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An update on aircraft oil
bearing chamber sealing

Dr Susan Michaelis PhD, MSc, ATPL, University of Stirling, Scotland, UK

On board aircraft, the common use of engine compressor, pressurised air to seal
the oil bearing chamber and as a source for the cabin bleed-air supply provides

a mechanism for low-level oil leakage in routine engine operations. This is of
great concern and was discussed previously in this newsletter in a feature entitled
‘Oil bearing seals and aircraft cabin air contamination’ (Sealing Technology April
2016, pages 7-10). Further to this article, Dr Susan Michaelis has now been
awarded an MSc for her extensive work in researching the issue of oil leakage past
seals in aircraft gas turbine engines.!!l An update on this research and associated

initiatives is provided by this article.

Wide ranging reports regarding concerns about
contamination of the aircraft bleed-air supply
(fume events) have remained ongoing since the
1950s. There has been particular concern raised
with regard to oil, hydraulic and de-icing fluid
leakage entering the aircraft air supply, with it
long recognised that the main source related to
small amounts of oil leakage from the engines
and auxiliary power unit (APU) into the cabin
environment.

Numerous initiatives that are currently
ongoing are addressing this issue, includ-
ing a major study by the European Aviation
Safety Agency (EASA) in conjunction with
the European Commission, EU standardisa-
tion, ECHA chemical review and government
care pathways. Various international bureaus
of air safety have put forward a range of find-
ings and recommendations related to fume
events and the International Civil Aviation
Organization (ICAO) has published fumes
guidance material.

More recently, a number of papers have been
published addressing the health aspects related
to exposure to aircraft contaminated air, sug-
gesting there is a cause and effect relationship
between exposure to oil fumes, hydraulic and
other fluids.[?!

It is suggested that exposure to low-levels of
engine oil emissions on a chronic repeat basis,
combined with acute exposure, provides a path-
way for increased vulnerability for aircrew or
those flying regularly. %]

Varying degrees of in-flight crew impairment
related to contaminated air have been identi-
fied in around 30% of reported events, despite
under-reporting clearly recognised to be occur-
ring. This rate went up to 93% impairment for
crew involved in a review of specific incidents
of which 87% were positively sourced to oil
contamination of the breathing air.?!

Whilst a growing number of ad-hoc air mon-
itoring studies, including those by EASA,[4]
have repeatedly identified oil substances in nor-
mal flight, simulated oil leakage studiesl®] have
identified that oil contamination in the com-
pressor will result in a fog of very fine droplets
(less than 10-150 nm) in the bleed air under
“most normal operating conditions”.

The hazards associated with the lubricants
and fluids are recognised under the EU chemi-
cal classification regulations,[6] in the mate-
rial safety data sheets, hazards databases and
elsewhere.

Many within the aviation industry rou-
tinely suggest that bleed-air contamination by
oil fumes is a very rare event, only occurring
under failure scenarios, such as seal failures or
operational factors such as seal wear or oil over-
servicing. Others suggest fume events are a lot
more frequent, are a design factor and part of
normal engine operation.

Therefore MSc research was undertaken
to look at how oil may pass the seals, with
the potential to leak into the air supply. The
aim of the work was to assess if there is a gap
between aircraft certification requirements for
the clean air in crew and passenger compart-
ments of transport aircraft using the bleed-air
system and the theoretical and practical imple-
mentation of the requirements. The results of
the three areas of research are briefly set out in
the sections that follow below.

Aircraft certification
regulations, standards
and guidance

There are a variety of airworthiness certification
standards, regulations and associated guidance
material related to the requirement for clean
ventilation air at both the airframe and engine/
APU level.

For example ‘major’ airframe failure condi-
tions must be remote under the EU standard
(CS 25.1309) and not expected to occur
more than 1 x 107/flight hour under the
Acceptable Means of Compliance (AMC).
‘Major’ failures under the AMC include
impaired crew efficiency or physical discom-
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Figure 1. EASA Acceptable Means of Compliance 25.1309: probability versus severity.
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fort for the pilots and physical distress to oth-
ers, as shown in Figure 1. Such failures are
not expected to occur in each aeroplane, but
may occur several times during the total life of
a number of aircraft of type.

CS 25.831 requires that the crew compart-
ments have enough fresh air for the crew to
perform their duties without undue discom-
fort or fatigue, and that air is free of harm-
ful or hazardous concentrations of gasses or
vapours.

At the engine/APU level, ‘hazardous’ engine/
APU effects must be extremely remote, at less
than 107/engine/APU flight hour (/efh), and
includes toxic products in the engine or APU
bleed-air intended for the cabin sufficient to
incapacitate crew or passengers. ‘Major’ engine/
APU effects must not be greater than remote
(less than 1075/efh).

The AMC lists toxic products in the bleed
air sufficient to degrade crew performance as a
‘major effect’. Toxic products include degrada-
tion of oil leaking into the compressor airflow
under the AMC. In addition, it is noted that
absolute proof is not always possible, with reli-
ance placed on good engineering judgment,
previous experience and sound design and test
philosophies. The US regulations are similar.
The full list of standards can be found in the

original research.[!]

Oil sealing -
documented knowledge

Turbine engines use air and oil seals to con-
trol and minimise secondary/bleed air that is
tapped off the core airflow and used for vari-
ous functions.

Pressurised air from the compressor is used
to keep the bearing compartment at a lower
pressure than the surroundings — preventing
an outward leak through the bearing seals.

Aero bearing oil seals, used to prevent oil
leakage outside the bearing chamber, operate
at a high speed and, therefore, require a well
lubricated seal, or one operating with a clear-
ance. All dynamic seals are designed to leak.
With the quantity of leakage depending on
many factors, including the style of the seal,
balance ratio or tooth pattern, lubricating
regime, operating conditions (speed, tempera-
ture and pressure), compartment condition,
wear life and distortion.[”]

Labyrinth clearance seals and mechanical
carbon face seals, are the main aero engine seals
that are used — both relying on compressor seal-
ing airflow across the seal and are responsive to
varying engine operating conditions.

Regardless of the pressure gradient, fluid
can flow in either direction, depending on the

design, pressure and velocity. Labyrinth seals
operate with a typical clearance of 200-400 nm
and do not in isolation provide a complete
barrier to leakage. Mechanical face seals oper-
ate with a micro-seal face separation (typically
0.25-1 pm), therefore, providing very low leak-
age under normal operation. It is accepted that
such seals will leak a very small amount of oil
vapour during normal service.

It is commonly assumed in the acro indus-
try that higher pressure in the gas path than in
the bearing chamber (positive pressure gradi-
ent) will prevent oil leakage and that seals will
leak only when a failure occurs. However, oil
can flow with and against the positive pressure
gradients, and positive pressure gradients are
difficult to attain at near ambient pressures
used to seal bearing chambers, allowing a
much greater opportunity for reverse pressure
in transient engine modes.

The awareness of the pros and cons of the
seal types used in acro engines vary widely in
the literature, however, this is limited to the
specialist sealing community. The broader
aviation industry does not seem to be aware
that low-level oil emissions outside the bearing
compartment will occur in normal flight, with
the potential to enter the bleed-air ventila-
tion supply if the leak occurs before the air

off-take.

Research

Ten experienced aerospace engine design, lubri-
cant and maintenance experts, along with two
seal experts, were asked eight research questions
related to their professional understanding of
how oil may pass over the seals, and the various
implications. The main findings are summa-
rised in the points below.

e Oil leakage past seals will occur as a func-
tion of the design, under normal opera-
tion, as seals are not an absolute design.
Leakage occurs with changing pressure
differentials, and thermal, axial and radial
(mechanical) changes in engine structures,
changing engine speed and power, and
because the designs do not take account of
all engine conditions. Operational factors
such as seal wear, installation and mainte-
nance can also affect leakage.

*  Various phases of flight effect leakage,
such as changes in engine performance.

*  Both carbon and face seals leak for varying
reasons, with some leakage inevitable as a
function of the design.

e No specific limits for oil contamination
have been published, with some suggesting
action is required only if leakage is above
the permissible consumption rate and oth-
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ers suggesting low-level leakage is contrary
to the design requirements. Regulatory
enforcement is regarded as low, with
available standards ignored.

Both EASA and the Federal Aviation
Regulatory Administration (FAA) were asked for
their views on the process of engine and aircraft
certification related to the ventilation require-
ments. The main findings are listed below.

e There is no specific process for engine/
APU certification that the manufacturers
must follow to demonstrate compliance.

*  There is a focus on hazardous engine/APU
effects, including toxic products (such as
oil leaking into the bleed air) not causing
crew or passenger incapacitation at a rate
greater than 107 /efh, however, there are
no specific limits identified. The AMC is
given little priority.

e Airframe standards require enough fresh
air or sufficient uncontaminated air to
avoid discomfort, fatigue, 2 minimum air-
flow and specified levels for CO and CO,.
No further details are provided.

Conclusions

Low-level leakage of oil fumes containing
hazardous and harmful substances occurs in
normal flight via the aircraft bleed-air supply.
This results in adverse effects in flight, creat-
ing a risk to flight safety.

There is a gap between the aircraft certifica-
tion requirements for the provision of clean air
in crew and passenger compartments using the
bleed-air system and the documented theoreti-
cal and practical implementation of the require-
ments. Key conclusions include:

1. Regulations: regulations and standards,
and acceptable means of compliance
related to cabin air quality, exist. Low-
level oil leakage over the bearing seals
into the bleed air is an expected normal
condition at various phases of flight. The
required bleed-air quality is not being
met, as the standards and compliance
material are not specific enough to ensure
suitable bleed-air quality, or application.
The focus is placed almost entirely on
the prevention of incapacitation, whilst
ignoring impairment, with the clean air
requirements open to interpretation.

2. Design: although many suggest that the
certification requirements for clean air
supplies are being met, careful review and
research shows this not to be the case. Oil
leakage past the bearing seals associated
with impaired or degraded performance
occurs more frequently than the ‘major’
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(less than 10-/efh or /flight hour) remote
or improbable regulatory and compliance
criteria allow. Oil leakage associated with
impairment is probable (greater than
10-/efh or /light hour) or above and is
an ‘unsafe condition’.

3. Compliance: the lack of detection systems
to identify the in-flight air quality causes
ongoing compliance problems. In addi-
tion, the ventilation requirements are not
specific enough to ensure occupants will
remain free of adverse effects.

4. Preventative control measures: low-level and
transient oil emissions are not adequately
taken into account when considering
acceptable leakage levels. The designs are
based on steady-state conditions, and there
are no filtration or detection systems to
identify and prevent exposure, with rigor-
ous controls lacking.

5. Retrospectively: previous certification
requirements were not specific enough to
prevent oil leakage into the air supply.

6.  Expertise and communication: oil contami-
nation of the air supply is a highly special-
ist area, with inadequate communication
between all relevant parties to ensure
compliance and airworthiness.

Other recent

Iinitiatives

In September 2017, the two-day International
Aircraft Cabin Air Conference was held in the
UK at Imperial College London.

A wide variety of speakers from across the

world presented on a variety of topics including:

e history of cabin air contamination;

*  mechanisms of oil leakage and engineering
systems perspectives;

e training and flight safety;

e case studies; filtration and sensors, health
effects and toxicology;

e lubricants;

*  Dbiosensor development;

e US military actions;

*  measurements;

*  regulatory perspectives; and

e safety management, legal perspectives
and causation.

John Morton, Chairman of the European
Seals Association (ESA), co-presented the
mechanisms of oil leakage into the cabin air
supply, along with Dr Susan Michaelis and has
since co-authored a new paper on this topic
with various experts covering areas of oil leak-
age; toxicology and health, engineering and
lubricants. (8]

The ESA endorsed the conference along with
numerous other organisations taking a proac-
tive interest in this topic.

The conference was extremely well received,
with a key positive outcome being that EasyJet
plans to trial, later this year, a bleed-air fil-
tration system and sensor technology that is
under development.

The message was heard that solutions do
exist and are required to be implemented.
However, many within the aviation industry
are still choosing to turn a blind eye or to
rely on selected industry generated research.
PDFs and video footage of the entire con-
ference can be found on the conference
Web-site.l’]

In mid-2017 Dr Michaelis — now a visiting
researcher at the University of Stirling — was
awarded the Cranfield University Course
Director’s award for best MSc student, for
her MSc work including her thesis work on
the oil seals. She was a keynote speaker at the
International Conference on Fluid Sealing,
which was held in Manchester, UK, in early
March 2018.

A final point shows that there appears to be a
differing view between engine and aircraft man-
ufacturers and the sealing community. A com-
ment often reported by the engine and airframe
manufacturers, when asked about oil leakage, is
that they do not design engines and aircraft to
leak oil. Their specialists will know of course,
as do the sealing experts, that all dynamic seals
will leak a very small amount under normal
operation; however, their public view is that
this is not the intention.

The key issue here is that there is a very
big difference between failure conditions,
likely referenced by the aero industry, and
low-level normal leakage in routine engine/
APU operation using the pressurised air
system to both seal the bearing chamber and
provide breathing air.

The sealing sector can play a positive role
in educating the wider community about
changes that need to be implemented, as
the designs used will inevitably allow fluid
to migrate over the bearing seals, therefore
entering the core airflow. There is a wide
range of actions that could be undertaken to
address this situation.
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(Further information can be found on Dr
Michaelis’ cabin air quality page of her Web-
site at the address provided above. A further
international conference on the topic of cabin
air is scheduled to take place at Imperial College
London in September 2019.)
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