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Abstract

Contamination of aircraft bleed air with enginkawid/or hydraulic fluid results in a “fume event”
in the aircraft cabin. Exposure to contaminatectlair may have acute and/or chronic adverse
health effects based on the intensity of variouesnabals which are released during such a fume
event. ASHRAE Standard 161, Air Quality within Caowrcial Aircraft, includes a requirement
for bleed air sensors to detect contamination fitabricating oil. One potential approach to
meeting this requirement is through particle dedectin the research reported here, the end goal
is to provide data needed to develop an automattgtiion apparatus for contaminated bleed air
through oil particle detection. Consequently,tipe and concentration of different chemicals as
well as the number and size distribution of pagBalvere determined for bleed air with different
rates of contamination under various turbine engiperating conditions. Multiple fume events
were simulated by using a four-part experimentabpam to develop a detailed characterization
of particles that result when bleed air is contaated with lubricating oil. Test results show that
oil contamination in the compressor will resultifiog of very fine droplets in the bleed air under
most operating conditions. With moderately higimtamination rates at elevated power levels
(high bleed air temperature) the concentratiorribistion and particle size does not vary much
with power (temperature) and generally dependshenrate of contamination. Moreover, at
elevated power levels, the peak particle conceatraiakes place in the range of 50 to 70
nanometers and the bulk of the particles form &b lthan 150 nanometers. At very low
contamination rates very ultrafine particles cargbeerated in the size of 10 nanometers or less.
As a result, detection is needed for a range assiranging from about 100 nanometers to 10

nanometers.
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CHAPTER 1 - Introduction and Purpose of this Reseath

Air travelers breathe a blend of recirculated cabirand outside air known as bleed air that
has been compressed by the aircraft engines. @oedlsi, engine oil leaks into bleed air, resulting
in various chemical contaminants entering the afta@abin. Determining the chemicals produced
and the oil particle size distribution when ble@gdb&comes contaminated with engine oil is very
important to evaluate potential adverse healttcesfand to design a sensing system to detect bleed
air contamination in real time. Figure 1.1 shoavdbleed air duct used in most of comnagrci
transport aircraft manufactured by Airbus Indwestri

ASHRAE Standard 161, Air Quality within Commerchstcraft, includes a requirement for
bleed air sensors to detect contamination fromidaking oil. One potential approach to meeting
this requirement is through particle detection.

Accordingly, in the research reported hdre final goal is to provide data needed to develop
an automated detection apparatus for contamineed kair through oil particle detection. For that
purpose, a four-part experimental program was cotedito assess the nature of contaminates that
result from oil contamination of bleed air. Thegpeariments addressed the chemical nature and
the particulate (droplet) nature of the contamorathat eventually ends up in the bleed air. There
were multiple objectives for the projects includiggantification of the chemical exposure that
results, identification of chemical tracers foretston, and characterization of the particulates th
result. The first part of the program utilized ladal air simulator. A reciprocating compressor
followed by a heated tube was used to create dadréemperature and pressure conditions
representative of bleed air from an aircraft engkerosolized lubricating oil was injected into
the airflow upstream of the compressor and theiquéate characteristics were measured

downstream of the heated tube. The second and phirtd of the program used turbine shaft



engines mounted in a test stand and connected dgnamometer for controlled loading.
Aerosolized oil was mixed into the inlet air an@ tlesulting particle characteristics in the bleed
air were measured. The compressor for the seconduplzed both axial and centrifugal
compression stages while the compressor for tiné gart utilized a single centrifugal stage. The
fourth part of the program utilized an engine ol Air Force C-17 military transport aircraft.
Oil was injected into the first stage of the conggir and the bleed air from the engine was
diverted to a test platform where it was cooled aadhpled. Particulate size distributions and
concentrations were measured with aerodynamicgbarsizing and scanning mobility particle
sizing. Collectively, these instruments could meastoncentrations and size distributions for
particles ranging from 10 nanometers to 20 micr&egp-Pak DNPH-Silica and Charcoal Sorbent
Tubes in conjunction with mass spectrometry as a®lFourier transform infrared spectroscopy

(FTIR) were used for identifying different typesafemicals.



Figure 1.1: Typical bleed air system in commertiahsport aircraft [1]



CHAPTER 2 - Brief descriptions of instrumentation

In this research three different devices or measant systems were used to determine
different chemicals and characterize the aerosdlglescription of the instrumentation and

measurements employed follows.

2.1 Sep-Pak DNPH-Silica and Charcoal Sorbent Tubes

DNPH (2,4-Dinitrophenylhydrazine-coated) silicatcdiges analyzed by HPLC/UV and
charcoal sorbent tubes extracted with carbon diiicetone and analyzed by GC/MS were used
for collecting and detecting aldehydes and orgaaors, respectively. They were attached to air
sampling pumps operated at a flow rate of | liteén/fior 20 min for sample collection. Sorbent
tubes are sealed glass tubes, with generally 20s8scbf adsorbent material. The ends of the
sorbent tube are broken off and inserted into a tudder which is then connected to a personal
sampling pump. DNPH-cartridges are usually usedf@lyzing formaldehyde, other aldehydes
and ketones in air and charcoal tubes were evauatienarily for aromatic hydrocarbons,
alcohols, and long chained aldehydes. A librarycdeaf all major peaks was done to identify the

major by-products formed.



Figure 2.1: Sep-Pak DNPH-Silica and Charcoal Sdrbabes

2.2 Fourier Transform Infrared Spectroscopy (FTIR)

Fourier transform infrared spectroscopy (FTIR) isother method for identifying
chemicals that are either organic or inorganic.RESpectroscopy is a technique based on the
determination of the interaction between infrar@diation and a sample which can be solid, liquid
or gaseous. It measures the infrared frequenciediah the different samples absorb as well as
the intensities of absorption. The absorption feemy spectrum is helpful for the detection of the
sample’s chemical structure because of the fatttiemical functional groups are responsible for
the absorption of radiation at diverse frequencidfie concentration of a component can be
inferred from the intensity of the absorption. TREIR spectrum generally is a two-dimensional
plot in which the axes are shown by intensity arejdency of sample absorption. The FTIR

technique presents the potential for the simultasgoon-destructive, and real-time measurement



of multiple gas phase compounds in complex ble#dscompounds show a characteristic
absorption in the IR spectral region and, basedhi property, they can be analyzed both
guantitatively and qualitatively. This works best §ingle gases or simple mixtures and cannot be
used for all compounds, only those with functiogr@ups that have reasonably strong absorption
in bands in the IR range, and it is often hard igtimguish between compounds with similar
functional groups. It can detect carbon monoxidifarmaldehyde with good accuracy, provided
the levels are high enough. FTIR’s advantages othear measurement techniques include direct
sampling of raw exhaust, measurement of many cong®with one analyzer and highly-stable
calibrations. In this study, FTIR modslcolet 6700 was used to measure carbon monoxide an
formaldehyde, and it was set to 0.5 tmesolution because, at lower resolutions, water’'s
absorbance bands may create interference problenish vaffect the detection limits. The
detection limits for both gases was 2 ppm. The ma@or concentrations in the bleed air were
much higher than for the chemicals of interest Whinds to interfere with their measurement
with the FTIR. The strong interference of water majm the sample line stream is overcome by
detecting chemical substances in narrow bandsedRspectrum where water absorption is very
weak. The transfer line between the engine an8Thie should be heated to prevent condensation.
A heated patrticulate trap is required to stop gaoticles from coating onto the gas cell mirrors.
In addition, a vacuum pump is required to pull é&xdaust through the sampling system. Table

2.1 lists the library gas which was used for measient calibration.



Table 2.1: Gas library for FTIR measurement catibra

Compound Concentration Range (ppm)
Carbon monoxide 20-400
Carbon dioxide 1660-15000
Nitrogen monoxide 60-1100
Nitrogen dioxide 6-100
Dinitrogen monoxide 20-400
Methane 200-3000
Formaldehyde 10-100
Ethylene 50-400
Butane 25-200
Propane 50-200
Ethane 50-400
Ammonia 50-400
Benzene 5- 200




Figure 2.2: Fourier Transform InfrarelTR), Model: Nicolet 6700 setup at NGML



2.3 Scanning Mobility Particle-Sizer Spectrometer

A scanning mobility particle-sizer spectrometer &8) consists of an electrostatic
classifier followed by a condensation particle deun In this study, the TSI model 3080
electrostatic classifier was used. It includesNioglel 3081 Long Differential Mobility Analyzer

(Figure 2.3)

Figure 2.3: Model 3080 Electrostatic Classifierwiodel 3081 Long DMA



It works based on the physical prineifflat the ability of a particle to traverse arctle
field (electrical mobility) is fundamentally relateto particle size and no size calibration is
necessary (first principle measurement). In a mbfial mobility analyzer (DMA), an electric
field is created and the airborne particles dnfthe DMA according to their electrical mobility.
Particle size is then calculated from the mobilitigtribution. Sizing limitations of surface
techniques include low sample sizes (non-represealaimage edge definition problems, 3D to
2D image distortion, and operator bias. The manufac specified uncertainty is approximately
equal to 3 — 3.5% for size and +10% for concerdratl he Electrostatic Classifier selects aerosol
particles of uniform size from a polydisperse seuresulting in a highly monodisperse aerosol.
The Long DMA offers classification in the rangerfrdl0 to 1000 nanometers in diameter. The
Electrostatic Classifier separates particles by ®r high-resolution measurements of particle size
distribution. When used in TSI Scanning Mobilityrikde Sizer (SMPS) spectrometers, for
example, monodisperse aerosol exiting the ElecttiocsClassifier passes to a Condensation
Particle Counter (CPC), which measures particle bemtoncentration. By scanning quickly
through a portion of the size range from 2 to 1@@Mometers (size range varies by SMPS
configuration), the SMPS measures the size digtabwof the aerosol precisely. The electrostatic
classifier was used with a TSI model 3775 CPC, Wwhlietects airborne particles down to 4 nm. It
gives accurate measurements over a wide concemtnainge from 0 toIarticles/cr. In this
apparatus, an aerosol sample is passed continuibuslygh a heated saturator where butanol is
vaporized and diffuses into the aerosol sampleastré ogether, the aerosol sample and butanol
vapor pass into a condenser where the butanol vapoomes supersaturated and ready to
condense. Particles present in the sample stretam a8 condensation nuclei. Once condensation

begins, particles quickly grow into larger droplatsl pass through an optical detector where they

10



are counted easily. The manufacturer specified rtaogy for the CPC is £10% of the reading to
concentration less than 5xXparticles/cd and it drops to *#20% of the reading for

5x10@particles/cm-10" particles/cr.

2.4 Aerodynamic Particle Siz

The TSI Aerodynamic Particle Sizer (APS-Mo@321) is a high-performance, general-
purpose particle spectrometer that measures botidy@eamic diameter and light -scattering
intensity. It measures particles in the range fi@fm to 20 micrometers using a time-of-flight
technique that measures aerodynamic diameter Iime&a Because time-of-flight aerodynamic
sizing accounts for particle shape and is unaftebteindex of refraction or Mie scattering, it is
superior to sizing by light scattering. Aerodynardiameter is the most important size parameter
because it determines a particle’s airborne belhaVie Model 3321 is specifically engineered to
perform aerodynamic size measurements in realusirgy low particle accelerations. The patrticle
stream is kept centered by a sheath flow as theg ffaough focused laser beams. The larger
particles lag more in the air stream than smalt&saand thus the flight time between the particles
is altered. Light is scattered as the particles phasugh the two beams and exit the equipment.
From this scattered light the equipment is ablai¢& up the time of flight information and convert
it into a calibrated aerodynamic patrticle size. Sehparticles are then binned into 52 channels on
a logarithmic scale. Particles between 0.3 andnidcdometers are able to be detected, but the
statistical chance that the detection is falsesrispidly with decreasing particle size as the
extinction coefficient rises exponentially. Furtimare, the monotonic response curve of the time-

of-flight measurement ensures high-resolution gizimer the entire particle size range.
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Figure 2.4: APS and SMPS setup during test running

12



2.5 An Overview of Particle Measuring Equipment Seip for This Study

The particles in the bleed air were evaluaisthg a scanning mobility particle sizing
spectrometer (SMPS) and an aerodynamic partiobe spectrometer (APS) as indicated in Figure
2.4. The SMPS has a nominal size range of 10 8 b@@ometers (0.01 — 1.n) and the APS
had a nominal size range of QuB to 20um. The two instrument systems combined provide a
wide range of coverage with respect to particlee.siZThe SMPS consisted of a TSI 3080
electrostatic classifier equipped with a TSI 308hd diffusion mobility analyzer (DMA)
connected to a TSI 3775 butanol-based condengadidicle counter (CPC). The APS was a TSI
3221 aerodynamic particle sizer equipped with a33I2A diluter. Aerosol instrument manager
software supplied by the manufacturer was usegéoade all of the particle measuring equipment
and for data reduction. Detailed information abibwgt operation of these systems is provided by
TSI (2009, 2012).

There are two key temperature limitation®asged with the particle measuring equipment.
The CPC saturator is controlled ta°@%nd the CPC optics are maintained &CA® ensure there
IS no butanol condensation on the optics. In otdanaintain proper temperature control, the
operating environment and the sample air need toehmv 39C. The CPC cools the air to%C}
to drive the condensation and particle growth. ohder to ensure that there is no water
condensation on the particles, the dew point ofstimaple air needs to be below@4 If the air
dew point is above this value, the air stream ndedbe dried upstream of the measuring
instruments. The VIPR measurements were conducteée Mojave Desert at Edwards Air Force
Base and, consequently, dew point was never a oomtee to the dry atmosphere. VIPR Il

operational upper temperature limits not associaiidthe SMPS were similar and no data were

13



collected outside of these limits. Additionallypating air was directed into the instrument bays
to offset solar heating of the equipment platforfaor the test stand measurements, scheduling of
experiments was more flexible and experiments cbaldun when limits were not exceeded.

The stated accuracy of the APS with respesize is +0.08m and is +20% with respect to
concentration. The state accuracy of the SMP®mfgguired for these experiments is +3.5% with
respect to size and +20% with respect to conceortrat Characterization of aerosols can be
distorted by several factors associated with thasmement process in addition to inaccuracies
associate with the instruments.  For all thregiress, there is a tortuous path between the engine
and the point where the sample stream for the gbastiis extracted and measured. Certainly,
particles could be lost along this flow path. Tuwal of this study, however, is not to determine
precisely the nature of the particles as they coat®f the engine. Rather, the goal is to deteemin
the nature of the particles that would be sampbdedétection of oil contamination in the bleed air
on an aircraft. As a minimum, the bleed air wopdds through at least one pressure regulator and
the pre-cooler before it would be sampled on acraiit. Thus, the experimental apparatuses used
in these experiments are reasonably representaiti@e actual aircraft. The main concern is the
distortion that would occur between the sample fpaiu the instrument. Roth [18] conducted a
detailed assessment of particle loss and distabufistortion. This assessment shows that any
losses or distortion occurring between the samgpiet@nd the instruments is small compared to
the accuracy limits of the instruments.

Given the high-speed rotating machinery assed¢ with the engine compressors and the
tortuous path involve in cooling the bleed air lne fore-coolers, few micron and larger particles
were expected. The APS was included to verify ith@iortant phenomena regarding these larger

particles were not missed. As expected, few, ¥ aiseful data in this size range were collected

14



and only SMPS data are reported here. The SMREcdat be presented in several ways. The
instrument is typically operated so there are @4 sins distributed equally by the logarithm of
the diameter. The data are then presented in tefnrmumber concentration divided by the
logarithm of the bin size, dN/dlogg) and in terms of the mass concentration dividgdhe
logarithm of the bin size, dm/dlogg> The units for number concentration are parigler cm

and the units for mass concentration jggém®.
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CHAPTER 3 - A Brief History and Literature Review

Air travelers (passengers and flight cieare increasingly concerned about the air quality
of aircraft cabins. Air travelers breathe a blefdezirculated cabin air and outside air that has
been compressed by the aircraft’'s engine knowneselkair. Occasionally, engine oil leaks into
bleed air, resulting in various chemical contamteantering the aircraft cabin. Contaminated
bleed air has been known to be potentially toxigassengers and crew since 1953 [2]. Identifying
the potential for fume events and determining tifr@iquency is very important. Few reliable
studies have been done to determine the frequdrfayne events [3]. Shehadi et al. [3] reviewed
and analyze existing data on fume events. Theteestitheir study showed that fume events have
taken place in aircraft from all major aircraft nudercturers and are spread amongst all aircraft
models, propulsion engine models, and APU modetsvé¥er, they found some aircraft models
with higher incident frequencies, up to five timiae overall average. Variations in incident
frequencies from airline to airline could not beedmined from the database used for the study.
Due to increasing concerns of air travelers anevarembers about the air quality in aircraft
cabins, researchers and design engineers have beocneasingly interested in the study of
contaminants generated when engine oil migratesting bleed air stream [4].

According to the Winder et al. [4ldy, exposure to contained bleed air do produce
symptoms of toxicity. As a result, the aviation ustty is coming under increasing pressure to

improve its standards due to public anxiety regaydileed air contamination.

Murawski [5] studied air contaminatioveats for one major US airline over a two-year
period. According to the findings in this studyfadal of 87 fume events were reported. The

research showed that the crew health, flight tgafand operational impact of exposure to
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contaminated bleed air is very important. It wasatuded that several of these events may have
been prevented and/or their impact could have leased with better coordination using proper
crew, maintenance worker training, and protocolsde@en and replace mechanical components
before they reach the end of their service lifecdd@mendations included installing and operating
suitable bleed air monitoring and cleaning equipimen

Nagda et al. [6feviewed measured air concentrations of organidacoimants in the
aircraft cabin and supply air. They compared tloeseentrations with those reported for buildings
and other transportation modes such as buses. Sthdy showed that, although some differences
exist between aircraft and other environmentspkasured concentrations of organics are low in
the aircraft. It should be noted that their measnamts were during normal operations and not
during fume events.

Guan et al. [7] conducted in-flight measurementsndunormal operation without fume
incidents in 107 commercial flights from August BOtb August 2012. They selected flights
randomly and developed a sampling method usingiaggyto collect air samples to obtain overall
information of volatile organic compounds (VOCs)amcraft cabins. On average, 59 different
VOCs on each flight were detected, with a totaB4® VOCs in the 107 flights.

Bartl et al. [8] investigated thermal detaion of pentaerythritol derivatives which are the
base component of jet engine oils. They used thgravametric analysis and differential thermal
analysis. They heated pentaerythritol from roomperature up to 1000 °C. According to their

findings, the sample starts to lose weight at rou@75 °C and lower temperature oxidation

17



reaction occurs at approximately 350 °C. Finaliygyt concluded oxidation of any remaining oil

and charred products to CO and CO2 take placematG2

In order to investigate the thermal breakd®f jet engine oils, Van Netten et al. [9] heated
two different available jet engine oils in the ladtory. They found that jet oil starts to produce
smoke and to lose mass at 2¥5 They increased temperature to 8250 measure the release of
CO, CQ, NO2, HCN and volatile organic compounds. Theay ot detect trimethyl propane
phosphate (TMPP), HCN and N@ these experiments. Above the heated oil theagdahat CQ
generated along with CO which reached levels irresof 100 ppm. The measured concentration
was in a confined vessel and not in flowing bleed Based on their investigation, above 500
volatile compounds are produced and they are alidestical in the two different oils. These
volatile compounds do not exist in the two oilseyltonfirmed the presence of TCPs in the bulk
oils and in the vapors generated. Their observasioowed solid black residue remains after
heating jet engine oils. They hypothesized thatesofrthe volatilized components and pyrolysis
products could condense out of the airstream dredriterior surface of the aircraft ventilation
system during a fume event and not reach the cabin.

It should be noted that bleed air temperature cgt commercial aircraft, depending
on operation mode, can possess temperatures rangmnd85 °C to 310 °C [9] so oil temperatures
in studies done by Bartl et al. [8] and Van Netteml. [9] are well above the operating range of
modern aircraft engines.

In a typical aircraft, depending on its operatiomalde, bleed air can possess various
pressures and temperatures ranging from 200 t&Ba@nd 185 °C to 310 °C respectively. Mann
et al. [10] analyzed the particulate size distitrutand concentrations of oil particles in a bleed

air simulator. They presented particle counteaddtthe oil droplets from simulated jet engine
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bleed air. For this purpose, they used four diffeparticle counters which, collectively, covered
a range of 13nm to 20pum. Their tests results shoanaiderable increase of fine particles as the
temperature is increased up to 320 approximately the maximum temperatures expesieitg
normal aircraft operation. Based on their finditigg pressure of the bleed air has much less effect
on the particle-size and concentration than theezature.

Reddall [11] wrote a paper titléglimination of engine bleed air contamination”. In
this paper, two alternative solutions are suggestedaircraft should be designed with an outside
air compressor independent of the engines andabreihgine bleed air should be filtered.

Lebbin [12] evaluated the flight 8end cabin fire and smoke incidents reported ¢o th
Canadian airworthiness authorities over a ten gpan. The study categorized the fire and smoke
related diversions to identify areas where effodsld be increased to improve safety. According
to the paper, the Canadian airworthiness authsnigeeived over 1,000 smoke and fire incidents
from the years 2001 to 2010, of which, over 68®regal fire or smoke in the flight deck and cabin
compartments for various makes and models of dircra

Supplee et al. [13] attempted to abtarize the frequency of oil contamination and its
impact on health and on operational costs. Thegloded that, both on the ground and in flight,
the outside air supplied to a cabin and flight degkthe propulsion engine or APU can be
contaminated with engine oil or hydraulic fluidhdir analysis shows an average of 0.86 events
per day over an 18- month period.

Day. [14] investigated the potentiabtih-related risks because of exposure to blaed ai
contaminants generated during fume events. Thiystancluded that, without comprehensive
detection and measurements of the representatizardan the contaminated bleed air,

guantification of the potential health risks asatel with bleed air contaminants is not possible.
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Winder et al. [15] studied crew effectsnfirdoxic exposures on aircraft. According to their
study, if engine oil leaked into the bleed air gadsed to aircraft cabin, aircrew and passengers
may be exposed to contaminants that can affeathieaith and safety. Possible symptoms include
discomfort, fatigue, irritation, gastrointestinedspiratory and nervous system effects, and long-
term central nervous and immunological effects.

Ross et al. [16] investigated cognitive fuactifollowing exposure to contaminated air on
commercial aircraft. They wanted to determine whetthere is a link between exposure to
contaminated air and neuropsychological impairménitthis purpose, they selected 29 pilots and
according to aircraft type flown, they put themoirtivo exposure groups. They found few
differences between the groups in terms of expdsistery or cognitive function.

With the continued growth of the comni@rand military fleets, there has been an increase
in the frequency of investigations, recommendati@msl reports of ill health and compromised
aviation safety related to bleed air contaminataond there is a growing call to retro-fit
contamination detection systems [17].

The forgoing literature review is by n@ams exhaustive. However an extensive literature
review on this subject shows that, up to now, seharademic institutions and regulatory agencies
have initiated research concerning the health &ffe¢ oil contamination within bleed air.
Nevertheless, there is little, if any, publishetbrmation on the nature of the aerosols that are
generated and the gasses that evolve when bleeid awntaminated by engine oil. This
information is important both for evaluating potahhealth effects from and developing detection
systems for oil contamination of bleed air. Sitice temperature and pressure generated in an
engine compressor at the bleed port varies sulstgrdepending upon the operating conditions

and the particular engine design, it is importardacument how these variables impact the nature
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of the aerosol and gasses evolved. No compreleresearch to illustrate the different chemicals
and their concentrations nor comprehensive rese@aratetermine the size and concentration
characteristics of aerosol as a function of tentpeeaand pressure that result from bleed air
contamination were found in the literature. Forstheeasons, the first part of this study is
undertaken to use a bleed air simulator which eareate conditions in engine compressor bleed
air and which can introduce engine lubricatingrdib that air to systematically examine the impact
of bleed air temperature and pressure on the neggasses and aerosols produced. In the second
part of this study the goal is to provide the datsbneeded to develop an automated detection
apparatus (sensors) for contaminated bleed aiugjiroil particle detection. These sensors can be
installed in the air supply system and could detdetn contamination occurs. Developing such
sensors or implementing available sensors reqguire®ledge about the nature of the particulates
that are to be sensed. To further the developnfesuich a database, the number of oil particles
and their size distribution were determined foedlair with different rates of contamination under
various engine operating conditions. Assessmespecific detection technology or devices is
not part of the work. A lubrication oil based fuesent was simulated by injecting different rates
of synthetic jet engine lubricating oil (Mobiletd® into the intake air of two different turbine
engines (Allison 250 C18 and Allison 250 C28B) dhen the resulting contaminated bleed air
was cooled and sampled. In addition, another sefiéssts was conducted on a Pratt & Whitney
F117-PW-100 engine on-board an Air Force C17 dirarader nominal and simulated oil

contamination conditions with oil injected into tfiest stage of the compressor.
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CHAPTER 4 - Study of Aldehydes, CO and Particulate

Contaminants Generated in Bleed Air Simulatot

4.1 Bleed air system

In propulsion engines, bleed air is coesged air that is taken from the compressor ofa ga
turbine engine before it is mixed with fuel in w@mbustion chamber. There are Auxiliary Power
Units which also provide bleed air, but are notradded in this paper. Bleed air is used on many
aircraft systems because it is easily availableablke, and a source of pneumatic power. In
passenger aircraft, a primary use of bleed aio igrovide pressurization and ventilation for the
aircraft cabin by supplying air to the cabin thrbuge environmental control system. Bleed air is
also used to keep critical parts of the aircraitfsas the wing leading edges) ice-free. Typically,
engines will have two bleed air extraction portstio®m engine compressor, a low stage port and a
high stage port. Air from the low stage compressmtion is used during high power operations,
while high stage air is used during descent andrdtddw power operations. The selection of the
port is automatically controlled to maintain appiafe bleed air pressures. The temperature and
pressure of the air extracted from the compreggpically, will have temperature and pressure
ranges from 200 to 300°C and 345 kPa to 690 kReeotisely, depending on engine power level

and other operational factors [10].

1 Based onAmiri, S. N., Jones, B., Mohan, K. R., Weisel, C.Mann, G., & Roth, J.
(2016). Study of Aldehydes, Carbon Monoxide, andi@&date Contaminants Generated in
Bleed-Air Simulator. Journal of Aircraft, 1-11.
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4.2 Bleed Air Simulator

The Bleed Air Simulator (BAS) which was used irstetudy had three main parts:

1. Oil droplet generation section, in which compressiednd atomizing nozzles generate an

oil aerosol.

2. Compressor and heater tube section, in which gnm@mating compressor and electric

heaters increase the temperature and pressure airtbarrying the aerosol.

3. Main duct, which dilutes, cools, and slows the flofithe bleed air stream, simulating the

duct supplying bleed air to the aircraft cabin.

The temperature of the bleed air stream throughhtaer tube section was controlled by
varying the voltage to the heaters and measuredtpye K thermocouple with £1°C uncertainty.
Pressure of the heater tube was controlled withck pressure regulator and measured with a O-
3447 kPa pressure transducer with £0.11% full sgatertainty. Other details of this equipment
were discussed at length in [9], and will not répddiere. The only modifications to the simulator
were additional instruments added to measure clamaenposition as shown in Figure 4.1.

The sample line for the fourier transform infrasgmectrometer (FTIR) and sample lines for 2,4-
dinitrophenylhydrazine (DNPH) cartridges and sotbarbes were pulled directly from the

compressed air line as shown in Figure 4.1 to plegaseous contaminant concentrations that
were high enough to yield good measurement accurdtye air stream for these sample lines
passed through a HEPA inline filter to remove agloso that only gaseous constituents were

measured.
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Figure 4.1: Main duct and sampling part of simulato

4.3 Test Procedure

In a typical aircraft, depending on its operatiomede, bleed air can possess various
pressures and temperatures ranging from 200 t&kB&tnd 185 °C to 310 °C respectively [10].
A number of measurement points within this rangeewellected. The test matrix is shown in
Table 4.1. As evidenced from Table 4.1, there wenty measurement points. In order to have

a stable condition at each point, the system wasatg@d for an hour and then data were recorded
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for ten minutes. A detailed test procedure has lggeam in the Mann et al. [9] paper.

Table 4.1: Temperatures and pressures values wg@ch used in the BAS

>
Temperature (°C) 185 230 250 280 310
200 200 200 200 200
345 345 345 345 345
Pressure (kPa)
480 480 480 480 480
690 690 690 690 690

4.4 Results and Discussion

DNPH silica and charcoal tubes analysis resultssamremarized in Figures. 4.2 through
4.4. These graphs show that aldehyde productiomatieally increased both with increasing
pressure and increasing temperature in the pressoige of 200 - 480 kPa. However, at 690 kPa,
increasing temperature has minimal effect. The FIWRs not able to provide accurate
measurements to detect aldehydes due to their tmeentrations, but it was used to measure

carbon monoxide (CO) concentration (Table 4.2).
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Table 4.2: CO concentration for different tempemaguand pressures measured by FTIR (units in
ppm)

Maximum CO (ppm) Pressure (kPa)

200 345 480 690
185 0 0 0 0
220 0 0 7 11

Tem'(’fé;'t”re 250 8 11 13 16
280 11 14 15 20
310 18 20 28 42

The FTIR measurement was made from the @edjection line before it was introduced
into the simulator duct. It should be noted tivateal aircraft, these values would be reduced by
the level of recirculated cabin air. The maximumasweed value occurs at the maximum
temperature and pressure point and based on tygiicdd- out time would be less than 90 seconds
[19].

Particle size distribution and concentrationthe twenty different temperature and pressure

conditions are summarized in Figures. 4.5 to 4.8.
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As it is seen in from Figures 4.5 tlgbu4.13, particles have their maximum size and
minimum number concentration for all pressure aeraperature of 185C . Increasing the
temperature range to 22@ to 250 C, a significant increase in ultra-fine particlekds place
and the particles size reach a minimum value. Timethe temperature range from 280 to 310
°C , the reverse behavior is observed and partizke farts to increase and reaches a maximum

number concentration at 3T . At a temperature range of 186-2%D, pressure has major

effect on the number of particles and size distrsubut as temperature increases to a range of
280-310 C this effect is negligible. Particles have the maxin number concentration at

maximum temperature and pressure of 310and 690 kPa, respectively. Concentration versus
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time graphs show that, during the time span of @aehsurement point (constant temperature and

pressure), there is no substantial change in theleasize distributions or concentrations.

4.5 Conclusions of This Study

In this research, for various bleed air temperatared pressures generated by a bleed air
simulator, the concentrations of different chenscas well as the number of particles and size
distribution were studied. As a result of the prasstudy the following conclusions may be

reached:

1) Aldehydes such as formaldehyde, acetaldehydpapaldehyde, crotonaldehyde,
butanal, and hexanal are formed and aldehyde ptiodudramatically increased with increasing
pressure and temperature in the pressure rangf0sf4B0 kPa. However at 690 kPa, it only

increases with pressure and increasing temperaagreninimal effect.

2) CO concentration is increased by increasing Ipodssure and temperature and
reaches a maximum value at the maximum temperanaeressure evaluated, 310 °C and 690

kPa.

3) Results show that, at a bleed air temperatu861C, the minimum temperature
evaluated, oil particles have a maximum size amdmum number concentration. However, by
increasing temperature, there is initially a coasable increase of ultra-fine particles observed
then increasing temperature to higher values ldadslightly larger particles and higher
concentrations. Finally, the maximum number conegioin of particles takes place at the

maximum temperature and pressure evaluated (316%h&Pa).
4) At temperatures from 185 °C to 250 °C, both tle& temperature and pressure

36



have a decisive influence on the oil particle sind concentration but for temperatures over 250

°C the pressure has minor effects.

As a final comment, the question arises as to vénath not a reciprocating compressor
followed by a heater provides a realistic represtgon of bleed air process in an aircraft engine.
As will be seen in the following chapter, the cluaeaistics of the particulates in three very
different aircraft engines is similar in to thosethe bleed air simulator in that ultrafine paggl
dominate the number concentration of particless Tinsistency gives some confidence that the

bleed air simulator gives a reasonable representafiaircraft engine bleed air.
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CHAPTER 5 - Characterization of Particles Resultingfrom Oil

Contamination of Aircraft Engine Bleed Air?

Although in Chapter 4 the BAS provided aams to conveniently and carefully provide
controlled conditions for assessing oil contammratof bleed air, it has limitations on the
reliability with which it simulates bleed aiEspecially, it uses a reciprocating shop compressor
to compress the air. Since this type of compressknowingly cooled to rise the efficiency of
compression and avoid the challenges of high teatpex operation, the temperature of the air
from the compressor is not illustrative of aircialited air at the same pressure. Consequently, a
separate heater was required. Aircraft engineshiggespeed turbo machinery to compress the
air and there is no cooling of this air internal ttte compressor. The shear mechanisms
accountable for aerosol generation may be veryewdfft in a reciprocating compressor as
compared to an engine compressor. AdditionallyBAS& heater raises the temperature through
a heat transfer process whereas the temperatueagecfor aircraft bleed air is due to adiabatic
compression. For these reasons, in this chapter piteferred to check the results of the BAS

with bleed air from a turbine engine.

2 Based on: Amiri, S. N., Jones, B., Hosni, Mo.,IRdt (2018). “Characterization of
Particles Resulting from Oil Contamination of AaiftrBleed Air” Indoor Air Journal, under

review
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5.1 Experimental Program

This part of the research was conducted in thresgs The experimental facilities for

each phase are described in the following sections.

5.1.1 Allison 250 C18 Turbine Engine

For the first stage of this study, an Allise®0 C18 turbine engine was chosen (Figure 5.1).
This engine usually powers small helicopters amplames and is also used for many land-based
applications. It has a nominal power rating of 3(® (220 kW). The C18 test engine used had
an air flow rate at 90% power of approximatelylkgfs and it was able to generate maximum
bleed air temperature of approximately 250 °C. €hgine compressor has six stages of axial
compression and one stage of centrifugal compnes3ioe experimental setup included various
components such as the oil aerosol generator, lalielate, dynamometer; dynamometer coolant
loops; oil cooler; and fuel pump. The bleed aitegswas set up similar to the aircraft installation
Bleed air was extracted for the bleed port on tigiree compressor and passed through an aircraft
precooler prior to being sampled. An oil aerosaswenerated with a bank of TDA-4B lite Laskin
nozzles and in injected into the engine air intediffierent rates. Sampling ports were available
to allow the intake air to be sampled both upstr@ama downstream of the oil injection. The
simplified test setup layout diagram is shown igufe 5.2and Figure 5.3 shows the oil injection
system. Shop air was used for the aerosol geneaatrwas filtered and dried before being
supplied to the generator. A detailed explanatibthe test setup has been presented by Roth

[18].
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Figure 5.1: Allison 250 C18 turbine engine andétst setup
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Figure 5.3: TDA-4B lite Laskin nozzle unit, oil agtion and sample ports
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5.1.2 Allison 250 C28B Turbine Engine

In the second stage of this study, to achieve énhgperatures and pressures which are
needed to produce thermal decomposition of turbimgne lubricant (Mobile Jet II) and that are
representative of typical airliner bleed air cormtis, an Allison 250 C28B Turbine Engine (Figure
5.4) was used. This engine had improvements in eoisyn with the previous generation of
Allison 250 engines in compressor, combustor ambirte airflow. The C28 B engine has a
nominal power rating of 500 HP (370 kW) and hamgls centrifugal stage for compression. By
using this engine, bleed air with temperatures 20 °C could be generated. Bleed air
temperature in typical commercial aircraft, depegdin operation mode, can range from 185 °C
to 310 °C [19] so this engine covers this rangel.wihe test setup and test measurement
instrument’s details are same as for the C18 enghmavn in Figure 5.2 except that space
constraints did not allow the placement of the timet sampled the aerosol laden air of the inlet to

the engine.
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5.1.3 Pratt and Whitney F11/PW2000 Turbine Engine

In the final stage of this study, a senésests was conducted on a Pratt & Whitney F117-
PW-100 engine on-board an Air Force C17 aircraftammominal and simulated oil contamination
conditions. These tests took place at Edwards Furce Base (EAFB). The particulate
measurements were just one part of a much largeriemental program and the test setup was
design to accommodate a number of different expartenr The data were collected on the ground

from an engine mounted on an operational aircfasimplified diagram of the experimental setup
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is shown in Figure.5.5. Oil was injected via a Hezmounted in an inspection port near the front
of the compressor. There are two bleed air porttherengine, the low pressure port and the high
pressure port. The engine and bleed air manifole weodified so the bleed airport selected could
be controlled remotely. The bleed air was divettedn instrumentation platform located beneath
the engine. The bleed air was cooled in two stagedlow sampling at different temperatures
representative of different locations in the blagdystem. The bleed air was cooled using aircraft
bleed air pre-cooler heat exchangers. The partesifwvere sampled at the last stage where the
bleed air had been cooled to levels acceptablg&scanning mobility particle sizer spectrometer
(SMPS) and aerodynamic particle sizer (AP®e engine was operated at a power level intended

to give bleed air conditions representative of sgwoperation.
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In the current study the following deviceslaneasurement systems are used to characterize
the bleed air aerosols:
a) a scanning mobility particle-sizer spectrometéviPS) : can measure concentration and
size distribution of particles in the range of @000 nanometers.
b) an aerodynamic particle sizer (APS): can measomeentration and size distribution of
particles in the range of 500 nanometers to 20ameters.
A full description of the instrumentation and measnents employed in this research has been

given in the previous study by Nayyeri et al. [13].

5.2. Results and Discussions

The C18 engine test results for the distrdruof the number concentration of particles and
the distribution of particle mass with respect éotjgle size are shown in Figures. 5.6 and 5.7. As
seen in Figure.5.6, the number of particles in@easiith temperature (engine speed).
Temperatures are nominal values for reference gpegpand measured values are typically within
1°C of the nominal value and not more the 2°C ftbenominal value. From 115 °C to 145 °C
the increase in the number of particles is smabnt145 °C to 155 °C the number of particles
increased tremendously, but after 155 °C the ireréathe number of particles is again small. It
should be noted that the maximum bleed air temperadf the C18 engine is lower than the
charring point of the engine oil (Mobil Jet Il) tperature. Accordingly, the increasing number of
particles with increasing temperature likely is moie to thermal decomposition of oil. Both
temperature and pressure in a turbine engine casmréncrease together with engine speed and
engine power. As is seen in Figure. 5.7 at loweargeratures (engine speeds) (from 115 °C to

165 °C), the mass is located in bigger particled #ren, as the temperature (engine speed)
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increases, the larger particles apparently areretieato smaller particles. Considering that there
is a cubic relationship between mass and diantkesame amount of mass may result in a couple
of orders of magnitude increase in particle numkdren they are sheared into smaller particles.
According to the C18 engine data, the bulk of gt by number is less than 150 nanometers in
diameter except perhaps at the lowest power leVaks power levels would correspond to engine

idle operation.
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Figure 5.6: Distribution number of particles redpgeqoarticle diameter for C18 engine
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Figure 5.7: Distribution of particles mass respgeqarticle diameter for C18 engine.

Because the temperature conditions thaddoe achieved with C18 engine were less than
those that would be expected in typical commeuraraft bleed air system and are also less than
the charring point of oil, in the second stagehts tesearch, the C28B engine was used and data
collected on the same test stand. This enginapslie of generating bleed air pressures and
corresponding temperatures in the range typicérge aircraft engines. As it is seen in Figure.
5.6 and Figure.5.8, there is reasonable agreensémnebn the results obtained from C18 and C28B
engines at 240°C with the C28B engine generatiightty smaller particles. The C28B data in
Fig.5.8 show that additional increases in tempeeatengine speed) have only a small effect on
the size particles generated. Figure.5.9 indicsitegar conclusions can be drawn about the mass

distribution at the higher temperatures.
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Figure 5.9: Distribution of particles mass respgeqgtarticle diameter for C28B engine.
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Figure 5.10: The decay trend of number of partikde<18 engine
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Figure 5.11: The decay trend of particles mas€£fi8 engine with different numbers of nozzles
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To insure that valid steady state data weredocollected, tests were conducted to determine
how long of a time period was required for the ipéetsize distribution to reach a steady state
when the injection rate was changed. When injactias started on a running engine, steady state
was achieved almost instantly, within the time heson of the SMPS. The SMPS requires about
135 seconds to complete a scan and generate disdizbution. After the first scan, little change
was seen in the size distribution. However, upaming off the injection, a much different
phenomenon was observed. Figure. 5.10 and 5. 8tedecay behavior for the C18 engine
and Figure. 5.12 and 5.13 show the decay behawiothe C28B engine. In both cases, the
presence of particles does not stop immediater aftssation of oil injection. Rather, the size
gets smaller and smaller while the number conctotralecreases modestly, at least initially.
With the C18 engine, the distribution eventuallgtsiizes with a peak concentration around 20
nanometers and does not continue to decrease.relhil indicates the possibility of a very small
oil leak in that engine or it could have been frtira ingestion of exhaust on that particular day.
However, the stability of the distribution argues the former explanation as exhaust ingestion is
subject to wind currents and tends to be errathith the C28B engine, the initial behavior is
similar but the size keeps getting smaller and Emnaintil it more-or-less passes below the
detection range. Figures. 5.11 and 5.13 showtlieahass present drops off very quickly because

of the decrease in size of the particles.

The decay tests indicate that thereesiglual oil films in the compressor that are disteg
slowly as aerosol particles are shed with the glagigetting smaller and smaller as the films
become thinner. Additionally, tests were condudtedetermine whether or not the rate of oil
injection affected the particle size as well. Thieaerosol generator consists of a bank of three

identical venture aerosolizing nozzles and couldoperated with one, two, or three nozzles
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generating aerosols. Unless mentioned otherwlisgata for this research were collected with all

three nozzles operating. The effect of the rateiloinjection on particle size was explored by

comparing operation with all three nozzles and y#t one. The data for these tests are included
in Figures 5.12 and 5.13. By decreasing the figeagate by a factor of three, the peak number
concentration decreases from about 60 nanometabadot 40 nanometers with only a modest
decrease in the number concentration. The cub®/60D4s roughly equal to 0.3 and therefore a
decrease in size from 60 to 40 nanometers resudipproximately the same number of particles

even though the amount of contamination is onlytbive as great.

In the last part of this research, a sesfesxperiments were performed at Edwards Air Force
base in the Mohave high dessert. Data were celletbm a Pratt & Whitney F117-PW-100
engine on an Air force C17 aircraft as part of lA&SA Vehicle Integrated Propulsion Research
(VIPR) program. A custom bleed air manifold wastaled on the aircraft to allow bleed air to
be extracted and piped to an instrumentation plattseneath the engine. The extracted bleed air
was cooled by precooler heat exchangers identcéhdse used on the aircraft but mounted
beneath the platform. The cooled bleed air was slaenple to determine particulate concentration
distributions using the same SMPS as used in thequsly described research. Heated oil was
injected via a custom atomizing nozzle mountechm inspection port on the first stage of the
compressor (AP1 port). All measurements were coduon the ground with the engine
operating so as to produce bleed air conditionsesgmtative of cruise flight. The same engine
model is used on the B 757 aircraft. Thus, theg®®ments are representative of commercial

passenger aircraft as well as military transpadratt.
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The results from the third part of the stuesre measurements were conducted on the C-17
aircraft engine are shown in Figures 5.14 throud 5 In each figure, two plots are shown. One
shows the full range of results and the other wsdsghly expanded vertical scale to allow
examination of the data with no oil injection. 8Jshote that the size scale for mass distribution
has a larger range than for the number distributewen with the lowest injection rate, the number
of particles present increased by three to foueaf magnitude as compared to the no oil
injection rate. Somewhat surprising, the numbepasticles present in the bleed air with no oil
injection was noticeably lower than the number aftigles present in the ambient air. It appears
that many of the particulates in the ambient a@rr@moved in the compressor or at least do not
get into the bleed air. This result should notdmesurprising as fouling of compressor blades is a
common concern for turbine engines and ground basguhes typically operate with air filters to

minimize this problem.

It is seen that the particle size decrease&edr with decreasing injection rates. The peak
concentration occurs at approximately 60 nanomeder$200 grams/hr and decreases to 10
nanometers or less at 600 grams/hr. Also, thérnataber of particles present increases markedly
with the highest injection rate. Multiple measussnts of the ambient concentrations were made
while the 1200 gram/hr data were collected. Somrgability was seen in the ambient values
which would be expected. The aircraft was orierttele pointed into the prevailing wind for
these experiments. The one particularly high antbsencentration was likely due to shifting

winds which may have resulted in re-entrainmergashe engine exhaust.

From the viewpoint of particle size distritmarti and the number concentration with oil

contamination, good agreement is observed betweeAit Force C17 data and those collected
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from C28B engine. The number concentrations peakaut 65 nm and 55 nm for the C28B and
C17 engines, respectively. Similarly, the massceatrations peak at about 85 and 75 nm
respectively. In both cases, the bulk of the pkasiare in the 20-120 nm range. This consistency
gives some confidence that the result are geneclgave sound guidance as to the nature of
particles that would be expected with these legélsontamination. Because the C28B and C18
engine experiments were conducted in an indugiagt and the configuration was such that re-
entrainment of the engine exhaust could not be tetely prevented, the no-oil total particle
concentrations in the bleed air for those engineevigher than Air force C17 engine. Also, the
Air Force C17 engine had been thoroughly reconaltib specifically for the purpose of this
research program while the C28B engine and, p#atigythe C18 engine were well worn, high

time engines and possibly had some internal oikdge.

Contrary to the results of Mann [10] and Anfili®] where data were collected using a bleed air
simulator, no evidence of particle generation bypkimg from the oil was seen in the current study.
The particle distributions from the bleed air siatal was bimodal at the highest temperatures
indicating a separate particle generation mechgnpossibly smoke. Particle distributions
measured in the current study were all smooth arglesmodal at the higher temperatures. There
are at least two explanations for this differentethe bleed air simulator used in the Mann and
Amiri studies, the oil laden air was heated tdiital temperature in an in-line tube heater after i
was compressed. In this arrangement, the tubeswdéices are necessarily at a temperature higher
than bulk temperature of the air. Whereas therseveill be true in an engine compressor where
the elevated temperature is generated entirelyobpeession and, if anything, there is cooling at
the walls. Itis possible that the apparent snpzkéicles were generated at the hotter wall susface

in the bleed air simulator. It is also possiblattemoke is, in fact, generated at the higher
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temperature in the engines as well. It is belieted particles in the air impact surfaces within
the compressors and are re-sheared from the regudti films on the surfaces. The smoke
particles are expected to behave similarly and @dmg suspended in the oil films and,
consequently, embedded in droplets sheared fronsuHfaces. Consequently, they would not

appear as separate particles.
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Figure 5.16: :
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5.3. Conclusions from This Study

Data collected from all engines (i.e. C18, C28B #&hdtt & Whitney F117-PW-100
engines) have good agreement and various indepeexiearimental apparatuses provide mostly
consistent result. This consistency shows thatléite@ are representative of aircraft turbine engines
and do not depend on a specific make and modehgihe. Test results show that at very low
power levels (lower engine speeds) particles apfmepass through the compressor more or less
untouched and at higher power levels (higher engjrezds), the particles appear to be removed
by the compressor and oil films generated from ditjom are re-sheared to generate new patrticles.
Normally, oil contamination tremendously increatfes number of particles in the bleed air and
they are nano-sized particles which have peak ctrat®ns in the range of 50 to 70 nanometers

and the bulk of the particles are less than 15@meters. In addition, these data indicate that
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there should be no difficulty in detecting subsinoil contamination events through particle
detection during these events. On the other haeigction of a low level of leakage before it
creates a severe fume event and becomes a cfiigtealsituation, is desired. The data collected
in this research indicate that readily measurephtéicle numbers are likely to be present with

low-level contamination but the particle sizes nhayexceedingly small, perhaps in the range of

10-20 nanometers and even smaller.
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CHAPTER 6 - Conclusion and Recommendation for

Further Research

Possible oil contamination of aircraft bleed airas ongoing operational issue for
commercial aircraft. A sensitive and reliable noetho detect contamination, especially at very
low levels, has been elusive due, in part, to dle& bf information about the physical nature of oll
that results when entrained in the bleed air bgragine compressor. While it was expected that
high shear rates in the compressors would reswéin finely dispersed particles, detail data on
the size characteristics of these droplets werawailable making it difficult to develop reliable
detection techniques. The goal of the reportedarch was to collect experimental data to provide
this information. The concentration and size disttion of particles were measured for bleed air
with different rates of controlled oil contaminatiander various engine operating conditions.

Multiple contamination levels were generated byating jet engine lubricating oil into
the air intake of two different turbine enginesl{@dn 250 C18 and Allison 250 C28B). The
resulting contaminated bleed air was cooled andokainin addition, another series of tests was
conducted on a Pratt & Whitney F117-PW-100 engmé&aard an Air Force C17 aircraft with oll
injected into the first stage of the compressor.

Data collected from all engines (i.e. C18, C28B #&hdtt & Whitney F117-PW-100
engines) have good agreement in that the partibkgsare present in bleed air. As a result oll
contamination are very small, typically less th&0 hm with peak number concentrations in the
range of 50-70 nm with the higher power levels.daithe objectives of this study, these results
give guidance as to the size and concentrationsiizald be expected when detecting these levels

of oil contamination. Given the disparity in theesand design of the engines, this consistency
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gives confidence that the results are general abhdimque to one specific make and model of
engine.

Test results show that at very low power levetsv@r engine speeds) particles appear to
pass through the compressor more or less untousm@dit higher power levels (higher engine
speeds), the particles appear to be removed bydhgpressor and oil flms generated from
deposition are re-sheared to generate new patrtithesse data indicate that there should be no
difficulty in detecting substantial oil contaminai events through particle detection in the bleed
air. On the other hand, detection of a low ledkeakage before it creates a severe fume event
and becomes a critical flight situation, is desired

The data collected in this research indicate itbatlily measureable particle numbers are
likely to be present with low-level contaminationthhe particle sizes may be exceedingly small,
perhaps in the range of 10-20 nanometers and ewvealles. However, the low-level oll
contamination was not thoroughly examined in thiglg and it is recommended that additional
experiments be conducted to more thoroughly estaldwer limits for oil contaminant detection.
In particular, the size and concentration as atfanof contamination rate should be established
and likely background levels with no contaminattuming flight operations should be established
as these background levels may well determineaiver detection limit.

This study used sophisticated laboratory equipmentharacterize the particulates
resulting from controlled oil contamination of bie@r. The instrumentation is expensive, requires
regular servicing, uses a flammable chemical (laljahas constraints on operating conditions
(e.g. the CPC cannot be tipped or jostled), andireg a skilled technician to operate the
equipment and interpret the data. It is not siletétr routine use on operating aircraft. For the

detection purposes, less sophisticated shouldcsuffilt is recommended that research and
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development be conducted to identify and adaptiaai technology that is suitable for routine
use and permanent installation on commercial dtrcra

The contribution of this research to the aircrafgieae environment field of research is as
follows. Prior to the research reported here, tlveeee no published data available to indicate
whether or not particle measurement is a good datelifor detecting oil contamination in the
bleed air. The results show that even low oil contation in the bleed air will produce a large
number of ultra-fine particles. Given a large numtfeparticles generated with oil contamination
in bleed air, it is now clear that particle measugat, ultrafine particle measurement in particular,

is, in fact, a good means of detecting oil contation in the bleed air.
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Appendix A: Project setup pictures

Figure A-1: Engine Test setup during test

Figure A-2: C18 oil injection and sample ports [18]
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Figure A-3: Allison Model 250-C18 engine [18]
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Figure A-3: Allison Model 250-C18 engine duringiget

Figure A-4: Allison Model 250-C28B engine [18]
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Figure A-5: Allison Model 250-C18 setup
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Figure A-6: Allison Model 250-C18 test run
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Figure A-7: Driveshaft for engine C18 [18]
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Figure A-8: Dynamometer to simulate engine runnaagl
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Figure A-9: Allison Model 250-C28B setup
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Figure A-10: Allison Model 250-C28B test run
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