilised to undertake its various
functions and retained in the lubrication system. However, there is a stated
permissible consumption of oil, usually 0.1 to 0.5 US quarts/hour per engine
(Linke-Diesinger, 2008).

2.3.1 Oil bearing Chamber Sealing

Given the ongoing debate about how to interpret leakage of oil into the air
supply, the literature for the oil sealing, bleed air systems and leakage will be

reviewed.

This thesis will not attempt to take into account the specific differences in
various engines, oil systems and bearing seals, which may be complex.
Additionally the focus will be on oil leakage from engines and APU power
sources, as distinct from other sources such as Environmental Control Systems

(ECS), external sources and mechanical failures.

2.3.2 Secondary Air

Around 25% of the engine core airflow is extracted and utilised to supply engine
internal air and various aircraft systems. This secondary air also known as
bleed air, is primarily tapped off the compressor and used for cooling engine
and accessory components, bearing chamber and oil cooling and sealing,
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control of turbine tip clearances, cavity ventilation, control of bearing loads,

cabin pressurisation, ventilation, anti-icing and other services.

The majority of secondary air is returned to the mainstream air after performing
various sealing and cooling functions. Bleed air used for (customer) cabin
pressurisation, and wing anti-icing, is vented overboard after use. A 1%
reduction in secondary air extracted gives a 0.4% reduction in specific fuel
consumption (SFC), (Chupp et al., 2006). The extracted secondary air is
controlled and minimised as it reduces the power and efficiency of the engine
(Johnson, 2010). To achieve this, a number of oil and air seals are required.

2.3.3 Oil Supply to Main Bearings

The use of gas turbine engines requiring synthetic oils, enabled aircraft engines
to become more efficient and powerful, through higher engine temperatures and
pressures (Johnson et al., 1952).

Oil is supplied under high pressure to all main shaft bearings. Internal air
systems are very complex with careful review of the schematics required for
each engine (Gunston, 2006).

The engine bearings, grouped in bearing chambers require a continuous supply
and removal of oil. The oil has a number of functions including the requirement
to lubricate and cool bearings in the bearing sump and to wash away metal
particles released from the bearings and gears during normal operation (Linke-
Diesinger, 2008). The oil must also support the sealing of a particular type of
seal, the carbon bearing seal.

Ninety percent of the oil's function relates to heat transfer, 5-10% reduces
friction and 2-3% is used for sealing, filter contaminants, and anti-corrosion
(ExxonMobil, 2016a).

Oil seals are required to perform various functions including prevention of
moisture and dirt entering, and the oil leaking out of the bearing chambers;
control of air leakage to the bearing compartment and therefore improvement of

engine performance; reduction of oil consumption; ability to operate under
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normal and reverse pressures and they require a very long life (Tran and
Haselbacher, 2004).

2.3.4 Bearing Compartment Sealing

Oil leakage outside the bearing sumps may result in performance loss due to
contamination of aerodynamic parts, engine fires, vibration due to oil
accumulation in rotating parts, or pollution of the air bleeds resulting in cabin air
contamination (Whitlock, 1978; ExxonMobil, 2016a).

Pressurised air from the compressor (see Figures 3 and 4) is used to prevent oil
leaking through the bearing oil seals and to cool and ventilate the bearing
sumps to prevent the build up of combustible gas mixtures.
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Figure 3: Bearing Compartment Pressurisation - CFM

Source: (Linke-Diesinger, 2008, p 28)

The philosophy behind engine bearing compartment sealing involves using
pressurised air to maintain the bearing compartment at a lower pressure than its

surroundings, therefore inducing an inward flow to prevent an outward oil leak
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(Whitlock, 1978). The air is used to buffer the seals around the bearing
chambers to prevent oil leakage, but too much airflow is a performance penalty
and increases the heat load to the oil in the chamber (Rolls-Royce, 2005).
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Figure 4: Oil Bearing Sump
Source: (ExxonMobil, 2016a)

The pressurised oil bearing seals are generally clearance labyrinth seals or
mechanical contact face seals, both relying upon compressor pressurised air as
part of the sealing function (Linke-Diesinger, 2008).

2.3.5 Bleed Air for Pressurisation and Ventilation

Military jet aircraft commenced using compressed bleed air for ventilation and
pressurisation in the late 1940s. It was soon recognised that engine bleed air
used for the ventilation was increasingly subject to unacceptable contamination,
with the compressor bearing seals being the main source of oil leakage
(Reddall, 1955). Early commercial jet aircraft, such as the Boeing 707, Douglas
DC8 and Convair 880/990 drew air in from outside the aircraft using separate

blowers or compressors. The direct use of bleed air bleed air for ventilation as

25



currently used on all civil jet aircraft (except for the Boeing 787), was introduced
in the Sud Aviation SE210 Caravelle which first flew in 1955.

Bleed air oil contamination was seen as acceptable but somewhat
contradictory. The secondary air often carried fine droplets or vapours of oil,
with the use of turbo machines using outside air, as engine bleed air may
contain minute traces of oil, however oil could not seep past the other side of
labyrinth seals (Gunston, 2006). The use of outside ram air and associated
systems were seen as the most positive solution, yet heavy, complex and
expensive, as well as maintenance intensive and inefficient (Reddall, 1955;
Marzolf in NRC, 2002, p64). Bleed air contaminated by engine oil was said to
be non-toxic but ranged from an objectionable odour to severely irritating to the
eyes, nose, throat and lungs (Reddall, 1955). Air extracted from the least
contaminated section of the compressor was considered a marginal solution to
the contamination problem, with future reduction in oil leakage making
compressor air suitable for military aircraft but not commercial airliners, where
odour free air was required (Reddall, 1955, p. 9). With jet aircraft flying at higher
altitudes, larger equipment was needed to compress the outside air and as
outside air was deemed to be of no discernable difference to bleed air, aircraft
commenced using bleed air-based environmental control systems (ECS), (NRC,
2002, p. 64). Bleed air could become contaminated, yet studies undertaken in
routine operations showed no contamination of concern with the air said to be
clean and of excellent quality (Nagda et al., 2001; NRC, 2002).

Special precautions were undertaken to prevent oil leakage past the shaft
bearing seals into the compressor inlet, with compressor bleed air deemed
acceptable for breathing air in the occupied areas (Hauger et al., 1968). This
was accomplished by taking the air from differing stages of the compressor and
therefore limiting temperatures to which the air is heated and providing best
economy. Larger engines mostly provide aircraft with both high and low
pressure bleed air sources, with higher temperature and pressure air extracted

at ground and flight idle.
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2.3.6 Oil Bearing Seals

Given that engine compressor air is used for both pressurising the bearing
sumps and supplying the cabin air along with use of synthetic oils, a review of
oil bearing seals function is warranted. Differing descriptions of system leakage
vary, from the oil cannot leak outside the sumps, most of the oil droplets within
the oil system vent air are kept within the oil system (Linke-Diesinger, 2008) to
small amounts will leak. An airline maintenance training manual (cannot be
adequately cited for confidentiality reasons) reports an advantage of the
pneumatic system is that the provision of “odour free air has no toxins in it —
though it often becomes contaminated with aircraft oils etc. and smells”

(Company A, no date).

Aero bearing seals are required to operate at high speeds necessitating either a
well lubricated seal or one that operates with a clearance (Flitney, 2014).

Lubricating oil is utilised to reduce moving parts of the engine from touching
each other during operation, therefore preventing wear, friction and heat. Oil
wetted areas are only inside the bearing compartments and gearbox and the oil
has no contact to rotor components outside these areas to the gas path (Linke-
Diesinger, 2008). In order for this to occur the walls of the bearing
compartments are sealed against the rotating shafts with the use of two key
types of seals, the carbon and labyrinth seal. Compressor sealing air flowing
across the seal into the bearing compartment is utilised regardless of the type of
seals (Linke-Diesinger, 2008) and is responsive to variations in engine
operating conditions (Palsulich and Riedel, 1956).

Sealing bearing compartments containing oil and gas mixtures at near ambient
pressure is difficult (Chupp et al., 2010). The pressure difference between
inside and outside the chamber is very small, as a larger difference would see
the oil blown out of the breather. However, the small differential in transient

modes provides a much greater chance of pressure reversal.
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2.3.6.1 Labyrinth Seals

Non-contacting clearance labyrinth seals (Figures 5 and 6) consist of a series of
circumferential strips of metal extending from the shaft to form a cascade of
annular orifices (Boyce, 2012). They rely on a number of grooves (the labyrinth)

divided by ridges with knife-edge crests or fins.
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Figure 5: Labyrinth Seals Schematics

The stationary member incorporates a rub material that allows the rotating knife
edges to cut into the stator, thus reducing the leakage of air over the seal and
providing the required seal (Chupp et al., 2010). The stationary and rotating
members rely upon a small tight clearance between them to reduce leakage
flows, allowing an inward flow or controlled leakage of air, through a series of
restrictions, followed by a clear volume creating expansion of the air and
therefore reducing the pressure over the seal. This ‘torturous path’ of leaking air
between high and low pressure regions restricts the leakage flow (ESDU, 2009,
p. 9). It is commonly reported the pressure outside the seal is higher than the
pressure inside the bearing chamber, therefore preventing the oil from leaking
outwards. However any clearance permits fluid to flow in either direction,

dependent on pressures and the momentum of the fluid (Childs, 2013, p. 566).
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The clearance is set by aero-thermo-mechanical conditions allowing for rotor
radial and axial excursions and minimising rotor contact with the shroud (Chupp
et al., 2006). Adequate clearance to maintain sealing efficiency must take into
account dynamic growth, thermal expansion, shaft motion and tolerance build-
ups (Povinelli, 1975).

Source: (ldahospudsblog, 2014) Source: Snecma Museum (2016)

Figure 6: Basics Of Labyrinth Sealing

Labyrinth seals have certain advantages including simplicity, low cost, reliability,
good response to thermal variations, and reduced wear and friction. However,
they are subject to high air leakage, loss of engine performance, tolerant to
ingestion of particulates, which may damage parts, including bearings and do
not in isolation provide a complete barrier to leakage (Flitney, 2007). Although
good at restricting the airflow they do not respond well to dynamics, with
permanent increases in seal clearances from shaft excursions on stop/start
operations and other transient conditions (Chupp et al., 2006). Seal clearance
also naturally increases with engine age due to rubbing under vibration,
gyroscopic torque, rough landings or G-load factors (Ludwig, 1978a;
ExxonMobil, 2014).
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These seals lose performance fast with wear and when large clearances are
dictated by transient thermal conditions (Ludwig, 1978a). Labyrinth seals, while
used to prevent oil loss from the bearing compartment, would provide very poor
sealing were it not for the high-speed inward airflow through the small clearance
that sweeps the oil back into the compartment (Edge and Squires, 1969).
However, the high leakage rates of hot gas (air) in to the bearing compartment
tends to carry oil overboard (Ludwig, 1978b) and allows oil to leak out of the
seal (Chupp et al., 2006). Given that labyrinth seals are clearance seals, there
will always be some leakage across the seal from high to low pressure (Childs,
2013; Flitney, 2014). Simply put, the labyrinth seal is essentially a controlled
leakage device (ESDU, 2002) relying on pressurisation to minimise oil leaking
along the compressor shaft (FAA, 2012b).

2.3.6.2 Mechanical Contact Seals

Mechanical positive contact seals, such as carbon face seals form a seal
between one stationary and one rotating flat precision-finished surfaces,
preventing leakage (Boyce, 2012). The faces must have a high degree of
flatness to form a good seal and must be lubricated so as to operate at a
reasonable speed and provide a long life (Flitney, 2014). These are often used
to seal bearing sumps, both restricting air leakage into the bearing sump and
preventing oil vapours from passing from the sump into the cabin air stream
(Chupp et al., 2010). However, this type of seal is more expensive, complex,
and maintenance intensive; furthermore it has a shorter life than labyrinths
(Povinelli, 1975; ESDU, 2002).

As shown in Figure 7, the faces are held in sealing contact, usually by a
combination of the force of a spring and positive system pressure to ensure
adequate loading of the carbon elements so as to minimise leakage and wear
(Chupp et al.,, 2010). Gradual wear of the sealing faces occurs, extending
service life of the seal and preventing shaft damage (Skewis, 2011). Other
examples of factors affecting carbon seal performance include excessive wear
of the faces during transients, (Chupp et al., 2010), finite rate of wear (Edge and
Squires, 1969) and accumulation of coked oil deposits (Povinelli, 1975).
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Mechanical carbon compressor oil seals are designed around the principle of
forcing a small amount of seal oil across the flat faces, which are sandwiched
between the rotating seal ring and the stationary sleeve. These are liquid seals
designed to minimise the amount of seal oil that passes into the compressor
(Wilcox, 2000). This minimal film of oil, typically below 1 pym thick, distributed
between the flat faces, is a compromise ensuring the oil film is sufficiently thick.
Thus providing adequate lubrication of the seal and long seal life, keeping it as
thin as possible and minimizing leakage (Flitney, 2007). It is accepted that a
normal seal will leak a very small amount of oil vapour from a few ppm to
10cc/min (Boyce, 2012). Increased speed and small increases in clearance

between the faces can cause higher oil leakage over the seal.
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Figure 7: Mechanical Carbon Face Seals
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The flat faces, providing the seal, will distort with thermal and pressure effects
and may encourage increased oil between the faces then pumped out to the air
high-pressure side of the seal (Flitney, 2014).

Other features may be utilised to help prevent oil leakage. Basic labyrinth seals
may be used as an adjunct to primary (face) seals, (Boyce, 2012) to assist
preventing the oil passing into the compressor and prevent excessive leakage
should the face seal open up (Chupp et al., 2006). A positive shutdown device
may attempt to maintain air pressure when the compressor is at rest and the oil
between the faces is not available (Boyce, 2012).

Labyrinth and mechanical contact seals are noted to have high and moderate
air leakage, high oil consumption and oil pollution in the cabin with reverse
pressures (Tran and Haselbacher, 2004).

Self-acting mechanical seals, a form of dry gas seal, have been suggested for
use in aero engines (Ludwig, 1978b; Tran and Haselbacher, 2004). Benefits as
shown in Appendix D, include no oil leakage with reverse pressures, reduced
air leakage giving low oil consumption and no oil pollution (Tran and
Haselbacher, 2004).

2.3.7 Common Aspects of Oil Bearing Seal Operation

The fundamental assumption for bearing seals is that the air in the compressor
gas path will be at a higher pressure than the oil in the bearing chamber, thus
causing leakage to always be into the bearing housing and not out into the gas
path. ExxonMobil reports for seals to remain leak free, the pressure must
always remain lower inside than outside the chamber (ExxonMobil, 2016a). It is
commonly reported that oil seals only leak when a failure occurs. It is also
stated that reverse pressures must be avoided with labyrinth seals to prevent
high oil loss, while positive pressures will prevent oil leakage (Ludwig, 1978a;
ExxonMobil, 2016a). However, the literature suggests this is not always the

case.

Despite reliance upon positive pressure gradients preventing oil (leakage)
flowing in the opposite direction, it is reported that oil may flow against this
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positive pressure gradient with both types of seals, that is from low to high
pressure. The positive gradient is difficult to obtain under all operating
conditions and not a guarantee of zero oil leakage, and sealing bearing
compartments at near ambient pressure is difficult (Palsulich and Riedel, 1956;
Chupp et al., 2010).

Early research showed that pressures generated in the oil film between the
mechanical face seals can cause liquid in the film to overcome the pressure
gradient and leak both with and against the pressure gradient (Nau, 1964;
Flitney, 2014). Dalton’s law of partial pressures (Figure 8) in which a gas tries to
create a constant partial pressure, indicates that high pressure air will not
actually prevent oil vapour from permeating through the labyrinth against the

pressure gradient (Flitney, 2014).
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Figure 8: Partial Pressures Causing Vapour Leakage against Pressure Gradient.
Source: (Flitney, 2014)

In the case of reverse pressures over the seal during engine operation causing
higher pressure on the oil side of the bearing chamber, both labyrinth and

mechanical face seals will allow leakage in the opposite direction (Flitney,
2014). Labyrinths relying upon a clearance provide the explanation for leakage
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with reverse pressures. The volume of leakage would depend on the seal
design, clearance and pressure differential across the seal, with a face seal
allowing considerable leakage should the face open with the reverse pressure,
unless taken into account at the design stage (Flitney, 2014).

SAE reports oil leakage may be increased at various phases of operation
including engine/APU start with seals not at operational pressure or
temperatures and transients. “Some systems rely upon internal pressure to
maintain the sealing interface, which may open up on shut-down allowing some
oil to exit the oil wetted side of the seal. Upon start-up, the oil will be entrained
into the air entering the compressor, with the seal interface again established
once the engine internal pressure returns to operating norms” (SAE, 2005, p.
24).

Just about all known seals will leak, with seals designed to limit leakage and no
such thing as a seal that does not leak, even if a very small amount, perhaps an
emission rather than leakage (Flitney, 2014). “A Zero leakage seal is an
oxymoron” (Chup et al., 2006, p. 29). Only very small amounts of oil need to
leak to generate a noticeable cabin odour (Vera-barcelo, 2013) and it will be

possible to smell oil before high oil consumption is noticed (SHK, 2001).

Further support of oil leakage over the seals in normal operations exists.
Scavenged oil flow is lower than the supply flow due to normal oil consumption
through the deolier, oil seals and oil leakage. Higher oil consumption without
apparent oil leaks depends on the efficiency of the de-oiler and the oil system
seals (ExxonMobil, 2014). As the bearing compartment seals suffer increased
wear, increased sealing air passes over the seal. This results in higher vent air
flows and reduced efficiency of the de-oiler, increasing oil consumption and
leakage as wear increases (Linke-Diesinger, 2008). Overall seal life is affected

by transients and excursions outside design limits (ESDU, 2002).

2.3.8 Awareness of Oil Bearing Seal Leakage

Industry awareness of seal leakage is well established with limited examples

below. This supports the general view that mechanical and labyrinth seals will
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leak as a part of their normal function, along with the need for more advanced

seals.

The design of oil seals can contribute to oil contamination as they vary in
effectiveness at different stages of aircraft operation, especially during
transient stages of operation, that is take-off, landing or significant
changes in altitude (EPAAQ, 2012).

“Garrett and British Aerospace disagree with Ansett’s suggestion that a

carbon seal will always leak a small amount” (NSWDDT, 2009, p. 32).

Biggest seals technical challenge relates to low leakage and long life at
high temperature and speed (Proctor, 2006).

“Shaft seals - must function as SEALS — NOT flow restrictors” (Bill, 1991,
p. 78).

A consortium developed to improve face seal reliability as “Air oil/seals
must be improved now!” (Ullah, 1995, p. 315). High temperatures in
seals, incorrect tracking and oil coking causing leakage of oil and air,
smell of oil in the cabin, high oil consumption and wear. Future research
needs include the transient behaviour of seals.

Seals capable of accommodating high misalignment, high rubbing
speeds, low pressure differentials and large diameters must be
developed for future engines (Shaughnessy and Dobek, 2005).

“Carbon face seals are the industry workhorse but have problems with
face blisters” (NASA, 1999, p.iii).

“‘Conventional seals used to isolate oil vapours from cabin air do not
have sufficient life to meet the current oil-free environment standard”
(Thompson, R; Hagshenas, 2006, p.3).

Sump evacuation system to reduce oil leakage from bearing sump
(Przytulski et al., 2013).

Oil smells in cabins are considered “unacceptable to the paying
customer” and usually occurring after the aircraft is in service (NASA,
1995, p. viii).
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* Evaporation loss of oil “constitutes only a minor part of the oil
consumption in Rolls-Royce gas turbines, the major part of the
consumption representing loss of liquid oil arising from permissible
leakage past certain seals, escape of mist or aerosol through breathers”
and losses incurred during inspections. These are made good by

‘topping up’ the system with fresh oil” (Edge and Squires, 1969, p.1575).

2.3.9 Choice of Bearing Seals

The actual bearing seal arrangements are complex, differing widely with specific
engine design details not publicly available. The selection of one type of seal
over another involves the acceptance of advantages and penalties, the
magnitude of which varies with the specific engine design (Povinelli, 1975;
ESDU, 2002).

Besides the simplicity and cost effectiveness of labyrinths, there are a wide
variety of other factors determining which seals are used. For example, carbon
face seals have ten times less air leakage, along with lower oil consumption
(Povinelli, 1975) and are generally used in hotter parts of the engine (Edge and
Squires, 1969). Performance penalties associated with higher air leakage into
labyrinths are more problematic for smaller engines (Ludwig, 1978a).

There appears to be contradictory reports on which seals are optimal for sealing
the bearing compartment. Both labyrinth and/or carbon seals are said to
commonly seal the bearing oil sumps. Labyrinth seals are widely used for
sealing of the air system (Rolls-Royce, 2005) and an effective oil seal, yet
ignorance of the transient effects on the seal are reported (Whitlock, 1978).
Carbon seals are said to be more effective for bearing compartment sealing,
preventing oil leaking into the cabin (Rolls-Royce, 2005; Chupp et al., 2010).
Conversion from labyrinths to other types of seals due to higher leakage rates
are suggested (Peitsch, 2003; Boyce, 2012), however labyrinths will be around
for a long time (Hendricks, 1995). Original Equipment Manufacturers (OEMSs)
have been satisfied with labyrinths for main shaft sealing despite mechanical
seals suggested to be ‘seals of the future’ for aircraft engines (Hendricks, 1993,
p. 72).
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Some other factors to consider are: capability to absorb performance penalties
associated with labyrinths, face seals being associated with excessive wear
during transients and labyrinth seals enabling oil transport out of the seal
(Chupp et al., 2010, p.997). The need for special arrangements to guard against
‘toxic/hazardous’ fluid leakage with mechanical seals is common practice
(ESDU, 2002, p.12). However, the use of secondary sealing practices with aero
engines is unknown. Single (mechanical) seals appear to be utilised, (Flitney,
2014) with some engines not using labyrinth seals to pre-seal and back-up
carbon seals (SHK, 2001).

The problems associated with conventional oil sealing were clearly highlighted
(AGARD, 1978). Shaft sealing gases and liquids was viewed as a significant
problem, (Smith, 1978) and was not well understood (Dino, 1978). Seal
technology had not kept pace with the advances achieved in the major
components of the engines (Stocker, 1978). Given the increases in engine
temperatures and pressures, shaft sealing technology was seen as “barely
adequate for current needs” (Ludwig, 1978b, p. 16—2) and involving ‘fire-fighting
nature’ research (AGARD, 1978, p. xii).

To address some of the concerns, seal design was recommended to be
thoroughly integrated into the engine design process (AGARD, 1978, p. ix).
Development of bearings and seals for the future must be done “well in advance
of the establishment of engine specific requirements” (Povinelli, 1975, p. 273).
The determination of which seals are causing problems is difficult unless there
is complete seal failure or obvious damage, with on-condition maintenance and
an inability to remove engines at low hours to refurbish multiple seal
deterioration (Smith, 1978).

Advanced seals are being developed to reduce leakage, improve life and offer
wider operating conditions than available for conventional seals (Chupp et al.,
2006). Brush seals may reduce air leakage 50% and accommodate shaft
excursions and other transient conditions. Advancements with face seals and
transients have been made, while the labyrinth seal is reported to have

improved over the years (Boyce, 2012; Wensheng et al., 2015).

37



2.3.10 Fluid Leakage Controls

Control measures in part depend upon how leakage is regarded. The aviation
industry is seen as unique, in that environmental aspects drive sealing
requirements as opposed to regulatory emission limits as occurs in critical
industries, and the general environment (Hendricks, 1993). Customer
satisfaction free of cabin smells and performance parameters drive aerospace
sealing technology (Hendricks, 1993; Chupp et al., 2006). Where emission
limits apply, single, double or tandem seals may be utilised, however few limits
apply to the aerospace industry where leakage may be defined as 10,000 ppm
or as a visible mist (Hendricks, 1993).

Higher performing gas turbine engines and the drive for improved SFC have
necessitated greater sealing efficiencies to prevent increased performance
losses (AGARD, 1978, p. ix; Stocker, 1978). The literature strongly reports on
leakage paths, generally referring to minimisation of airflow leakage (Hendricks,
1995; Childs, 2005; Flitney, 2014) into the various components including
bearing chambers, so as to reduce performance penalties. However there are
only minor references to air/oil leakage out of the bearing chambers. In other
cases, the requirement for advanced seal performance refers to improved main
shaft air/oil seals, however details specific to oil leakage are absent (Mayhew,
1995).

2.3.11 Oil Leakage Under Normal or Failure Conditions

There are conflicting views about when oil leakage is likely to occur both in the
normal and abnormal/failure situations. As shown, lower level leakage is
expected under a range of circumstances. Reference to oil seal failure is more
limited; despite it often said that oil leaks occur due to seal failures. There are
increasing statements about design limitations, yet with little detail to back up
these statements. The following statement appears to refer to failure, design
and operation: QOil seal failures are driven by thermal gradient fatigue, axial and
radial thermal expansions during maximum power excursions. Bearing
compartment carbon seals fail from heat generated in frictional rub, whereas
excessive carbon face wear occurs during transients (Chupp et al., 2010).
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There is limited further information regarding oil leakage at varying stages of
normal flight. Seals for aerospace are far more demanding than industrial
applications, given frequent speed changes, seal operation at high altitude,
start-up and shut down (Zheng and Berard, 2001). For example, full flow oil
systems allow changing oil pressure with changing shaft speeds (Linke-
Diesinger, 2008). Several sources allowing oil to leak from the main seals into
the air include (Davidson, 2014):

* Misalignment of shafts and bearings before engine stabilisation;

* Rapid advancement of throttles not allowing giving time for seals time to
settle into a proper sealing configuration;

* Autothrottle adjustments cause constant acceleration/deceleration of
engines, resulting in changing compressor loads on seal assemblies,

stress on the system allowing oil leakage and seal wear.

Incorrect equipment in combination with seal selection will give poor seal

performance, regardless of the seal or arrangement selected (Boyce, 2012).

2.4 Summary

The literature supports the view that exposure to oil fumes continues despite
global initiatives to address this. The frequency and understanding varies from
the common position of infrequent occurrences with oil seal failure through to
the less common view of frequent low-level leakage in normal operations as a
function of design or a combination. The review of oil bearing seal operation
supports low-level oil leakage during normal operations, combined with various

operational factors with far less reference to the rarer failure scenario.

Certification standards for clean air do exist and given the disparity in views and
strong supporting literature regarding oil seal operation, research questions are
raised addressing how the regulators in practice ensure clean air and
engineering experts understanding of seal operation. An analysis of the
research questions will determine if there is a gap between the theoretical and
practical understanding of compressor oil seal leakage and clean air and the
existing certification standards utilised.
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3 METHODOLOGY

3.1 Purpose of Research

The purpose of this research was to assess whether there is any gap between
the transport category aircraft certification requirements for the provision of
clean air in crew and passenger compartments and the theoretical and practical
implementation of the requirements using the aircraft bleed air system.

While there are a number of regulations related to the ventilation air provided to
the cabin and bleed air usage, there is a discrepancy in the theoretical and
documented understanding of how engine oil may contaminate the air supply
when utilising the bleed air system. Therefore, it was decided to focus further
research on assessing the real world implementation of the certification
requirements requiring clean bleed air. In order to understand how the
certification process is undertaken in practice and how oil may contaminate the
aircraft bleed air supply, two separate interview processes were utilised.

3.2 Data Collection Method

Data for the literature review identifying certification and other standards and
the current documented understanding of how the conditions within the bleed
air system may contaminate the aircraft breathing air supply, consisted of an
extensive review of the literature. This was necessary as two of the research
objectives were required to be identified via the literature review in order to
address the overall aim, identifying if there is a gap between the requirements

for clean air and theoretical documented and practical implementation.

The review consisted of looking at various databases and already known
literature, utilising a number of terms including: bleed air, CAQ, cabin air
contamination, synthetic jet lubricants, jet oils, oil bearing seals, bearing
chamber sealing, labyrinth and mechanical carbon seals, secondary air, TCP,
aerotoxic syndrome and aircraft systems. An analysis of the content and related

themes was undertaken.
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To answer the current research questions applicable to this thesis, the interview

method was deemed the most suitable.

A semi structured mixed interview technique enabled the use of specific written
questions allowing the respondent to answer providing an open ended response
based on their expert opinion, followed where necessary with oral discussion to
gain a further understanding. This qualitative approach enabled the respondent
greater flexibility, while also ensuring a specific framework (Robson, 2002). The
open-ended questions, allowed greater depth response, which could be
examined further on follow up oral probing, for additional explanation or

clarification.

EASA and the FAA were selected as the regulatory authorities to interview, as
many countries utilise the EASA and FAA certification and type certificate
process or use essentially the same standards when undertaking their own
certification. The email based written questions and follow up oral telephone
interview related to their professional understanding of the process by which
they certify and ensure clean aircraft air requirements with the use of bleed air.
The questions were directed to the engine propulsion and airworthiness
departments as the lead department to answer the specific questions. The
questions could either be forwarded on to the specific responsible areas, such
as engines, APU, airframe or a specific regulation sector for responses or
collated as one, before their return. Follow up where required, was undertaken

with either the nominated person or specified expert.

Ten aviation engineering professionals and two seal supplier experts were
selected to undertake the interviews involving their professional judgment on
how oil may leak past oil bearing seals into the air supply under various flight
operational conditions. The respondents were identified based upon
professional contact with the researcher due to the researcher’'s previous
expertise in this area (Michaelis, 2010). All were required to have extensive
relevant aviation expertise and hold or have held senior positions within the

industry. The experts selected were based in four countries in three continents.
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In both cases, the written interview email based questions, sent in a de-
identified word document format, was considered advantageous. This allowed
for a small number of closely related questions to be asked, allowing the
respondents time to obtain accurate responses or give thought to answers so
as to provide suitable detail. Further follow up clarification or amplification of the
responses could then be sought by telephone interview. The oral follow up

could be as reasonably unstructured or in-depth as required.

Written answers provided were collated, with notes taken for oral interviews
before transferring both formats to an excel database. Advantages of this format
include cost and time efficiency, and allowed a global range of participants with
significant expertise to participate. Furthermore, as this is a very specific area of
expertise, time to provide succinct responses in the written format aided

analysis.

3.3 Ethical Considerations

All responses provided were granted anonymity by the researcher and with the
use of a consent form outlining conditions of participation. The written questions
were preceded by an introduction including reference to the consent form. The
form along with oral interview notes use a participant number and are
unidentifiable with any individual. Additionally the researcher was granted ethics
approval by the Cranfield University CURES system.

3.4 Development of Interview Questions

The questions raised with both the regulators and the engineers were based
upon the research identified in the literature review. The regulators were asked
about the practical process of certification and compliance in relation to clean
air supply requirements utilising the standards identified previously. Given the
differing understanding of how oil may leak past the bearing seals into the cabin
air supply, the engineers were asked about their professional view and

conditions under which this may occur.

The regulators and engineers were asked seven and eight written questions

respectively. The questions to each group were identical; however follow up oral
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questioning, based on the initial written interview questions, allowed greater
flexibility. The open ended nature of the responses made analysis more
challenging, than for closed type questions.

3.5 Data Analysis

The analysis of both of the interview groups’ qualitative responses utilised a
simplified thematic coding approach using excel. This is suitable for qualitative
analysis (Robson, 2002). The data acquired was partially coded to identify
points of interest with the same codes grouped together to form a theme then

used for further data analysis and interpretation.

3.6 Validity

After preparation of the interview questions, the researcher undertook a review
utilising data gathered in the literature review to verify credibility of the
questions. The literature review utilised two areas of data. The first being the
available standards related directly or indirectly to bleed air purity. The second
being an understanding of oil leakage into the air supply based upon broad
aviation industry understanding and documentation from those directly involved

in the relevant areas in an engineering capacity.

Each question was reviewed to ensure the question was valid in terms of:
credibility, validity, clarity, time required to respond and therefore completeness
of data, logical flow of questions and language.

Interpretation of the interviews was crucial and therefore care was taken to
ensure a framework was not placed on the data. Rather the data generated the
themes and subsequent analysis and the data was checked regarding
representativeness and consistency. The categories identified during the
analysis were compared with the answers provided by the respondents to
ensure validity of the research.

Other aspects considered were lack of respondent bias, prolonged association
enhancing credibility and quality of data, verification of data with respondent,

search for negative cases and audit trail of interview raw data.
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3.7 Limitations

The area of research is understood by the researcher to be highly specialised
and not understood by the wider audience, with therefore a natural reluctance
by many to engage in discussion on this area. Hence, a willingness to
participate in this research could not be guaranteed. By addressing the
regulatory and engineering aspects only of the clean air requirements and
identifying specialists with varying views, (who were aware of the researcher’s
earlier activities), participation in a current aviation global topic was well
accepted. Further, the researcher approached the regulatory authorities to
identify the specific area required and seek their support and participation.

By sending out a set of interview questions by email, it was possible that the
email with word document attached could end up in the spam inbox. It was
therefore necessary to follow up with the participants after sending the email to
ensure it was received. Additionally, there was the potential that the
respondents would not take the time to provide comprehensive responses,
however, given the preliminary request for participation by a small group of
experts on a current topic, thoughtful responses were expected.
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4 DEVELOPMENT AND RESULTS OF INTERVIEWS
4.1 Engineers

4.1.1 General

In order to address the practical implementation of providing clean air to crew
and passenger compartments, a group of experienced engineers and seal
experts were selected to provide their understanding of how oil may leak
internally within the engines.

4.1.2 Demographics

Ten engineering professionals specialising in gas turbine engines, were
selected along with two seal experts. Ten of the twelve participants had spent
an average of forty-three years in their respective fields, with the remaining two
averaging thirteen years. Their expertise, specific to turbine engines and or
seals included mechanical engineers, gas turbine designers and technicians
and licensed aircraft maintenance engineers. Six participants were from the UK,
two from the US, three from Australia and one from France.

4.1.3 Interview Objectives

The overall aim of the interview was to asess the practical understanding of
professional engineering experts regarding oil leakage past oil bearing seals
into the compressor bleed air supply.

The interviews consisted of written questions with telephone follow up as
required. All questions bar the first, related to oil leaking past compressor oil
bearing seals.

4.1.4 Limitations

By asking the questions in a qualitative manner, the respondents answered in
more ways than one. While some response rates on various comments were
low, this was due to a number of factors, including responses being

* categorised in narrow categories to ensure detail not lost in specialist

area;
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similar comments provided in variety of ways and part of broader
category, enabling retention of detail to provide an adequate
understanding;

qualitative format requiring greater time expended therefore Ilimiting
individual detailed response covering all areas, yet comments provide
comprehensive overall picture and greater benefit than quantitative
format;

indicative of highly specialised area with experts demonstrating
knowledge within their specific area, rather than few supporting particular

view.

Overall the response rates were high with failure to respond cases relating to

questions being outside area of expertise. The responses provided, highlight an

overall picture and while broader categories could have been used to capture

higher response rates, this approach would have lost the detail and not helped

provide a comprehensive understanding.

4.1.5 Analysis of Results

An analysis of the results are outlined in the questions below:

QUESTION 1: What areas can oil leaking out of the engine or APU bearing
chamber go?

Answer No.
(11 out of the 12 respondents answered this question in the following
ways)
1 Leakage can be either external or internal to the engine or APU 2
1a | External leaks - into compressor inlet 1
1b Internal leakage can be confined to the oil system or be out of the oil 1
system
1¢c | Oil system breather exit 5
2 Internal oil leakage past seals 11
2a | Past main gas path seals into core main flow - turbine or compressor 7
2b | Past LP & HP compressor seals & APU load compressor seals, into 4
compressor core main flow, cabin bleed air
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2¢ | Core main flow then compressor/bleed air system via high/low stage 9
bleed valve (cabin) or exhaust

2d | Allowable oil leakage (within limits) from forward bearings into 1
compressor/other areas

2e | Bleed air system/ECS/engine bleed air start system 1

2f | Oil accumulates in cavities/components in engine & can be released into 3
gas path

2g | Any secondary air flow paths 3

2h | Anywhere within the engine core or secondary airflow paths 2

3 Other

3a | Various - Nose cone anti-ice, drains, access points, pipe connections, 3
gearbox

3b | APU oil leakage into air inlet plenum, then into compressor/bleed air 3

Although this question focused on all leakage paths outside the bearing

chamber, the respondents focused on internal leakage past engine oil seals in

the compressor. However, the responses provided indicate oil leakage can

occur within and outside the engine along with normal oil consumption as part

of the oil system via the aircraft breather. There was clear recognition that

internal oil leakage from the compressor bearing chamber can allow oil to enter

the core flow with potential to enter the cabin bleed air system.

QUESTION 2: What are the factors that may allow oil to leak past compressor
bearing seals?

ANSWER No.
(12 of the 12 respondents answered this question in the following ways)

1 Labyrinth and carbon face seal usage will leak as not absolute designs 5
1a | Labyrinth seals rely on clearance/pressure differential. Carbon face 3
seals rely on physical contact and are designed to have leakage rate as

provides lubrication within seal

2 Leakage of seals affected by speed and rotation of engine/power/phase 3
of flight

3 Material technology, quality control production design limits and design 1
application effect seal performance

4 Thermal and axial/radial changes in engine structure effect gaps needing | 6
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to be sealed

4a Seal effectiveness depends on dimensions/tolerances in assembly and 2
application conditions — gap can be larger if tolerances not quite right but
still within limits

4b | Thermal expansion - shaft and seal made of differing materials, therefore | 2
expand at different rates. Increased gap causes loss of efficiency of
seal/leakage

4c Changing power/loads on shaft changes clearance and load on seals/oil 1
leaks into cavities around engine (difficult to find) and released on
changing airflow/moisture into core airflow.

5 Pressure differential around seal (varies at different stages of flight) must | 8
be enough to stop oil migrating over seal

6 Failed shaft seals/rare with proper maintenance 2

7 Seal wear/component deterioration 11

7a | Increased seal wear/degradation due to age of seals; higher than normal | 9
oil operating temps; carbonisation; misalignment; imbalance in rotating
shafts

7b | Carbon seals are contact seals with wear expected 6

7c Oil leakage of the engine compressor seal caused by normal wear 2
during expected on-wing life is rare

7d | Failing bearing effecting alignment of seal 2

7e | Insufficient warm up — Non-stabilised temperature gradient interface with 2
seals and mating surface pressure

7f Damaged seals 1

79 | Degradation of seal compound 1

7h If oil is decreased in certain areas, higher operating temperatures occur 1
with hot gases able to go where should not - less efficiency on seal

8 On condition maintenance 5

8a Extended life of components/hours on wing/modular changes - 4
increased wear and on condition maintenance regulations not specific to
looking at seals at various maintenance checks which are up to operator

8b | Extended component life - lose some buffering air/efficiency. Identified 1
on test bed configuration

9 Seals - incorrectly installed/maintained 4

10 Oil contamination 1

11 Oil not compatible with seal components 1
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12

Design parameters that do not take all possible ambient and flight
conditions into account

12a | Designs modelled for steady state (SS) conditions only as cannot model
for transients. Leaks identified by inspection

12b | Transient leaks not recorded

12¢c | Oil sealing system for engines is impressive. Manufacturers view little
can be done to improve design

12d | FADEC (Full Authority Digital Engine Control) - Engines chase
airspeed/changing power minutely

13 | Other engine problems resulting in seals operating outside design
parameters, e.g. excessive rotor dynamics; higher operating
temperatures

14 | Poor bearing chamber design requiring seal to do harder job than
intended allowing oil to exit chamber

15 | High-pressure strong oil jets enable oil to go further than intended, hit
wrong place - Forcing oil past seal.

16 | Overfill - Oil forced out via vent/past seals

16a | Oil ‘topping off’

17 | Manufacturer defects

18 | Other

18a | Excessive eccentricity - Change of load around seal assembly if centre
of seal and shaft do not align fully during assembly — Difficult to
guarantee during assembly

18b | Stick lip - Polymer ages and becomes sticky around bearing and shaft
causing lip of seal to stick, friction, wear, degradation, failure

18c | Vibration

18d | Cracking of the seal element on shaft. Therefore decrease
pressure/small leak

18e | Excessive softening or hardening of compound - due temperature
changes

18f | Corrosion of shaft- loss of material with lubricants

18g | Lubrication breakdown - Dry seal/excessive heat

18h | Fatigue of seal material. Above material limits

18i | Nicking, cutting & pitting - 1) in use 2) in installation

18j | Case leakage - Assembly between seal & casing leaks air & oil
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18k | Air quality only tested at certification/oil levels only required to be within 1
limits = under permissible leakage limits

Several key themes were identified on why oil leakage past the compressor
bearing seals occurs. These included design factors such as the use of seal
types that are not an absolute design and will leak; reliance of the seals on
pressure differentials; thermal and axial/radial changes in engine structures;
leakage affected by engine speed and power and design parameters that do not
account for all flight conditions. Other key engine operation factors include seal
wear and degradation, on condition maintenance, installation, maintenance and

in-use factors. The answers indicate this is a complex and very specialist area.

QUESTION 3: Does the phase of flight effect oil leakage rates?

ANSWER No.
(11 of the 12 respondents answered this question in the following ways)

1 Changing air/oil pressure differential with differing engine operating 10
conditions

1a | Transients - Changing power settings changes internal engine pressures | 10
and balances

1b | Seal effectiveness/leakage is a function of engine momentary 9
performance changes (temperature/speed, power, stage/application,
phase of flight, ambient conditions) with seals reliant on correct air/oil
pressure differentials either side of seals with fluctuating pressures and
balances during different power and ambient conditions/transients
decreasing efficiency and effectiveness of keeping oil in bearing chamber

1c | Momentary changing engine speed/power affects rates of differential 6
pressure/balance over seals/reducing seal effectiveness with oil
migrating over seal

1d | Acceleration/deceleration causes momentary varying pressure allowing 4
oil into gas path - design may not account for this as transition deemed
negligible

1e | Reverse pressures - wear/damage 3

1f | Changes of buffering air surrounding seals 2

1g | Seals take time to settle in after changes in power/pressures 2

1h | Ratio over seals must be correct to prevent leakage 1

1i Changing shaft load changes pressure differentials over seals 1
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1]

Oil pump pressure protects bearings on acceleration/deceleration — On
acceleration oil pressure increases briefly in chamber (above air
pressure) to protect bearings staying up briefly (above engine air
pressure) on deceleration oil pressure remains higher in chamber briefly
— reversal of flow

1k | FADEC - Changing power as engine chases airspeed

11 Spools lose energy at differing rates with pressure gradients not same as
during steady state

1m | Secondary air system designed for steady state conditions only

2 Mechanical (physical) variations in structures throughout entire engine
operating range

2a | Thermal/axial-radial changes in engine structures - temperature and
speed of engine causes metals to expand/contract with changing (air)
gaps needing to be sealed to prevent oil crossing seal

2b | Shaft moves/varies in diameter with speed/temperature/performance,
cooling & heating up effecting load conditions/clearance (air/gap)
between shaft and seal

2c | Dimensions and tolerances most effective in cruise with seal
effectiveness varying during transients

2d | Engine not operating at stable temperatures (start, early flight, top of
descent, descent, approach) with seal clearances varying transiently

3 Low power settings-low internal pressures e.g. top of descent, descent,
start, initial climb

4 Rain/anti-ice/turbulence - changes of airflow/moisture

5 Altitude: Pressure encountered by oil system varies with altitude

5a | Pressure balances correct during steady state allowing oil to flow
correctly but may not be as required during transients allowing oil to flow
in wrong direction

6 Attitude: Climb attitude not easily tested on test bed

7 Other

7a | Highest level of performance during cruise

7b | Must take account of all physical changes in structures and pressures
throughout entire engine operating range, yet regulations and designers
only look at steady state conditions - not transients

7c | Oil tries to flow in all directions with enough air pressure required to

prevent oil crossing seal
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Several themes on why oil leakage past the compressor bearing seals occurs at

differing phases of flight include the following.

Changing pressure differentials and balances over the seals with
differing transient engine power, application and ambient conditions
affects seal efficiency and leakage rates;

Mechanical variations (thermal, axial and radial) in structures over engine
operating range changing gaps requiring to be sealed to prevent oil
crossing seal;

Low power settings - low internal pressures during start, spool up, top of

descent, descent...

Again, the lower frequency responses are a combination of similar responses

providing a comprehensive picture and a complex, specialist area of expertise.

QUESTION 4: Do some types of oil bearing seals leak more than others and

why?
ANSWER No.
(10 of the 12 respondents answered this question in the following ways)

1 Carbon & Labyrinth seals 8

1a | Both leak for varying reasons - mechanical face seals rely more on 5
physical contact, labyrinths seals rely more on pressure differential

1b | Seals will always have some leak/inherent in design as not absolute 4
design

1c | All seals emit fluid 2

1d | Overfilling degrades seal performance 1

1e | Seal effectiveness mainly driven by design 1

1f | If seals and system operating as designed, oil should not leak but various | 1
factors degrade efficiency

1g | Condition of seal is important to prevent adverse effects of heat 1

1h | Oil sealing system is impressive, given harsh environment, with little 1
possibility to improve designs

2 Carbon face (mechanical) seals 10

2a | Wear expected as contact seal with replacement interval required as 7

wear continues
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2b | Seal designed to have low level leakage rate as provides lubrication 2
within seal

2¢ | More tolerant of pressure differentials than clearance seals 2

2d | Temperature critical with carbon deposits and hot spots from oil occurring | 2
- sticks, wear, degrades function

2e | Leakage occurs within and opposite direction of pressure drop 1
2f | Better as no gap and positive seal 1
2g | Can account better for rotor dynamics 1
2h | Leak less than labyrinths but do leak 1
2i Leak more as rely on seal being seated correctly (minute gap allows 1
leakage) and wear is greater issue
2j Problematic if incorrectly installed or damaged 1
2k | Rely on physical contact pressure/not good in transients 1
2| Period of readjustment when temperatures when speed/pressures 1

change, causing short-term higher leakage

2m | Significant leakage during reverse pressures with seal face opening up 1

3 Labyrinth seals 7

3a | Should not wear but do, increasing over time 4

3b | Complex air system required with pressure drop over seal - Balance of 3
pressures between front and rear of sump to prevent leaks

3c | Designed to leak small amount in direction of pressure drop due 2
clearance including reverse pressures

3d | Oil can overcome positive pressure gradient 1

3e | Incorrectly installed/maintained, excessive wear, damage 1

3f | Used to leak more than carbon seals but improved technology has 1
helped

3g | Sometimes used as back up to carbon seals along with buffered air 1

Both carbon and labyrinth seals leak for varying reasons with some leakage
inevitable, as it is inherent in the design. Labyrinth seals rely more on pressure
differentials with the clearance allowing leakage both with and against the
pressure drop including reverse pressures over the seal. Carbon seals are
designed to have low leakage rates as lubrication is required between the faces
and rely more on physical contact more subject to wear and high temperatures.
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Leakage also occurs with and against the pressure drop. Again the various

responses provide a comprehensive picture in a complex area.

QUESTION 5: How is lower level leakage of oil from the compressor-bearing
chamber at various phases of flight perceived with regard to regulatory
compliance?

ANSWER No.
(8 of the 12 respondents answered this question in the following ways)

1 Regulations and standards

1a | No published limits, recognized methods of measurement or regulations 3
addressing oil contamination exist

1b | No action required if oil usage within useable maintenance manual limits 2

1c | Unaware if oil leakage is required to be measured, with suggestion to 1
measure leakage using equipment rather than human nose

1d | No requirement to measure transients during certification 1

1e | Low level leakage is normal part of design and use of engine 1

bearing/seal systems and fails to meet published design requirements

1f | If have leakage, then not compliant but difficult to quantify 1

19 | Should not be contaminants in cabin air that exceed established limits 1
regardless of flight conditions

2 Enforcement

2a | Regulators very reluctant to enforce this area/standards for 2
contamination ignored

2b | Cost of maintenance/cost minimisation override regulatory enforcement 1
2¢ | Industry does not admit there is an issue 1
3 Other

3a | Measurement of leakage rates not adequately addressed 2
3b | Defect continues to be investigated until pilot reports stop 1
3c | No need to quantify leakage until crew/passenger reports received with 1

investigation undertaken only after leakage has occurred

3d | Mitigating leak into cabin should be much higher priority, but not seen as 1
a problem
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Responses provided indicate there are no regulations, limits or measurement

methods for air contamination by oil. Differing views indicate action is only

required if leakage is above useable limits and alternatively that low level

leakage is expected as part of the system design and fails to meet published

design requirements. Regulatory enforcement is regarded as a low priority with

standards available ignored.

QUESTION 6: What can be done to address oil leakage from the compressor
bearing chamber?

ANSWER No.
(10 of the 12 respondents answered this question in the following ways)
Maintenance

1a | Develop, implement and enforce rules for preventative maintenance to 5
minimize incidents

1b | Oil consumption trends do not focus on oil in bleed air but should 2

1c | Change seals more frequently 1

1d | Ensure proper maintenance 1

2 Regulation and compliance

2a | Find new way to get air into cabin - Eliminate bleed air - Use electric 7
supply

2b | Measurement should be undertaken in real-time, not after events or 7
reliance on human nose

2c | Mitigating oil leaks into cabin given much higher priority 2

2d | Use filtration on bleed air system 2

2e | Improve design and quality of parts/seals 2

2f | Requirement to avoid exposure 2

2g | Improve design of bleed air and oil system 1

2h | Seal system design has run its course, find alternative ways to address 1

2i Air quality standard required (evaluation of air quality) in addition to 1
present entire focus on engine pressure levels

2j Define level of emission through seal 1

2k | No blame rules to encourage reporting 1

2l Use additional seal systems to contain oil 1
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Responses again provided a comprehensive picture rather than varying
responses. Preventative maintenance, real time measurement, electric air
supply rather than cabin bleed air and mitigating oil leaks into the cabin to be
given a higher priority, are a few of the suggested ways forward to address
compressor oil leakage.

QUESTION 7: What is considered oil leakage?

ANSWER No.
(10 of the 12 respondents answered this question in the following ways)

1 Any condition where oil leaves the areas in which it is supposed to 5
operate - Or resides in a greater amount or rate than by design -
Vapour, drip, seep, leak

1a | Human nose identification of oil 3

1b | Loss of fluid over seal 2

1c | Leakage depends on application and perceived hazard in particular 1
industry

2 Allowable oil consumption limits & pressure differentials 5

2a | Leakage above allowable oil consumption limit - Low oil contents 3

2b | Engine consumes oil as normal part of system function/expelled via 2

breather system

2c | Pressure differences & quantity of oil consumption considered only, but 1
not emissions

2d | Focus entirely on prevention of in-flight shut-down 1

3 | Emissions 2

3a | Oil fumes identified well below permissible leakage levels - too low to 1

be identified during inspection

3b | Emissions from oil ignored 1

Oil leakage is seen in two key differing ways. Any oil that leaves the intended
area, resides in areas in a greater amounts than intended or loss over seals is
leakage. Alternatively, only loss above permitted oil consumption levels or
inadequate system pressure differentials is regarded as leakage, but not lower-

level oil emissions.
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QUESTION 8: Are all oil leakage events documented?

ANSWER No.
(11 of the 12 respondents answered this question in the following ways)

1 No 9

1a | Under-reporting due fear of jeopardising employment - lack of 5
education/awareness of exposure/reports not passed on by airline

1b | Maintenance report/action depends on crews reporting cabin odour via 4
technical log

1c | Record keeping and reporting varies amongst airlines 3

1d | Lack of maintenance records indicates improper 1
procedures/maintenance

1e | No requirement to record oil in bleed air trends 1

1f Investigations not undertaken to level required and regulatory standards 1
not appropriately followed

1g | Perceived as industrial issue with regulatory standards not followed 1
adequately

1h | Detection depends on human nose/company policy 1

1i Seals may not be inspected during specific maintenance 1

1j Specific tests required for certification will be recorded/other tests not 1
mandatory may not get passed on

1k | QOil topping off is a normal maintenance procedure 1

2 | Yes 2

2a | Reports required by maintenance/training manuals 1

2b | Leakage identified in engine pressure sensors as per maintenance 1
manual

2c | Events causing impairment, diversions, flight curtailment may be 1
recorded under flight delay reporting

2d | If seals removed as part of maintenance schedule, then damage 1
reported

2e | Regulators only recently have required reporting of leaks 1

Question 8 responses found the majority believe that not all leakage events are
reported for a variety of reasons including under-reporting, varying record
keeping and maintenance dependent on crews identifying odours via the

technical log. A small minority focussed on the requirement to report, mandatory
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maintenance procedures being recorded and higher-level events only. This
answer like all others, identified a comprehensive picture, differing opinions, and
also opinions based on area of expertise alone.

4.2 Aviation Regulators

4.2.1 General

Both EASA and the FAA were selected to participate in the interview process.
EASA is the sole authority within the EU member states entitled to undertake
type and airworthiness certification, while the FAA was chosen as a key national

agency undertaking these functions.

Other national agencies within Europe advised that they either relied upon or
provided limited services supporting EASA. Outside Europe, many countries
largely utilise the FAA or EASA type certification by way of bilateral agreements
or may conduct their own certification in parallel to the FAA or EASA process.
Differences with key international agencies were reported to be minimal or non-

existent.

4.2.2 Interview Objectives

The overall aim of the interviews was to determine the real world process by
which the regulators certify and ensure airworthiness compliance for the purity
of the bleed air supply to the aircraft cabin.

The interviews consisted of written questions with telephone or email follow up

as required.

4.2.3 Limitations

By asking the questions in a qualitiative manner, the responses provided were
somewhat limited by the time allocated to responding, and answers that
highlighted parts of the actual standard, rather than their interpretation.
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4.2.4 Analysis of results

QUESTION 1: What is the certification process that an engine and APU
manufacturer must follow to demonstrate compliance with the requirements of
the quality of bleed air utilised for the aircraft cabin?

FAA

Type certificate applicant must show compliance with all applicable requirements,
provide the FAA the means by which compliance has been shown and a statement
regarding all requirements having being met (14 CFR 21, §21.20).

The applicant submits and the FAA finds the type design, test reports and
computations necessary to show the product to be certified meets applicable
airworthiness, aircraft noise, fuel venting and exhaust emission requirements. No
feature or characteristic makes the aircraft unsafe (14 CFRS 21.21; 33 §33.1; 34).

EASA

Type certificate applicant must show compliance with certification standards CS-E
and CS-APU, however there is no requirement to follow a specific process to
demonstrate the compliance.

CS paragraphs and the related AMC provide the manufacturers guidance to
demonstrate compliance with the CAQ requirements.

Interactive process between manufacturer & EASA engineers with the manufacturer

providing a description of compliance and tests undertaken with subsequent
agreement on process.

While the applicant must show compliance with the regulations or standards
and the means by which compliance is met, there is no specific process to
follow to demonstrate this, however guidance is provided. The regulator
interactively will review the data submitted to enable agreement that compliance

is met.

Question 2: What are the relevant certification standards, acceptable means of
compliance (AMC) used to demonstrate bleed air compliance?

FAA & EASA
* Regulation CFR14 33 §33.75 - Certification Specifications CS-E 510

* Engine certification applicant must undertake a safety analysis of the engine
to assess likely consequences of all failures that can reasonably be expected
to occur, including compressor bleed systems (§ 33.75; CS-E 510)
demonstrating:

* Hazardous engine effects including “Concentration of toxic products in the
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engine bleed air intended for the cabin sufficient to incapacitate crew or
passengers” are predicted to occur not greater than — ‘extremely remote.”
(FAA, 2007; EASA, 2015)

Absolute proof of hazardous effect probabilities is not possible with
compliance shown by reliance on engineering judgement, previous
experience, sound design and test philosophies (§ 33.75/CS-E & AMC E 510)
and prescribed integrity specifications (CS-E 515).

Acceptable Means of Compliance: (FAA) AC 33.75-1 - (EASA) AMC E 510

1. Toxic products: products that act as or have the effect of a poison
when humans are exposed to them.

2. Toxic products are considered a ‘hazardous’ engine effect if the toxic
concentration levels from abnormal engine operation are sufficient to
incapacitate the crew or passengers. Examples include a) the flow of
toxic products are so quick-acting as to be impossible to stop before
incapacitation occurred; or (b) no effective means to stop the flow of
incapacitating toxic products to the crew compartment or passenger
cabin; or (c) The toxic products would be undetectable before
incapacitation.

3. Toxic products could result from degradation of oil that could leak into the
compressor airflow.

4. Delivery rates and concentrations of toxic products in the engine
bleed air for the cabin to be listed in the installation instructions.

Applicants may show compliance with CS-E & § 33.75(g)(2)(ii) through analysing the
relative concentration of toxic products in engine bleed air.

FAA
+ Hazardous effect - 107 to 10 per engine flight hour / (10®).
* OQil leakage past engine seals is a failure condition if it caused a fire or is in
sufficient quantity (in given flight) to incapacitate crew or passengers.
EASA

Hazardous effect - 107 to 10°%/efh
Major effects to occur not greater than ‘remote’ (< 10/efh).

CS-E 690: Contamination tests of bleed air for cabin pressurisation or
ventilation(1) Tests to determine the purity of the air supply must be made
and (2) an analysis of defects which could affect the purity of the bleed air
must be prepared and where necessary the defects must be simulated and
tests, as agreed by the Agency.

CS-APU 210 with specific reference to CS-APU 210 (g)(2)(ii) - (Very similar to
CS E and AMC).

CS-APU 320 - Provide characteristics of APU bleed air contaminants.
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The safety analysis process and published acceptable methods of compliance
for both regulators is essentially identical. Hazardous engine effects, including
concentrations of toxic products resulting from degradation of oil leaking into the
compressor air flow, sufficient to incapacitate crew or passengers must be
predicted to be extremely remote. While both require analysis of concentrations
of toxic products in the bleed air, the EASA specifications are more specific with
engine bleed air purity tests and an analysis of possible defects effecting purity
also required.

QUESTION 3: Which substances are reviewed and what limits are applied
demonstrating compliance?
FAA

There are no specific regulatory limits for toxic substances in bleed air except as
specified in §33.75 - Concentration of toxic products in the engine bleed air intended
for the cabin sufficient to incapacitate crew or passengers.

EASA

SAE ARP 4418A “Procedure for Sampling and Measurement of Engine and APU
Generated Contaminants in Bleed Air Supplies from Aircraft Engines” is utilised as
criteria when checking compliance with the CAQ requirements.

While there is a requirement to prevent incapacitation from toxic bleed air
substances, there are no specified regulatory limits. EASA however referred to
SAE standard limits as a means to demonstrate compliance.

QUESTION 4: Was there any difference in previous years with what was
deemed acceptable to demonstrate compliance?

FAA

Prior to 2007 §33.75 the wording relating to toxic products in the engine bleed air did
not exist

EASA
n/a

The reference to toxic products did not exist under the FAA safety analysis
regulations for aircraft certified before 2007. While EASA did not respond to this
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question, the initial CS E section in 2003 is effectively the same as the present
version. The last version of the JARs published in 2001 referred to
‘unacceptable concentrations’ of toxic products generated in air supplied in the

guidance material.

QUESTION 5: If applicable, what defects that could affect the purity of the
bleed air might be considered and what tests may be undertaken?

FAA

AC 33.75-1 - Toxic products could result from the degradation of abradable materials
in the compressor when rubbed by rotating blades or from the degradation of oil that
could leak into the compressor air flow.

The guidance does not specifically refer to tests for toxic substances in bleed air.

EASA

AMC: E 510 & CS-APU 210 - Degradation of oil and abradable materials into the
compressor air flow

CS E 690 - Bleed air purity tests and analysis and possible simulation of defects

The FAA referred to the Advisory Circular guidance material listing oil leakage
and degradation of abradable materials into the compressor air flow, without
supplying specific defects enabling this to occur. While tests for toxic
substances are not defined, EASA standards require analysis and possible

simulation of defects as part of the contamination cabin bleed air tests.

QUESTION 6: What is the cabin air quality certification process and acceptable
means of compliance at the airframe level and which substances and limits are
included?

FAA: 25.831

Passengers and crew must have 'sufficient uncontaminated' air to allow reasonable
comfort during normal operating conditions and after a ‘probable’ failure of any
system that would adversely affect the cockpit or cabin ventilation air.

There is no requirement that the air be ‘pristine’ free of any contaminants such as
dust or gases.

Limits are provided for minimum ventilation airflow, CO, CO, comparing favourably
with other transportation systems.

Previous compliance on earlier programs was limited to measurements of
temperature, airflow, CO, CO, and O3. Recent airplane certification programs require
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manufacturers to address the recommendations from the NRC Report on the Cabin
Airliner Environment (2001), which ranked carbon monoxide, hydraulic fluids or
engine oils or similar contaminants or the breakdown of these contaminants during
normal flight as medium priority.

Some manufacturers show compliance to additional contaminants as recommended
by: ASHRAE Standard 161P and European Union (E.U.) AECMA-STAN standard for
acceptable air quality. The latest programs demonstrate compliance via design
practices, analysis, component level tests, airplane system level tests and real-time
and sampling measurements.

Aircraft manufacturers use company design specifications based upon industry
standards, recognised medical standards and their own historical expertise including:
DO-160 Environmental Conditions and Test Procedures for Airborne Equipment;
SAE guidelines - ARP85 Air Conditioning Systems for Subsonic Airplanes; AS5379
Valves, Safety, Cabin Air; ARP1270 Aircraft Cabin Pressurization Criteria; ARP1533
Procedure for the Analysis and Evaluation of Gaseous Emissions from Aircraft
Engines; ASHRAE Standard 62-1989 Ventilation for Acceptable Indoor Air Quality;
ASHRAE Guideline 28-2012, Air Quality within Commercial Aircraft; U.S. Department
of Defense Publications.

EASA: CS 25.831 / AMC

Each crew compartment must have enough fresh air (minimum level listed) enabling
crewmembers to perform duties without discomfort or fatigue.

Compartments must be free of harmful or hazardous concentrations of gasses or
vapours. Levels provided for CO, CO; and O3,

The airframe requirements are very similar requiring enough fresh air to avoid
discomfort and fatigue and provide reasonable comfort, a minimum airflow and
are interpreted to consider CO, CO2 and Oz only. However, the FAA has
required recent certification programs to address the NRCs CAQ
recommendations including oils and the degradation products into the cabin air.
A range of additional standards and guidelines are listed as optionally utilised

by manufacturers demonstrating compliance.

Question 7: What are the general sources of data used to indicate that the
power units and aircraft meet the required standards?

FAA

Engine level - Applicants submit a report to the FAA demonstrating compliance with
§33.75 - toxic products sufficient to incapacitate crew/passengers not in excess of
extremely remote.
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Airframe level

General sources of information as listed in Q6 and FAA Report to NRC:
* Thermal stress. Fundamentals of Aerospace Medicine (3rd ed.);
* ASHRAE Research Project 957-RP, February 1999;

* Environmental Survey on Aircraft and Ground-Based Commercial
Transportation Vehicles, Harvard School of Public Health, 1997;

* High Altitude Medicine and Physiology (2nd ed.) 1995;
* NIOSH Health Hazard Evaluation Report, Alaska Airlines. 1993;

* U.S. Department of Health and Human Services, Public Health Service,
Centers for Disease Control.

EASA
Interactive process between EASA and manufacturer

The source of data to show compliance is up to the manufacturers. The data
provided is interpreted as evidence that incapacitation will not occur above the
given rate and a range of sources at the airframe level are utilised.
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5 DISCUSSION

5.1 Introduction

The aim of this research was to assess whether there is any gap between the
aircraft certification requirements for the provision of clean air in crew and
passenger compartments using the bleed air system and the theoretical and
practical implementation of the requirements. The research results obtained and
existing literature has clearly identified differing understanding of bleed air
supply contamination between seals and aero engine experts compared to the

wider aviation industry.

5.2 Overview of Research Methods

A thorough literature review was undertaken to gain an understanding of the
relevant certification requirements along with the general industry and specialist
understanding of oil leakage to answer two of the research questions.

Gas turbine engineering professionals and seal experts were interviewed using
open-ended questions regarding their understanding of oil leakage past
compressor oil bearing seals. EASA and the FAA were interviewed using open-
ended questions to provide their interpretation of the certification process
related to the clean air requirements. The qualitative format in a highly complex
area was influenced by time limitations in responding in a highly complex area
and individual expertise. Answers were generally part of a broader category, yet
the author chose to use narrow and low response rate sub categorisation, to
provide a comprehensive picture and not lose detail in this specialist field.

5.3 Research Objectives Discussion

5.3.1 Standards and Guidance Material

There are various certification requirements and associated AMC published
(s.2.2) for the provision of clean air in the crew and passenger compartments,
that ought to be acceptable in demonstrating compliance. However, there are a
number of deficiencies in the descriptive terminology and the presentation of the
requirements between standards and guidance material. This could enable the
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compliance requirements and AMC to be interpreted in a number of ways or
with lesser priority. The engine safety analysis lists the toxic products in the
bleed air sufficient to cause incapacitation in the standard. Oil leakage into the
airflow and degradation of crew performance are included in the non-mandatory
guidance material. This may allow a lesser priority to be placed on leakage

causing impairment.

Prior to 2007 the FAR engine safety analysis (§33.75) did not reference toxic
products in the bleed air. The past and presently used phraseology,
‘concentration of toxic products sufficient to cause incapacitation or degrade
crew performance or unacceptable concentrations of toxic products’, do not
provide specific guidance to acceptable levels. Warning systems required for
‘unsafe system operating conditions’ may allow room for interpretation on
whether detection systems are required for oil leakage. There may also be room
for interpretation regarding the ventilation standard 25.831. The terms ‘enough
clean air’ or ‘sufficient amount of uncontaminated air' may allow the focus to be
on the airflow rates listed rather than fresh air preventing undue discomfort. The
requirement for air to be free of harmful and hazardous gases and vapours,
could be interpreted to refer to all substances or CO, CO; and O3 only.

EASA CS bleed air purity tests require analysis and possible tests of defects
affecting the purity of the air, however, no further guidance is provided. The
safety analysis for both the FAR and CS, must include toxic products in the
compressor bleed air, yet no guidance is provided. It is left to the manufacturer

to demonstrate compliance.

There are however, some broader requirements. Systems must be designed to
perform their intended functions under foreseeable operating conditions. Unsafe
conditions refer to events occurring more frequently than intended causing

impaired crew efficiency, discomfort or injuries.

5.3.2 Theoretical Understanding

There is a clear discrepancy in the understanding of oil contamination of the
bleed air supplied to the cabin. The general understanding within and outside
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the aviation industry (s.2.1) varies markedly to seal and aero engine experts
(s.2.3), specifically those involved in the bearing chamber/engine design and

maintenance areas.

The general understanding primarily supports rare oil leakage due to failed
bearing seals. Further damaged or worn seals, seals not working properly under
abnormal conditions or overfilled sumps are commonly referenced. There is a
less well-publicised recognition that oil leakage may occur as a design factor.
Oil seals are required to seal across the entire engine operating range, but are
less efficient during transient engine manoeuvres. Oil substances are
repeatedly being identified at background levels in monitoring studies. Some
even report somewhat continuous tiny amounts of oil crossing the seal. Studies
undertaken generally report exposures to oil fumes as safe, with low-level
exposures regarded as normal and safe, associated with discomfort only.

The literature supporting the engine and sealing experts understanding of oil
leakage is not readily accessible or referenced when the topic of oil leakage is
raised. However seal leakage at lower levels is widely recognised. Pressurised
compressor air is used to seal the bearing compartment, but is responsive to
variations in engine operating conditions. The commonly used bearing
compartment seals, both allow lower-level oil leakage across the seal. Labyrinth
seals rely on a clearance and do not in isolation prevent leakage. Mechanical
carbon face seals require oil to lubricate the faces with minimisation of leakage
across the faces. Various operational factors allow increased oil leakage over
both seals, including wear, changes in clearances, seals not at operational
temperature or pressures and during transients. Positive pressure gradients
over the seal do not fully prevent leakage. Reverse pressures, which do occur,

will allow leakage in the opposite direction.

While selected aviation standards related to clean air do exist, several factors
stand out (as outlined below) as why some experts may regard lower-level oil

leakage as acceptable (s.2.3).

* Leakage over seals is a normal part of permissible oil consumption limits;
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* Belief that permissible leakage is driven by consumer perceptions rather
than regulatory emission limits;

* Sealing the bearing chamber at near ambient pressures is difficult;

* Oil leakage is viewed differently - high level mist or low level emission;

* High awareness of seal technological limitations and concerns about oil
leakage out of the bearing chamber, yet no real moves towards
advanced sealing, particularly for current aircraft.

The literature indicates that the different groups are not suitably communicating
with each other to fully understand the risks.

5.3.3 Feasibility of Implementation of Standards

Despite, the small sample size, the engineering and seal experts were highly
experienced (s.4.1.2). Eleven out of the twelve experts recognised low-level oil
leakage or emissions over the oil seals are a part of the system function of
utilising pressurised oil bearing seals. A wide variety of factors, including those
set out below, were identified that allow oil to enter the compressor air and the
bleed air system (s.4.1.5, Q 1-4).

* Changes in pressures and balances during different engine operating
and ambient conditions/transient performance changes reducing seal
efficiency;

* Thermal, axial and radial changes in engine structures cause changes in
gaps needing to be sealed over whole engine operating range;

* Low internal pressures at various phases of engine operation;

* Standards and designs modelled on steady state conditions, not
transients;

* Seals are not an absolute design, enabling leakage;

* Seal wear/component degradation.

Based upon the responses provided by the engineering and seal experts and
regulators, there appears to be a discrepancy between the design standards
and their implementation with the use of the bleed air system (s.2.2; s.4.1.5;
s.4.2.4).
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Table 1 (EASA) and Appendix B (EASA; FAA) show the key requirements and
non-mandatory compliance material, (including differences) for the airframe and
engine and APU where applicable.

The standards require ‘major’ engine/APU effects to not be greater than
‘remote’ (10°-107"/efh). ‘Major’ effects compliance guidance includes oil
leakage into the compressor airflow sufficient to degrade crew performance.
The regulators, however (s4.2.4, Q2-3) place the emphasis on the
regulation/standard involving ‘hazardous’ effects including toxic products
sufficient to cause incapacitation, with no mention of ‘major’ effects (FAA) and
effectively no reference by EASA. Reliance on the regulation/standard was
clear with the compliance guidance effectively ignored.

The FAA airframe standards do not allow failure conditions, reducing the crew’s
ability to cope with adverse operating conditions to be more than ‘improbable’.
EASA airframe standards require ‘major’ failure conditions to be no more than
‘remote’. Major failure conditions under the EASA AMC include impaired crew
efficiency, flight crew physical discomfort or physical distress of other occupants
occurring no more than remotely (1x10°/fh). Remote (EASA) failure conditions
may occur several times during the total life of a number of aeroplanes of type,
but are unlikely to occur to each aeroplane. The FAA terminology varies
(Appendix B), but the intent is similar.

The regulator responses regarding compliance at the airframe level took part of
the requirements into account only. CS and FAR 25.831 requiring a ‘sufficient
amount of uncontaminated’ or ‘fresh air’ were highlighted, while general
airworthiness requirements including ‘major’ effects and impairment (25.1309
and AMC) were ignored (s.4.2.4 Q6). This indicates that in terms of CAQ and oil
contamination, the airframe certification requirements are not being adequately
applied.

Importantly, exposure to lubricants is associated with adverse effects and is
expected to occur more than remotely or improbably, based on the design,
hazard recognition and frequency reported (s.2.1.2; s.2.1.6; s.2.3; s.4.1.5 Q1-
4,8).
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Legend: Bold underlined typeface = Part of certification standard
Plain typeface = Part of AMC
Italics = What is most commonly being seen in practice/AMC

EASA - Airframe - CS 25.1309 & AMC EASA - Engine/APU CS-E 510 & CS-
Airworthiness APU 210

Safety analysis
HAZARDOUS - Extremely remote HAZARDOUS - Extremely remote

Will not occur to each aeroplane but may | < 10”7/engine/APU flight hour
occur a few times during total life of all
aeroplanes of type. Toxic products in bleed air sufficient
to incapacitate crew/passengers.

-7 -9 a1
1x107->1 x 107 /flight hour. Oil leaking into compressor airflow =

toxic product.
Physical distress - pilots.

MAJOR - Remote MAJOR - Remote

Unlikely to occur to each aeroplane but
may occur several times during total life of <10%/engine/APU flight hour
a number of aircraft of type.

Toxic products in bleed air for cabin

< 1x 10%- > 1x 107 flight hour. sufficient to degrade crew performance.

Impaired crew efficiency, discomfort to
pilots, physical distress, injuries to other
occupants.

MINOR - Probable

> 1x 10° per flight hour.

Occurs 1+ times to each aeroplane during
total life.

Pilot actions well within
capabilities/physical discomfort to other
occupants

Table 1: EASA Airframe & Engine/APU CS & AMC

Based on engineering judgment provided in this thesis, ‘major’ engine effects

involving oil leakage are occurring more than 1x10°/engine/APU flight hour
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(s.2.3; s.4.1.5). As the oils are accepted in a variety of ways as being
associated with adverse effects (s.2.1.6, p15), impaired crew efficiency or

degraded crew performance can occur with exposures.

The frequency meets the definition of ‘probable’. As shown in Table 1 and
Appendix B, probable failure conditions may not be greater than minor and may
not have adverse effects on occupants (FAA) or flight crew (EASA). Figure 2
indicates that EASA airframe probable failures should not be more than 1x10°
3/fh, with those more frequent again stated to have no effect on flight crew or
inconvenience only to others and no safety effect. Exposure to oils via the bleed
air system does not meet this. Major effects are expected which must be

improbable or remote.

It may be that those responsible for certification and continuing airworthiness
are primarily relying on engineering judgment and analysis to determine the
probability of failure conditions and engine effects, without adequately reviewing
other factors. In-operation occurrences, under-reporting, hazardous substances,
design enabling low-level exposures, and adverse effects on occupants are
examples of other factors to be considered.

The ventilation standard 25.831 was interpreted (s.4.2.4 Q6) to include only a
sufficient amount of uncontaminated air, enough fresh air to prevent discomfort
and fatigue, specified ventilation rates, CO, CO; and Os;. More recent
certification programs have included reference to a number of industry air
quality studies and guidelines to determine what is deemed acceptable (s.4.2.4
Q6-7). However, not all are relevant and some such as AECMA-STAN, no

longer exist.

The regulatory emphasis is focusing on the ‘hazardous’ engine effects of toxic
products sufficient to incapacitate, with little or no recognition of ‘major’ effects
causing impairment. Impairment and discomfort related to the airframe are
either being ignored or limited to selected flow rates, limited substances and
industry studies.
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Alternatively as lower level leakage occurs as an expected function of various
phases of engine operation, it could be suggested that the oil system is working
within its intended function. Oil leakage over the seals may be a normal as

distinct from a failure condition.

Despite accepted oil leakage in normal operations, there were various
contrasting views on acceptability of the leaking oil including: (s.4.1.5 Q5) No
action required if the leakage is below the permissible leakage levels and within
engine pressure limits; transients not measured; no oil published limits or
standards exist; contaminants must be within established limits and normal low
level leakage fails to meet the standards. Other key issues include that low-level
emissions are ignored; under-reporting is occurring and low priority is given to

preventative maintenance and regulatory enforcement.

The non specified or limited substances referenced under the engine/APU
safety analysis, and ventilation requirements help explain the difficulty in
determining the acceptability of oil contamination of the air supply (s.4.2.4
Q3,5,6-7). The FAA interpretation of the engine analysis requirements was
limited to toxic substances sufficient to incapacitate. EASA referenced an
industry standard (SAE4418) that list limits for a few substances and relates to
steady-state engine operation only. The previously used compliance
specification (MIL-E-5007) did not allow any oil leakage into the bleed air
(s.2.2.2).

The lack of detection systems and warning indicators to identify oil fumes in
flight fails to meet the regulatory requirement, (25.1309c) and causes
compliance problems. This also poses difficulties in post flight maintenance
rectification (s.4.1.5 Q5-8).

Leakage of oil into the bleed air meets the definition of an ‘unsafe condition’,

(s.2.2.1.5) and an unsafe (air supply) system operating condition.

Type certificate applicants submit a report to the regulator showing how
compliance has been met. However, there is no requirement to follow a

specified procedure (s.4.2.4 Q1-3,5-7). In a similar manner, bleed air analysis
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for certification appears to also be non-specific. The FAA does not refer to
specific tests that are to be part of the safety analysis, yet engines are required
to provide bleed air without adverse effects on the engine. EASA refers to bleed
air purity tests but does not outline what the tests are or under what conditions
they need to be undertaken.

In addition to the non-specific requirements related bleed air contaminated by
oil and oil sealing of the bearing chamber, this is a highly specialist area.
Different experts appear to have their part of the picture only and interpret
acceptability in light of their experience. This becomes problematic in such a
safety critical area.

A number of ways to improve the situation were presented (s.4.1.5 QG6)
including: improved preventative maintenance; better seal, oil sealing system
and bleed air designs; increased seal replacement frequency; elimination of
bleed air and use of an electric air supply; in flight real-time monitoring; bleed air
filtration; define emission through seals; avoidance of oil fume exposure in the
cabin; better regulatory and air quality standards and improved compliance and
reporting.

5.3.4 Reluctance to Change

Despite lower-level oil leakage recognition within the seals and aero engines
design community, the aviation industry has failed to address the situation. A
number of factors were identified in the research allowing the problem to remain
unaddressed. These include data not collected and reviewed adequately; no
manufacturer will make significant changes without regulatory requirement
given assumed high cost; apparent disincentive to change; regulations,
standards and intent of AMC are inappropriately being deemed to be
acceptable and met and inadequate understanding of low-level exposure to
hazards. It seems likely that the industry expects the regulator to take the
leading role to enforce change.
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6 CONCLUSIONS AND RECOMMENDATIONS

6.1 Conclusions

In current transport aircraft, exposures to lower-level oil fumes containing
hazardous and harmful substances, was found to be occurring in normal flight
via the aircraft bleed air supply. Resulting adverse effects are creating a risk to
flight safety.

The research undertaken has found that there is a gap between the aircraft
certification requirements for the provision of clean air in crew and passenger
compartments using the bleed air system and the theoretical and practical
implementation of the requirements. Oil bearing seals are not an absolute
design and will allow low-level oil leakage over the seals into the compressor
and bleed air supply as a normal function of the engine cycle. Lower-level oil

leakage is not exclusive to failure or mechanical abnormalities.

6.1.1 Regulations & Standards
(s.5.3.1; 5.5.3.3)

Based on a review of the applicable regulations, standards and guidance
material and interviews with highly experienced aero and seal experts and
regulators, the required bleed air quality is not being met. The standards and
compliance material are not specific enough to ensure suitable bleed air quality.
The focus is placed on the standard and prevention of incapacitation, with
compliance guidance material and impairment almost ignored. The clean air
requirements are open to interpretation and are not taking into account the in-
operation environment, including hazardous substances and adverse effects,
low-level normal leakage, frequency, under-reporting and lack of detection

systems.
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6.1.2 Design
(s.5.3.2; 5.5.3.3)

Low-level oil leakage over the bearing seals into the bleed air, at various
phases of engine operation is an expected normal condition, according to the
seals and aero engine experts. While it appears that enough is being
undertaken to meet the certification requirements, careful review of the literature
and research undertaken with engineering and seal experts, shows the
regulations are not being met. As demonstrated in the literature and supported
by the engineer and seal experts interviews, the airframe failure conditions and
engine/APU safety analysis requirements are not being met. Oil leakage past
the seals, associated with impaired or degraded performance, occurs more
frequently than the ‘major’ EASA, and FAA regulatory and compliance criteria
allow (Table 1; Appendix B). Oil leakage, capable to cause degraded
performance and efficiency is occurring on a greater than ‘remote’ or
‘improbable’ basis. Oil leakage in normal operations is probable or above
(Figure 1, Figure 2, Table 1, Appendix B) and meets the definition of an unsafe
condition (s.2.2.1.5).

6.1.3 Compliance

(s.5.3.1; 5.5.3.3)

Although inadequate, compliance is undertaken at certification. However, no
detection systems are available in-flight to monitor the quality of the air,
including low-level leakage in normal operations. The ventilation requirements

are not specific enough to ensure occupants will remain free of adverse effects.

6.1.4 Preventative Control Measures

(s.5.3.3)

Low-level and transient oil emissions are not adequately taken into account
when considering acceptable leakage levels. Designs are based on steady

state conditions, although oil leakage will be minimally occurring during certain
engine power conditions and transients. There are no contaminated bleed air
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detection or filtration systems to identify and protect occupants from oil fumes.
Rigorous controls are lacking including: improved designs, better maintenance
and procedures and suitable air quality emission definitions.

6.1.5 Retrospectively
(s.5.3.1)

Previous engine certification requirements either did not include toxic effects or

were not specific enough to prevent oil leakage into the air supply.

6.1.6 Expertise and Communication
(s.5.3.3)

Oil contamination of the air supply is a highly specialist area, with inadequate
communication between all relevant parties to ensure compliance and

airworthiness.

6.2 Recommendations and Future research

Based upon the literature and the research, it has been demonstrated in terms
of clean cabin air supply that the standards and compliance guidance are
inadequate and not being met. This is a highly specialist area with various
actions suggested to be undertaken to meet the requirements for the supply of
clean cabin air. These include the establishment of a specialist task group,
including the regulators, to review the following.

1. The adequacy of the air quality related standards and compliance
guidelines, in light of the real-world understanding of oil leakage into the
bleed air supply.

2. Solutions and preventative measures that could be introduced to prevent

exposure to engine lubricants in normal operations.

3. The reasons why the industry is reluctant to address the prevention of in-

flight exposure to lubricants.

4. Further recommendations:
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* Oil contamination of the bleed air supply should not be linked

exclusively to rare failure conditions or maintenance irregularities,

* The frequency should be seen in terms of design factors rather than

the rate of reporting,

* Actions should be undertaken to prevent oil leakage into the aircraft

air supply in normal operations,

* Aircraft certified prior to the current standards should be

retrospectively re-certified for bleed air quality,
* Future aircraft air supply systems should use bleed free designs,

* Far greater priority should be placed on clean air regulatory

compliance including low-level oil emissions in normal flight,

* In flight oil fume detection systems and flight-deck warning should be

implemented on all future aircraft.

6.3 Research Objectives and Accomplishments

The following research objectives were all met (s.1.2.2).

1. To evaluate the aircraft certification requirements for the provision of
clean air in crew and passenger compartments and the processes in

ensuring their compliance.

2. To assess the theoretical documented understanding of the potential
conditions in an aircraft bleed air system that may lead to contamination of
air supplied into the crew and passenger compartments.

3. To assess the feasibility of the implementation of the aircraft certification
requirements for the provision of clean air in crew and passenger
compartments in a real world situation, specifically in the context of the
potential contamination caused by various conditions in the aircraft bleed air
system.
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4. To provide conclusions and recommendations for the aviation industry
and authorities with regard to the provision of clean air in crew and
passenger compartments using the aircraft bleed air system.

The research undertaken has demonstrated that there is a gap between the
effectiveness of the aircraft bleed air supply regulatory and compliance process
and the supply of clean air to the crew and passenger compartments. The
regulator process, although appearing to be met, is not sufficient to ensure that
the breathing air will not lead to impaired crew efficiency and degraded crew
performance and adverse effects on other occupants.
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Appendix A Selected Oil Fume Activities 1999-2016

Table A1 shows selected oil fumes research and actions undertaken between
1999 and 2016.

Table A:1 Selected Oil Fume Activities 1999-2016

Country Year Activity Ref
Australia 1999/2000 | Australian Senate Inquiry !
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ICE...
UK 2005 International conference 6
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Rural and Regional Affairs and Transport References Committee. Canberra: Parliament of

2 UNSW (2001) ‘Aviation Air Quality’ in Winder, C. (ed.) Proceedings of the Aviation Air Quality
Symposium held at the University of New South Wales and the Australian Defense Force
Academy, Canberra, 7 December 2000. Sydney, UNSW

* HOL (2000) UK House of Lords Session 1999-2000 5th Report HL 121-I- Select Committee
on Science and Technology - Air Travel and Health. London: House of Lords

* NRC (2002) The Airliner Cabin Environment And The Health Of Passengers And Crew.
Washington: National Research Council

> US Congress (2003) Public Law 108 - 176. Air Quality In Aircraft Cabins S. 815. Vision 100-
Century Of Aviation Reauthorization Act. Washington: US Congress

Available at: https://www.gpo.gov/fdsys/pkg/PLAW-108publ176/htmI/PLAW-108publ176.htm

® BALPA (2005) ‘Contaminated Air Protection - Air Safety And Cabin Air Quality’, in Winder, C.
(ed.) Proceedings of the BALPA Contaminated Air Protection Air Safety and Cabin Air Quality
International Aero Industry Conference. Held at Imperial College, London, 20-21 April 2005.
Sydney: UNSW;

7 HOL (2007) UK House of Lords Session 2007-2008 1st report HL 7- Select Committee On
Science and Technology - Air Travel and Health - An Update. London: House of Lords

103



France 2009 NYCO 9
us 2009 OHRCA 10
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Australia 2010 Michaelis 12
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us 2012 Public Law 112-95 15
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us 2012 Fox 16
EU 2012 Clean Sky 7
us 2012 TAP biomarker research 18
Australia 2012 Expert Panel on Aircraft Air Quality 19
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In Aircraft. London: Committee Of Toxicity.
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UK 2013 Committee of Toxicity 20

EU 2013 EN 4618 & prEN 4666: 2013 - withdrawn 21

usS 2013 Nervous system autoantibodies research 22

Germany 2013 Real-time total carbon content detection 23
systems

us 2013 ASHRAE 24

EU 2014 CEN - CAQ 2

Germany 2014 BFU 2

Holland 2014 REACH TCP review and Aerotoxic 27
Syndrome review

International | 2014 ICAO 28

Germany 2014 Low level TCP toxicity 29

us 2014 NASA, USAF, FAA VIPR study

Holland 2014 MRI research %0
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Appendix B EASA and FAA Certification Requirements
and Guidance Material - Airframe & Engine/APU

Table B1 lists the airframe (25.1309) failure conditions and engine/APU safety
analysis effects for EASA and FAA (§33.75; CS-E 510; CS-APU 210) regulation

and standards as well as guidance material relevant to clean air requirements.

Table B:1 EASA and FAA Certification Requirements and AMC - Airframe &

Engine

FAA

EASA

Regulation/standard

CFR 14 25.1309 - Airworthiness
standards - equipment

Failure condition:

1. Reducing ability of crew to cope
with adverse operating conditions.

* Improbable

2. Preventing safe flight & landing
* Extremely improbable

CS 25.1309 - Equipment, systems and
installation design requirements

Failure condition:
1. Major
* Remote

2. Hazardous
* Extremely remote

3. Catastrophic
* Extremely improbable

Guidance Material (Advisory Circular - CS AMC)

AC 25.1309-1A — Failure conditions

1. Minor - Crew actions well within
capabilities - slight increase in
workload - some inconvenience to
occupants.

*  Probable
e 1x10°%/fh

2. Major - Reduce ability of crew to
cope with adverse operating
conditions such that there would be:

Significant increase in crew workload
or in conditions impairing crew
efficiency or some discomfort to
occupants;

AMC 25.1309 — Failure conditions

1. Minor - Crew actions well within
capabilities - slight increase in workload -
some physical discomfort to cabin crew or
passengers.

* Probable
« > 1x 10 /fh Figure 2

2. Major - Reduce ability of crew to cope
with adverse operating conditions such that
there would be:

Significant increase in crew workload or in
conditions impairing crew efficiency or
discomfort to flight crew or physical distress
to cabin crew or passengers, possibly
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Higher workload or physical distress
such that crew can’t be relied upon to
perform tasks accurately or
completely

* Improbable
e <1x10°->1x10°/fh

3. Catastrophic - Prevention of
continued safe flight & landing.

* Extremely improbable
e <1x 107 /fh

including injuries
* Remote
¢« <1x10°->1x 107 /fh.

3. Hazardous - excessive workload or
physical distress such that flight crew can’t
be relied upon to perform tasks accurately
or completely - serious or fatal injury to a
small number of occupants other than flight
crew

* Extremely remote
e 1x107 orless —>1x10° /fn

4. Catastrophic - Multiple fatalities, usually
with loss of aeroplane (previously prevent
continued safe flight & landing)

* Extremely improbable
e <1x10°/fh

Anticipation of failure conditions

Probable: One or more times during entire operational life of each aeroplane;

Improbable (FAA): Will not occur during entire operational life of a single random
aeroplane - may occur occasionally during life of all aeroplanes of type;

Remote (EASA): Unlikely to occur to each aeroplane during its total life, but may
occur several times during life of a number of aircraft of type;

Extremely remote (EASA): Will not occur to each aeroplane during its life but may
occur a few times during total life of all aeroplanes of type;

Extremely improbable: Will not occur during life of all aeroplanes of type.

Compliance shown by analysis and where necessary, appropriate ground, flight or

simulator tests.

FAA

EASA

Regulation/standard

CFR 14 33.75 - Safety analysis -
Engines

1. Hazardous engine effects -
* Extremely remote

« 107 to 10°%efh

In practice - < 10°%/efh

CS-E 510 & CS-APU 210 - Safety analysis
- Engines & APU

Hazardous engine/APU effects

* Extremely remote

+ <107/efh or APU operating hour
(APU o/h)

In practice - < 10°%/efh or APU o/h
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Concentration of toxic products in
engine bleed air intended for the cabin
sufficient to incapacitate crew or
passengers

2. Major engine effects
* Remote
« 10°to 10”/efh

Safety analysis: must include
compressor bleed systems

Concentration of toxic products in
engine/APU bleed air intended for the cabin
sufficient to incapacitate crew or
passengers

2. Major engine effects
* Remote
» <10°/efh or APU o/h

Safety analysis: must include compressor
bleed systems

Guidance Material (FAA Advisory Circular - CS AMC)

AC 33.75-1A
1. Hazardous Engine effects
Toxic products:

* Generation and delivery of toxic
products caused by abnormal
engine operation sufficient to
incapacitate crew or passengers
during flight.

e.g. rapid flow of toxic products

impossible to stop prior to

incapacitation; no effective means to
prevent flow of toxic products to
crew/passenger areas; toxic products
impossible to detect prior to
incapacitation.

* Degradation of oil leaking into
compressor airflow.

No assumptions including cabin air
mixing/dilution.

Intent is to address relative
concentration of toxic products in
bleed air delivery.

Significant concentrations of toxic
products - sufficient to incapacitate
persons exposed

Concentration & delivery rates should
be included in engine/APU installation
guide

Major engine effects

* Concentration of toxic products in
engine/APU bleed air for the cabin

AMC E 510 - AMC CS-APU 210
1. Hazardous Engine/APU effects
Toxic products:

* Generation and delivery of toxic
products caused by abnormal engine
operation sufficient to incapacitate crew
or passengers during flight.

e.g. rapid flow of toxic products impossible
to stop prior to incapacitation; no effective
means to prevent flow of toxic products to
crew/passenger areas; toxic products

impossible to detect prior to incapacitation

* Degradation of oil leaking into
compressor airflow

No assumptions including cabin air
mixing/dilution

Intent is to address relative concentration of
toxic products in bleed air delivery

Significant concentrations of toxic products -
sufficient to incapacitate persons exposed

Concentration & delivery rates should be
included in engine/APU installation guide

Major engine/APU effects

* Concentration of toxic products in
engine/APU bleed air for the cabin
sufficient to degrade crew performance

Toxic products in bleed air are slow-enough
acting and/or are readily detectable so as to
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sufficient to degrade crew
performance

Toxic products in bleed air are slow-
enough acting and/or are readily
detectable so as to be stopped prior to
incapacitation.

Possible reductions in crew
capabilities due to exposure while
identifying & stopping products to be
considered

APU — see FAA TSO-C77b

Other:

Proof: In dealing with such low
probabilities, absolute proof is not
possible with reliance placed on good
engineering judgement, previous
experience, sound design & test
philosophies

Toxic products: products that has
effect of a poison when humans are
exposed to them

be stopped prior to incapacitation.

Possible reductions in crew capabilities due
to exposure while identifying & stopping
products to be considered

Other:

Proof: In dealing with such low
probabilities, absolute proof is not possible
with reliance placed on good engineering
judgement, previous experience, sound
design & test philosophies

Toxic products: products that has effect of
a poison when humans are exposed to
them
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Appendix C Engine Oil System

Figure C1 and C2 below show typical oil systems. Figure C3 shows simplified

oil system schematic sections.

Figure C1: Engine Oil System - Trent 500

Deaerator Oil quantity FOHE  Anti-syphon  FOHE HP feed
transmitter  bypass  tube -
valve

Oil temperature Pressure pump - Qil storage Combined
sensors suction tank scavenge
;‘> Vent — Flow Filter

Vent air/ | Scavenge
| oil mist return

Filter differential
oressure switch

LF/IP/HP Internal gearbox HE/IP Turbine
location drive bearings

P

Bypass valve

EMCD

Scavenge filter
il tank

LP/IP

campressor ]
bearings

Pressure filter \H‘\

Cold start pressure
relief valve

| —

1o ol o |
Intermediate/step-aside —

gearbox

Pressure pump

Qil pressure
transmitter (2 off)

-— LP turbine

b o bearings

Scavenge pumps

MCDs (6 off)

Centrifugal
breather

Gearbox input
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External gearbox

Source: (Rolls-Royce, 2005)
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Figure C2: Jet Engine Oil Systems

Typical Jet Engine Oil System

> >

<

Accessory Gearbox

Green: Supply System - Fresh Qil
Qil Tank

Antisiphon System
Strainer

Supply Pump Element
Pressure Relief Valve
Supply Fitter

Qil Supply Monitoring
Last Chance Filter

. De-aerator

Vent

IpoNpo s o~

L)

Red: Scavenge System — Hot Qil
. Strainer
. Deoiler
. Chip Detector
. Scavenge Pump Element
. Master Chip Detector Quantity
Debris Monitor
3. Scavenge Filter
. Qil Scavenge Monitoring
. Oil Cooler
7. Vent

Source: Jet Engine Oil System - (ExxonMobil, 2016a)

Figure C3: Simplified Oil System Schematic Sections
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A. Simplified Oil Supply System

Pressure relief
valve

Qil supply to bearing
chambers and gearbox

Simplified schematic
of an oil supply system

B. Simplified oil scavenge System

Simplified schematic
of a scavenge system

Qil from bearing chambers and gearbox

Scavenge
pump

C. Simplified oil vent system

Air/oil from Simplified schematic
gearbox of a vent system

Flow restrictors

Rotating
oil separator  Air vented Air/oil from bearing
(breather) overboard chambers

Source: (Rolls-Royce, 2005)
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Appendix D Seal Technology Comparison

Table D1 provides a comparison of varying seal technologies.

Table D:1 Seal Technology Comparison

Knife edge Brush seal Radial Radial lift Axial contact  Axial lift seal
contact seal seal seal
Axial No change on No change on No change on No change on Axial spring Axial spring
displacement  seal seal seal seal design to and air film to
performance performance performance performance support axial support axial
displacement displacement
Radial Risk of Wear increase Risk of Air film reduces  Design will Air film makes
displacement interference on fibers interference risk of reduce coning no change on
interference effect seal
performance
Rubbing Radial No radial No radial Air film reduce  Friction and Air film avoid
wear clearance is clearance, seal  clearance, seal  friction and wear, cooling friction and
high enough to  wear by friction ~ wear by friction  wear reduce wear, wear
avoid wear cocking risk
Air leakage Big radial Big air leakage  Low radial Low radial Very small seal ~ Very small seal
clearance will through seal clearance, clearance gap will give gap will give
give big air fibers gap moderate air moderate air very low air very low air
leakage leakage leakage leakage leakage
Life and No wear, seal Fibers wear Carbon wear Low wear gives  Carbon wear No wear gives
MTBO life and MTBO  giving very gives moderate  long seal life gives moderate  very long seal
are very long short seal life seal life and and MTBO seal life and life and MTBO
and MTBO MTBO MTBO
Oil runner No friction, no  Friction, oil Friction, oil Friction, oil Friction, oil No friction, no
cooling oil cooling for cooling is cooling is cooling is cooling is oil cooling for
runner necessary for necessary for necessary for necessary for runner
runner runner runner runner
Engine High air loss, Air loss, oil Air loss, oil Moderate air Moderate air Low air loss
performance  low engine cooling, low cooling, low loss reduce loss reduce high engine
performance, performance, performance, performance, performance, performance,
high SFC high SFC high SFC moderate SFC moderate SFC low SFC
Seal system High High High Moderate High Low seal
weight (incl. system (no
cooling cooling) weight
system
weight)
Engine High High High Moderate High Low
operating
cost
0il High air High air High air Moderate air Low air leakage  Low air leakage
consumption  leakage gives leakage gives leakage gives leakage gives gives low oil gives low oil
high oil high oil high oil moderate oil consumption consumption
consumption consumption consumption consumption
Reverse High oil loss, oil ~ High oil loss, oil  High oil loss, oil  High oil loss, oil ~ High oil loss, oil ~ No oil loss in
pressure pollution in pollution in pollution in pollution in pollution in reverse
gives oil cabin cabin cabin cabin cabin pressure, no oil
pollution pollution

Source: (Tran and Haselbacher, 2004)
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